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1 | INTRODUCTION

Pablo Velasquez'

| Angel Murciano’ | Piedad N. De Aza'

Abstract

This work proposes the use of multilayer scaffolds as a strategy for developing
biomimetic structures for bone tissue regeneration. The scaffolds consist of a
glass—ceramic core composed of CaSiO;/Ca,Ps0,;, which provides mechanical
properties of 2.3 MPa and a total porosity of ~74%. To modify the surface mor-
phology a double bioactive coating consisting of Caz;(PO,),/CaSiO; doped with
Na* and K™, along with varying amounts of Mg?* (0-0.75 g MgCO5) was carried
out giving a total porosity of 89.8%. The resulting scaffolds were assessed for in
vitro bioactivity according to ISO 23317. After immersion in SBF, the W-05 scaf-
folds displayed diverse surface morphologies: square HA structure (W-05-3D),
hollow HA spheres (W-05-7D) and smooth HA layer (W-05-21D). Cell viabil-
ity of 3T3 fibroblasts exposed to W-05 scaffolds in direct and indirect assays at
concentrations of 15 and 30 mg/mL was assessed according to ISO 10993-5. Ini-
tially, cell proliferation decreased compared to controls, but differences became
non-statistically significant after 72 h. Hollow spheres (W-05-7D) enhanced cell
viability compared to other morphologies and plastic controls. Additionally,
degradation products of W-05 stimulated cell division, underscoring scaffold
biocompatibility.
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include surface roughness, interporosity with adequate
pore size, biodegradability, suitable mechanical proper-

The field of bone tissue engineering (BTE) has significant
potential for treating bone injuries and skeletal disor-
ders. Its goal is to achieve effective bone regeneration by
combining bioactive scaffolds, osteoprogenitor cells, and
growth factors.! ™

However, to successfully integrate and support bone
regeneration, scaffolds must exhibit characteristics sim-
ilar to the native bone structure.’”’ These properties

ties and biocompatibility.*~* Despite significant progress in
this field, critical challenges still remain.

In this sense, ceramic materials are a well-established
source of biomaterials for bioengineering applications,
particularly in BTE.*!°"1? They are a promising choice for
the design of bone scaffolds due to their biocompatibil-
ity, similarity to bone tissue, osteoconductive properties
and biodegradability.”'° Calcium phosphates (CaP) are
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of particular interest as they closely resemble the inor-
ganic component of the bone matrix, both structurally
and chemically.'>'* Within this group, there are two
main phases: hydroxyapatite (HA) and S-tricalcium phos-
phate (B-TCP). These phases are known for their high
biocompatibility and in vitro bioactivity.*'>

Another family of ceramic materials that has
attracted the attention of researchers is calcium sili-
cate minerals.'®!71°?0 They exhibit excellent bioactivity
due to apatite formation and cell proliferation stimulation,
in addition to a suitable degradability rate for enabling
hard tissue formation.?’>> Among these materials, wol-
lastonite (CaSiO3) stands as an interesting biomaterial
due to its biocompatibility, biodegradability, and in vitro
bioactivity.'®?*?!  However, the practical application
of CaSiO; is limited by its inherent brittleness, low
mechanical strength, and high ionic dissolution.'®?°

Another common approach to achieve hard tissue
regeneration is the employment of bioactive glasses (BG).
These materials typically consist of silicate-, phosphate- or
borate- based compositions, often incorporating elements
such as sodium and calcium.?*?* BGs exhibit an excel-
lent bone-bonding ability derived from their well-known
bioactivity.??® Furthermore, their biodegradability facili-
tates material dissolution, yielding products that promote
biological regenerative mechanisms including both angio-
genesis and osteogenesis.’*?’

On the basis of the above, the objective of this research
is to create scaffolds that imitate the complex func-
tion and structure of bone. In this sense, the devel-
opment of multilayer scaffolds stands as an interesting
approach. These scaffolds incorporate several layers of
different composition, which remain integrated into a
single structure.”®" In this manner, each coating can
be tailored to offer specific functions and features, such
as mechanical support, improved cell adhesion and dif-
ferentiation, or controlled release of bioactive molecules
such as drugs or growth factors. This versatility pro-
vides an intriguing opportunity to exploit and com-
bine the properties of different phases typically used in
BTE.

The layered structures were specifically designed to ful-
fil different functions. Wollastonite was chosen as the
internal material and template for subsequent layers. A
coating of the glassy P6 phase (Ca,P40;,) was then applied
to increase mechanical strength due to its cohesive activ-
ity and ability to fill preexisting cracks.*! The amorphous
phase was doped with lithium (Li*) to improve its mechan-
ical properties.>’ Together, wollastonite and P6 form the
ceramic-glass core.

The third layer of the structure contained 5-TCP, which
functioned as a reservoir for two ions closely linked to bone
metabolism: phosphorus (PO,>~) and calcium (Ca?*).

Wollastonite was chosen as a surface coating to provide
silanol groups.?! To enhance the bioactivity of the system
and modify the morphology of the precipitated HA, it was
doped with varying amounts of ions related to bone phys-
iology, including sodium (Na™),** potassium (K*),>* and
magnesium (Mg?*).%

2 | MATERIALS AND METHODS

2.1 | Design and fabrication of multilayer
scaffolds

The multilayer scaffolds were obtained by preparing dis-
tinct layers using the sol-gel technique. Table 1 summa-
rizes the chemical composition for manufacturing each
coating. The initial number indicates the layer sequence,
with 1 representing the innermost and 4 the outermost
layer, followed by the name of the respective phase. In the
case of the fourth layer, the numerical values after W indi-
cate the quantity of magnesium carbonate in grams used
to dope the outer layer of wollastonite, being 05 and 075,
0.5 g and 0.75 g of magnesium carbonate respectively.

Sol-gel solutions were formulated using appropriate
reactants. Tetraethyl orthosilicate (TEOS, Aldrich 98%);
triethyl phosphate (TEP, Aldrich > 99.8%); calcium car-
bonate (CaCOs, Sigma > 99%); lithium carbonate (Li,COs,
Sigma-Aldrich > 99%); sodium carbonate (Na,COj3, Sigma
> 99%); potassium carbonate (K,COj, Sigma > 99%);
magnesium carbonate (MgCOs, Sigma Aldrich > 99%);
Ethanol (C,H;O0H, Carlo Erba > 96%) as solvent and finally
hydrochloric acid (HC1 37%, Ensure) as a catalyst.

In all cases, the corresponding compounds were reacted,
and the solution’s final pH was adjusted to a value between
2 and 3. In order to obtain the first layer, polyurethane
sponges with a porosity of 20 ppi (quality materials) were
submerged in the sol-gel solution with the 1-W composi-
tion, shown in Table 1. After immersion, the samples were
dried for 10 min at a temperature of 185°C. The treatment
is repeated ten times in order to ensure a uniform coating
of the polyurethane sponge. Subsequently, a heat treat-
ment was conducted, comprising a heating ramp of 55 h
to reach 1050°C, followed by an 8 h maintenance period
before allowing the system to cool to room temperature.
Once the initial layer (1-W) has been formed, the second
layer (2-P6-Li) of composition shown in Table 1, is obtained
using the same methodology described earlier. Lithium is
incorporated in a small amount in the formulation to facil-
itate the melting of the glassy phase. This assembly of the
two innermost layers (1-W/2-P6-Li) is referred to as the core
scaffold.

The excess of both, lithium and glassy phase of core scaf-
folds, is eliminated by immersion in 50 mL of the solution
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TABLE 1 Chemical composition of multilayer scaffold coatings.
Reactives
Layer TEOS TEP H,0 Ethanol HC1 CaCoO; Li,CO; Na,CO; K,CO; MgCO;
(mL) (®
1-wW 19.28 - 20 5 1 8.62 - - - -
2-P6-Li - 18.46 20 5 2 3.72 1 - - -
3-TCP - 10.96 20 5 2 9.68 - - - -
4-W-0 19.28 - 20 5 1 8.62 - 0.5 0.5 -
4-W-05 19.28 - 20 5 1 8.62 - 0.5 0.5 0.5
4-W-075 19.28 - 20 5 1 8.62 - 0.5 0.5 0.75
Abbreviations: TEOS, tetraethyl orthosilicate; TEP, triethyl phosphate.
called TRIS, prepared by diluting tristhydroxymethyl)- 222 | Physical evaluation

aminomethane and CaCl, in a ratio of 6.5:1 in distilled
water to a final volume of 900 mL. The pH was adjusted
to between 7.3 and 7.4 using HCIL.

The core scaffold, after undergoing chemical etching
with TRIS, was coated in accordance with the aforemen-
tioned methodology, using the 3-TCP and 4-W (0-0.75)
compositions delineated in Table 1. The outermost lay-
ers were obtained through a heating ramp of 9 h to
reach 1050°C, followed by 8 hours of maintenance before
returning to room temperature.

2.2 | Materials physicochemical
characterization

The cylindrical multilayer scaffolds underwent physico-
chemical characterization. They measured approximately
11.5 mm in diameter and 9.2 mm in height and weighed
0.45+0.09 g.

221 | Mineralogical characterization: X-ray
diffraction

X-ray diffraction patterns were acquired using an auto-
mated Bruker-AXS D8 Advance diffractometer employing
CuKa radiation (1.54059 A) to establish the mineralogi-
cal composition of the multilayer scaffold. Data collec-
tion was carried out following the vertical geometrical
Bragg-Brentano (6/26) configuration in plane reflection
mode between 5° and 55° (26). The measurement steps
were carried out in increments of 0.05°, with a dura-
tion of 5 s, while the X-ray tube was operated at 40 kV
and 30 mA. The resulting diffractograms were compared
to those in the Crystallography Open Database (COD)
using Power Diffraction Match! version 3.16 Build 288
software.

FESEM-EDX microstructure analysis

The microstructure’s morphology and composition were
analyzed using a field emission scanning electron micro-
scope (FESEM, ZEISS SIGMA 300 VP) coupled with
energy dispersive X-ray spectroscopy (EDX, ZEISS Smart-
EDX). All samples were palladium coated prior to analysis.

Mechanical compressive strength test

To test the scaffold’s compressive strength, scaffolds were
subjected to a compression test using a simple manual test
stand (SVL-1000 N, IMADA).

Porosity study

An exhaustive analysis of pore distribution and poros-
ity (< 300 um) was undertaken through the mercury
porosimetry technique. A Poromaster 60 GT device man-
ufactured by Quantachrome Instruments was used for
this purpose, operating within a pressure range of 0.927-
35248.6 psi. Porosity associated with pore sizes exceeding
300 um was determined using a pycnometer filled with
water, followed by the application of Archimedes’ princi-
ple.

2.3 | Invitro bioactivity evaluation
In vitro bioactivity assays were conducted according to
ISO/FDIS 23317 standard guidelines.*® The scaffolds were
immersed in 50 mL of simulated body fluid (SBF) and kept
at37 + 0.5°Cin awater bath with agitation for 1, 3, 7,14, and
21 days. After drying the samples, FESEM-EDX was used
to search and identify precipitates on the scaffold surfaces.
The SBF was analyzed using inductively coupled plasma
optical emission spectrometry (ICP-OES, Perkin-Elmer
Optima 2000™) to monitor changes in elemental concen-
trations.

95UB017 SUOWIWIOD BA11e810) 3|qeot ddke 8y Aq pausenob e Sajolie YO 8SN JO S8|nJ 10 ARIq1T8UIUO A8]IA UO (SUOTHPUOO-PUR-SLUIBY/LIOD A8 | 1M Afe.d]1|Bu[UO//:SdL) SUOTPUOD Pue swie | 8U) 89S *[Z02/TT/9z] Uo ARiqi1auliuo A8|Im ‘BYd[3 8 zepueuseH PNBIN "N Aq 69202 992 /TTTT 0T/I0p/LI0Y 48] IM Ale.q 1 joul [UO'SOILLe.B//SdNY WOJ papeo|umod ‘0 ‘9T6ZTSST



RIOSALIDO ET AL.

wns | Journal

2.4 | Invitro biological evaluation

The response of the W-05 scaffold to cells in vitro was
evaluated according to ISO 10993-5 standards.?” The study
examined the direct effect of the W-05 scaffold on 3T3
murine embryonic fibroblasts before and after SBF expo-
sure, as well as the indirect impact on cells mediated by its
dissolution products (DP).

The 3T3 fibroblast cells were cultured in Petri dishes
Dulbecco’s modified Eagle medium (DMEM—Gibco) sup-
plemented with 10% fetal bovine serum (FBS—Corning)
and 1% penicillin/streptomycin (PS—Gibco) and incu-
bated at 37°C in a humidified atmosphere with 5%
CO,. The cell culture medium was refreshed every
48 hours and subcultured when 80% confluence was
reached.

2.41 | Direct cell culture

The study analyzed the cytotoxicity of the W-05 scaf-
fold and the impact of its surface morphology on cells.
Cell proliferation was compared across different scaf-
fold topographies, including the scaffold without SBF
(W-05-0D), the square morphology after 3 days of SBF
exposure (W-05-3D), the hollow spheres on day 7 (W-
05-7D), and the regular surface on day 21 (W-05-21D).
The control group consisted of cells seeded on plastic.
Before starting the assays, the scaffolds were sterilized
by exposing each side of the structure to UV light for
4h.

Then, the scaffolds underwent a pretreatment proce-
dure to achieve surface wetting, allowing for protein
adsorption and subsequent cell adhesion. The procedure
involved completely covering the scaffold surface with cul-
ture medium supplemented with 10% FBS and incubating
for 30 min at 37°C under a 5% CO, atmosphere. 24-well
plates were used in this case due to the dimensions of the
scaffold. After the incubation period, the culture medium
was removed, and the cell seeding process began. Exactly
50,000 cells were seeded onto each scaffold in a 25 um
droplet, positioned at the central region of the scaffold sur-
face to minimize cell adhesion to the plastic substrate of
the well plate. The cells adhered for 30 min at 37°C with
5% CO,. Culture medium was added to each well, ensur-
ing complete coverage of the scaffold. The samples were
incubated with cells for 24, 48, and 72 h.

Cell viability was assessed using the colorimetric via-
bility 3-[4,5-dimethyl-2-thiazolyl]-2,5 diphenyltetrazolium
bromide or MTT assay from Sigma-Aldrich.

The Microplate Reader RT-2100C (Neuvar Inc.) was
used to obtain absorbance readings at 570 nm, following
the manufacturer’s instructions.

After each assay interval, the culture medium was
removed. The scaffolds were then transferred to a new 24-
well plate to exclude cells attached to the bottom of the well
and not to the scaffold. As the scaffolds could not fit in the
plate reader, 200 pL from each well were transferred to a
96-well plate, and the absorbance was measured at 570 nm.

2.4.2 | Indirect cell culture

To investigate the impact of ions released by the W-05
scaffold on cells, samples were incubated in DMEM sup-
plemented with 10% FBS and 1% PS. After sterilization,
the scaffolds were weighed, and two dilutions were made,
always ensuring complete coverage of the sample. For the
first dilution, 1 mL of culture medium was added for every
15 g of scaffold, while for the second dilution, 1 mL was
added for every 30 g. Samples were incubated for 1, 3, and
7 days.

To study the effect of DP on cells, 96-well plates
were seeded with a density of 15,000 cells/cm?, 24 hours
before the experiment to allow cell adherence. The cul-
ture medium was then replaced with conditioned medium,
except for the control wells where fresh, unconditioned
culture medium was added. The cells were incubated for
24,48, and 72 h and MTT assay was performed.

2.5 | Statistical analysis

At each designated time point of the study, between-group
comparisons were conducted using one-way analysis of
variance (one-way ANOVA), followed by multiple compar-
isons using Tukey’s test. Differences among groups were
assessed for statistical significance using a predetermined
alpha threshold of 0.05 and a 95% confidence level. Data
are presented as mean + SD. All statistical analyses were
performed using GraphPad 8.0 software.

3 | RESULTS

3.1 | Physicochemical characterization of
the core

The scaffolds were obtained through the creation of a
glass-ceramic core, followed by the application of a double
bioactive coating.

The experimental diffractograms of the W-P6-Li
core before and after TRIS chemical etching are dis-
played in Figure 1A. The core scaffolds (W-P6-Li) were
composed of cristobalite-SiO, (COD 96-900-8225) and cal-
cium diphosphate-Ca,P,0; (COD 96-100-1557) as major
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The effect of TRIS etching on the W-P6-Li core was characterized by X-ray diffraction (XRD) (A), field emission scanning

electron microscope (FESEM)-energy dispersive X-ray spectroscopy (EDX) before (B), and after (C) treatment and inductively coupled

plasma optical emission spectrometry (ICP-OES) (D).

crystalline phases, as well as a residual amount of 5-TCP-
Ca3(P0Oy,), (COD 96-151-7239) before TRIS exposure. These
phases were also found in W-P6-Li attacked scaffolds.
However, TRIS-etching resulted in a slight decrease in
background at low 26 angles.

To confirm the presence of the glassy phase visually, the
sample underwent FESEM-EDX scanning (Figure 1B,C).
Upon comparing the core’s microstructure before and
after the attack, it is evident that the core initially dis-
played large crystals that were covered by an amorphous
phase (Figure 1B). However, after the TRIS treatment, the
surface glassy phase decreased significantly (Figure 1C).
Elemental analysis showed that this vitreous phase con-
sisted mainly of Si and P with a low Ca content (Table
S1 and Figure S1). Although the proportion of P and Si
varied considerably, the Ca/P + Si ratio remained within
the range of 0.015-0.018. However, large crystals were defi-
cient in Si and showed a decreasing Ca/P ratio from the

center (1.43-1.55) to the crystal boundary (0.93-1.14). On
closer examination of the crystals, a small central grain
(M) composed of Si and poor in Ca can be seen. Addition-
ally, precipitation of Ca-rich grains was observed following
chemical etching.

The chemical treatment resulted in an increase in the
concentration of P, Li, and Si in the TRIS solution, pre-
sumably from the core scaffolds. However, a decrease in
Ca concentration was observed (Figure 1D).

3.2 | Physicochemical characterization of
the scaffolds

As for the mineralogical characterization, the experimen-
tal XRD spectra (Figure 2) confirmed the presence of some
of the formulated phases: wollastonite () (COD 96-900-
5779) and 3-TCP (5%) (COD 96-151-7239). However, the new
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X-ray diffraction (XRD) spectra of overall scaffolds W-0, W-05, and W-075.

FIGURE 3
and W-075 (C).

crystalline phases were detected in the three scaffolds,
including chlorapatites-Cas(PO4);Cl (VW) (COD 96-210-
5266), as well as cristobalite (@) (COD 96-900-8225) and
calcium diphosphate (/\) (COD 96-100-1557), which were
previously found in the core (Figure 1A). In addition, Mg-
rich compounds were identified in W-05 and W-075 scaf-
folds. These phases were whitlockite-Ca;g115Mg3.35(PO4)6
(@) (COD 96-901-2137), a non-stoichiometric, Mg-rich
phase derived from S-TCP, and akermanite-Ca,MgSi, 0,
(D), (COD 96-900-6942).

Figure 3 displays the microstructure analysis of the scaf-
folds W-0, W-05 and W-075 using FESEM-EDX. Sample
W-0 (Figure 3A) outlines the deposition of two distin-
guishable layers: 3-TCP (») and 4-W-0 (*). Although the
surface of 4-W-0 appears smooth, enlarged images reveal
rounded structures composed mainly of Ca and Siin a ratio
of 0.55 to 0.75, as indicated by the EDX spectra (Table S2
and Figure S2). However, the surface of the W-05 scaffold
exhibited various regular structures (Figure 3B). The ele-

Field emission scanning electron microscope (FESEM) micrographs of the microstructure of scaffolds W-0 (A), W-05 (B),

mental composition analysis revealed that grains XI and
XI1I (see figure), were rich in calcium, silicon, and phos-
phorus. The Ca/P ratios were 2.63 and 4.48, the Ca/Si ratios
were 3.47 and 2.36, and the Ca/P + Si ratios were 1.49 and
1.54, respectively. However, the elongated structures con-
tained only Ca and Si in a ratio of 2.06-2.13. Regarding
W-075 scaffold, the surface was homogeneously covered by
polygonal CaP crystals. The Ca/P ratio ranged from 1.44 to
1.47 in the central zone and 1.35-1.37 at the edge.

With regard to the analysis of porosity, Figure 4A illus-
trates a representative scaffold of all the samples employed
for the mercury porosimetry tests, which exhibits intercon-
nected open porosity. The analysis of the W-P6-Li, W-0 and
W-05 samples revealed similar pores characteristics, with
two distinct regions (Figure 4B). The W-0 scaffolds mainly
exhibited interparticle porosity, with an approximate pore
diameter of 230-1.3 um, and to a lesser extent intra-particle
pores between 0.45 and 0.01 um. Similarly, the porosity
of the W-05 samples was mainly interparticle, with pore
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and curves derived from the mercury porosimetry technique: (B)
cumulative, and (C) differential intrusion volume versus pore
diameter.

diameters ranging from 190 to 4.3 um. Intraparticle pores
varied between 0.79 and 0.05 um. Although the interparti-
cle pore sizes of the core, W-P6-Li, were similar to those of
samples W-0 and W-05 (199-1.23 um), the abundance was
notably lower. This is reflected by a decrease in the volume
of intruded mercury. Figure 4B shows that the W-0 and W-
05 scaffolds have the majority of pores in the range 0of 150 to
7 um. However, the core exhibits a wider and more homo-
geneous range, with the main peak at 2.3 um, shifted to
the right compared to that of the W-0 and W-05 scaffolds.
Additionally, all three samples exhibit pores below 100 nm.

Table 2 summarizes the physical properties of the
scaffolds, including the compression test results which

provided additional insights into the porosity results due
to their inverse relationship.

Scaffold W-075 exhibited physical properties similar to
those of scaffold W-05, indicating that the additional 0.25 g
MgCO; did not have a significant impact.

3.3 | Invitro bioactivity evaluation
Regarding the bioactivity assays, the FESEM-EDX scan-
ning revealed significant changes in surface morphology
of the samples (Figure 5). Scaffold W-0, initially showed a
Ca-Si precipitate resembling tangles with a ratio of 0.56—
0.61 (Table S3 and Figure S3). A residual amount of P
was also present, resulting in a Ca/P + Si ratio of about
0.5. After 3 days, the precipitate adopted an elongated
morphology with a higher P content than the previous
precipitate, resulting in a Ca/P ratio of 4.65-4.74, Ca/Si of
1.24-1.5 and Ca/P + Si of 0.98. However, after 1 week, the
precipitate assumed a morphology very similar to that of
HA and was composed mainly of Ca and P, with a Ca/P
of 1.64-1.68, Ca/Si of 1.31-1.53 and Ca/P + Si of 24.08-
25.7. After 2 weeks, the surface still showed apatite-type
precipitates, although in some areas they had begun to
dissolve. Elemental analysis showed that the precipitate
was rich in silicon, calcium and phosphorus. The Ca/P
ratios were 2.35-2.47, Ca/Si 8.17-9.4 and Ca/P + Si1.76-1.81.
On Day 21, polygonal grains of calcium and phosphorus
were identified with a Ca/P ratio of 1.43-1.57 in the central
region and 1.03-1.21 at the edge. There was also a rounded
calcium-silicon phase with a Ca/Si ratio of 0.47-0.7.

Scaffold W-05 displayed a precipitate from the first day
of immersion in SBF, which gradually accumulated as
the immersion time increased. The precipitate underwent
significant morphological changes, initially forming tan-
gles, adopting a square shape after 3 days, and evolving
into spheres on the seventh day. These spheres, consist-
ing of thin needles, persisted until day 14 before coalescing
and disappearing on day 21. EDX analyses showed Ca/P
ratios of 1.32-1.35 on Day 1, 1.6-1.75 on Day 3, 1.54-1.6 on
Day 7, 1.6-1.69 and 1.53-1.6 on Day 21. It should be noted
that although the precipitates did not contain significant
amounts of Si on Days 1, 7, 14 and 21, a high Si content was
detected on Day 3. This resulted in a Ca/Si ratio of 2-2.5
and a Ca/P + Si ratio of 0.88-1.03.

With regards to W-075 scaffold, small spherical precip-
itates appeared after one day of immersion in SBF. The
elemental analysis revealed high levels of Ca, Si, and P,
with the following ratios: Ca/Si of 1.22-1.73, Ca/P of 1.46—
1.53, and a Ca/P + Si ratio of 0.53-0.81. After 3 days, the
spherical precipitates were evenly distributed across the
surface, with an almost unchanged Ca/P ratio of 1.51-1.53,
as well as a Ca/Si of 3.19-3.81 and Ca/P + Si of 1.03-1.1.
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TABLE 2 Porosity and compressive strength of the core (W-P6-Li) and the overall W-0 and W-05 scaffolds.
Intraparticle Interparticle Porosity Porosity Compressive
Porosity™* Porosity™* (<300 pm)* (> 300 pm)** Strength***
Sample (%) (MPa)
W-P6-Li 11.38 9.38 20.8+0.1 745+ 0.1 23+0.5
W-0 7.47 18.11 25.6 £ 0.1 87.6 £ 0.1 19+0.3
W-05 3.24 27.13 304 +0.1 89.8 £ 0.1 1.8 +0.6
*Hg Porosimetry Technique.
**Picnometry.
***Simple Manual Test Stand.
1D 3D 7D 14D 21D
o
2
0
o
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FIGURE 5 Scanning electron microscope (SEM) micrographs of W-0, W-05 and W-075 scaffolds after 1, 3, 7, 14 and 21 days of immersion

in simulated body fluid (SBF).

However, the precipitate disappeared completely after 7
days, revealing a ring-shaped microstructure based on cal-
cium and phosphorus in a ratio of 1.43-1.5. After 14 days
in SBF, no precipitates were observed, only calcium phos-
phate crystals, with a Ca/P ratio of 1.29-1.33 in the central
part and of 1.01-1.19 in the peripheral part. Finally, after 21
days of immersion, calcium phosphate crystals were again
identified, but in this case with a higher calcium content,
resulting in a Ca/P ratio of 1.62-1.86.

The variation of Si, Ca, P, Li and Mg was monitored by
ICP-OES throughout the 21-day test to complement the
bioactivity studies. Figure 6 displays the curves obtained
for each scaffold. The results indicate that when the sample
is bioactive and has a CaP precipitate, there is a decrease in
the concentration of P in the SBF. Conversely, when the
sample loses bioactivity, the P concentration in the SBF
increases.

While samples W-0 and W-05 show almost no
changes in lithium concentration, a noticeable oscil-
lating behaviour of Li is observed in the W-075 scaffold.

Specifically, the concentration in SBF increases from Days
7 to 14 before falling again on Day 21.

3.4 | Invitro biological evaluation

The W-05 scaffold was chosen for in vitro cellular assays
as the primary aim of this research is to modulate the
surface morphology of scaffolds to enhance their biologi-
cal properties. According to the in vitro bioactivity results,
this scaffold displayed hollow HA-like spheres, making it
a potential controlled release agent.

The study investigated the impact of W-05 scaffold sur-
face morphology on cell proliferation before (Figure 3B)
and after SBF exposure (Figure 5-3D, 7D, 21D), in addition
to assessing cytotoxicity.

Regarding the direct assay (Figure 7A), a decrease
in cell viability was observed in all scaffold types after
24 h of treatment when compared to the control group.
This difference was particularly noticeable in W-05-3D
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FIGURE 6
(A), W-05 (B), and W-075 (C) in SBF increases.

and W-05-21D, although it was also observed in W-05-
0D and W-05-7D. After 48 h, the differences were no
longer statistically significant for the W-05-7D scaffold,
while they persisted for W-05-0D, W-05-3D, and W-05-21D.
Furthermore, W-05-7D exhibited increased cell prolifera-
tion compared to W-05-0D and W-05-21D. After 72 h of
incubation, W-05-7D showed an increase in cell viabil-
ity compared to W-05-21D. It is important to note that
both control and scaffold-exposed wells showed a general
growth trend over time.

Figure 7B,C shows the viability of cells incubated with
the different DPs. The MTT assay results for the 15 mg/mL
concentration (Figure 1B) showed a significant increase
in cell proliferation in cells incubated with conditioned
medium compared to the control, particularly for DP-3D
and DP-7D, although to a lesser extent also for DP-1D.
These differences persisted throughout the study. Simi-
larly, DP at 30 mg/mL (Figure 7C) induced higher cell
viability compared to cells incubated in plastic, again
particularly for DP-3D and DP-7D.

4 | DISCUSSION

In this study, three types of multilayer 3D porous ceramic
scaffolds with different surface morphologies were fabri-
cated using the sol-gel method. It is challenging to find a
single material that can mimic all the characteristics of the
bone extracellular matrix.*® Recognizing the versatility of
the sol-gel method, which offers the possibility of deposit-
ing coatings on other materials,*® multilayer scaffolds have
been developed in this research. This has enabled the cre-
ation of novel and more biomimetic structures for potential
clinical applications.

Four different coatings, each with a specific function,
were applied to a polyurethane sponge template using the
polymer sponge replication technique. The first step was
to synthesize the ceramic-glass core W-P6-Li, followed by

Changes in the concentration of Ca, Si, P, Li and Mg in simulated body fluid (SBF) as the immersion time of scaffolds W-0

chemical etching with TRIS solution, to remove the excess
glassy phase.

On the basis of XRD results, it was found that the W-
P6-Li core is primarily composed of silicon dioxide and
calcium pyrophosphate crystalline phases, with a resid-
ual amount of B-TCP (Figure 1A). These phases were
likely formed through ionic migration during the sintering
treatment from the innermost layer of wollastonite to the
following layer, P6-Li.

This migration is attributed to Ca,Ps0;7, a calcium
ultraphosphate comprising layers of rings of six phospho-
rus atoms bonded through oxygen atoms. The negative
charge from the phosphorus atoms is balanced by two
calcium atoms.*’ The structure is characterized by high
energy, which it is able to reduce by capturing calcium
and breaking the rings. The phase obtained by this pro-
cess is Ca,P,0;. In the presence of an adequate calcium
concentration, calcium pyrophosphate can be formed. In
this instance, the 1-W wollastonite serves as a source of cal-
cium, facilitating the transformation of ultraphosphate to
pyrophosphate. Consequently, the wollastonite undergoes
a transformation, adopting the form of SiO, (Figure 1A,B),
a calcium-free phase. FESEM-EDX analysis of the core
(Table S1) corroborated these data. Crystals found in the
core, had a Ca/P ratio of about 1.5 within the central
region, consistent with 3-TCP. Additionally, the Ca/P ratio
decreased to approximately 1 at the edge, which coin-
cides with the Ca/P of calcium pyrophosphate. Upon closer
inspection of the crystals, a small central grain (A ) that is
rich in Si and poor in Ca is visible, indicating the presence
of SiO,. Based on these data, it can be inferred that the SiO,
grain was most likely wollastonite. However, after releas-
ing Ca?" ions to the surrounding glassy phase, it remains as
SiO,. Consequently, the nearby zones will receive a greater
calcium contribution, promoting the formation of 8-TCP.
Meanwhile, the distant regions, such as grain boundaries,
will be forced to form another stable phase with a lower
calcium content, namely calcium pyrophosphate.
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FIGURE 7 Cell viability study of 3T3 cells directly exposed to

the different surface morphologies displayed by the W-05 scaffold
(A) or to its dissolution products, at a concentration of 15 mg/mL (B)
or 30 mg/mL (C). Data were shown as means + SD. N = 3,

* p < 0.05, ** p < 0.01, *** = p < 0.001.

All these crystals are surrounded by a glassy phase
which, in addition to matching the elemental composition
of 2-P6-Li, was rich in Si. This is probably a conse-
quence of the wollastonite transformation in which some
of the Si migrates into the glassy phase and changes its
composition. Although the glassy phases do not produce
characteristic peaks to identify them, the low 20 region
in the XRD pattern is sensitive to amorphous phases and
can manifest itself as increased background, as observed in
Figure 1A.

The core was then subjected to a chemical attack with
TRIS to remove the excess vitreous phase. The attack was
characterized by ICP-OES (Figure 1D), which indicated the
liberation of P, Li, and Si. This suggests the hydrolysis of
P6-Li. XRD validated this elimination by showing a reduc-
tion in background in the amorphous region (Figure 1A).
This was also visually verified by FESEM-EDX (Figure 1C).
Although there is evidence of calcium migration into the
sample, the amount is negligible and does not affect the
mineralogical composition.

W-0, W-05 and W-075 scaffolds shared most of the
phases (Figure 2). Among them, SiO, and Ca,P,0; were
formed through ion migration, while the Cas(PO,4);Cl
crystals likely originated from the HCI catalyst used dur-
ing synthesis. Furthermore, the phases Caz(PO,), and
CaSiO; were also detected. The W-05 and W-075 samples
contained two extra phases: akermanite (Ca,MgSi,0-), a
bioceramic with excellent bioactivity and degradation rates
that is known for its osteoinductive properties,*** and
whitlockite, a non-stoichiometric phase derived from -
TCP thatisrich in magnesium (Ca; 115 Mg 335(PO4)g). This
is an interesting finding considering that whitlockite con-
solidates as the second most abundant inorganic phase in
bone, after HA.*>** It stands out for its biocompatibility
and superior osteogenic properties compared to 5-TCP and
HA.*** For this reason, it has been the subject of much
research in recent years.**~40

FESEM-EDX scanning of the scaffolds revealed that
even small variations in the amount of dopant Mg in
the wollastonite coating produced significant microstruc-
tural changes (Figure 3). The presence of surface calcium
phosphates was found to be directly correlated with the
amount of Mg used as a dopant, showing a proportional
relationship. A plausible explanation is that Mg serves to
compensate for the calcium deficit resulting from ionic
interlayer migration. This phenomenon could also explain
the presence of whitlockite, in the XRD spectra of samples
W-05 and W-075 (Figure 2). 3-TCP could compensate for its
loss of Ca?* by sequestering Ca’* or Mg?* from the surface
wollastonite, resulting in the formation of whitlockite.

Mechanical compatibility between implants and bone
is an important consideration. Trabecular bone strength
varies with age and anatomical region, with compressive
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strength previously measured between 1.5 and 9.3 MPa.*’
The compressive strength of the scaffolds was approxi-
mately 1.79-1.93 MPa, as shown in Table 2.

Although these scaffolds demonstrate mechanical prop-
erties similar to those of trabecular bone, their clinical
application only becomes meaningful when combined
with sufficient porosity to allow cellular infiltration,
product exchange, and vascular growth.*® The results
(Figure 4B,C) reveal pore diameters ranging from approx-
imately 150 to 0.06 um, this range of pore diameters is
divided into inter- and intraporosity (Table 2). The poros-
ity for W-P6-1i is 20.8%, for W-0 it is 25.6%, and for W-05
it is 30.4%. The evolution of the porosity can be jus-
tified on the basis that W-P6-Li is a ceramic structure
(W), characterized by being coated with a glassy phase
(P6-Li). Consequently, the interparticle porosity is the low-
est at 9.38%. This is because of the fact that the glass
provides cohesion between the grains, thereby reducing
the interparticle porosity. Subsequently, the aforemen-
tioned structure was coated with an undoped wollastonite
ceramic (W-0), resulting in the generation of a granular
structure and an increase in interparticle porosity (18.11%).
When the coating was doped with Mg, a slight increase
in the size of the porosity (27.13%) was observed. How-
ever, both scaffolds remained within the same range of
interparticle porosity.

With regard to the intraparticle porosity, the applica-
tion of successive coatings involving thermal treatments
has been observed to result in a notable densification of
the structure. This is evidenced by a reduction in the
intraparticle porosity, obtaining values of 11.38% for W-
P6-Li and in the range of 7.47-3.24% for W-0 and W-05,
respectively.

One of the objectives of this research was to modu-
late the morphology of the precipitated HA-like in the in
vitro tests by doping the outer coating with Na*, K*, and
Mg?* ions. Upon exposure to SBF, these ions are released
into the solution and can be incorporated into the pre-
cipitated HA-like. The integration of ions into the crystal
lattice of apatites is extensively documented in scientific
literature.*? This mineral group has a loose structure
that allows the inclusion of non-lattice atoms or particles
substituting for Ca?* and PO,3~.4%°%->3 The accumulation
of these ion substitutions induces lattice distortions, which
explains why the crystallinity of ion-doped HA is usually,
but not always, lower than that of its pure counterpart.**>

The presence of ions such as Mg, which have a higher
volumetric charge density than Ca®", can result in the
phenomenon known as Ostwald ripening.>*>° This pro-
cess, which involves dissolution and recrystallisation, ulti-
mately leads to the formation of hollow sphere. In the
initial stages of the HA-like precipitation process, the HA-
like contains a higher amount of Mg?*, being in a less

eramic Society

crystalline form. As the precipitate develops, the concen-
tration of Mg2+ in the solution will decrease, thereby
increasing the crystallinity of the HA-like. The initial HA-
like structure, with a high Mg?* content, is stressed. The
dissolution of this structure results in the formation of an
HA-like hollow sphere, which is characterized by a reduc-
tion in stress. The evolution of this process is accelerated in
confined areas such as crevices, due to the smaller volume
of the dissolution that occurs in these spaces. An example
of this can be seen in sample W-05-7D (Figure 5), where
the needles are thinner and more crystalline as compared
to the rest of the micrographs.

As mentioned earlier, these modifications in the unit
cell are expected to induce morphological changes in the
precipitated HA-like. Following this objective, the samples
W-0, W-05 and W-075 were scanned for apatite-like precip-
itates by FESEM-EDX as the SBF soaking time increased
(Figure 5).

Sample W-0 showed a trend of losing Si and gaining P
over time, until reaching an almost stoichiometric HA-like
on day 7. The high Si content detected at 14 days resulted
in a Ca/P ratio of approximately 2.35. Since high ratios
promote HA dissolution,* it is not unexpected that the
precipitate began to dissolve and eventually disappeared
at 21 days, giving way to CaP crystals. This theory was con-
firmed by ICP-OES (Figure 6A). The increasing P content
of the precipitate until day 7 led to a decrease in the P
concentration in the SBF. However, from day 14 onward,
the dissolution of the precipitate resulted in an increase
in the P concentration, which was observable until day
21.

As for scaffold W-05, it showed a very interesting sur-
face morphology. This composition was not only bioactive
on all days of the study, but also showed great morpho-
logical changes. The initial precipitate has a crystalline
structure in the form of needles forming spheres, which
could be considered typical. However, after 3 days, it adopts
a square shape, which, contrary to the above, indicates a
lower crystallinity. A plausible explanation for the decrease
in crystallinity is ionic substitutions. Among the possible
replacements that can occur in HA-like is the substitu-
tion of PO,>~ tetrahedra by SiO,*~ tetrahedra.***>> When
this occurs, the crystal size is reduced and the grain struc-
ture of the material changes,”*>*’ assuming a square
shape as shown in Figure 5 (W-05-3D) and consistent
with the results of the EDX analysis, which shows sig-
nificant amounts of Si (Table S3). This is very interesting
from a therapeutic point of view, since silicate groups in
the calcium-phosphate system are associated with a sig-
nificant increase in the rate of osteogenesis in vivo after
implantation. Furthermore, it is known that bone tissue
remodeling is approximately twice as fast in silica-rich HA
as in silica-deficient HA.%*>’
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After 1 week in SBF, spheres of approximately 2-3 um
appear, which are hollow. It is hypothesized that this phe-
nomenon is the result of the dissolution process occurring
at a faster rate in confined areas. As previously stated,
these spheres were located in a crevice where the concen-
tration of ions of high volumetric charge density, such as
Mg?*, is lower. As internal atomic mobility and reorga-
nization reduce crystalline defects over time, the higher
crystallinity of HA-like on day 7 compared to day 14
demonstrates the significant effect of ionic exposure on
HA-like.

The ICP-OES results demonstrate a constant decrease of
the P concentration in the SBF (Figure 6B), associated with
apatite precipitation. This precipitate is shown in Figure 5
sample W-05, where a continue bioactivity over times is
noticed.

With regards to scaffold W-075, CaP precipitates were
observed after 1 and 3 days of immersion in SBF, but
disappeared on days 7, 14 and 21. Similar to W-05-3D, a
high Si content was detected on the precipitate on day
1, which modified the HA-like morphology by thicken-
ing it and reducing the size of the crystals.”” Although
the morphology of the precipitate is similar to that of W-
05-7D, the spheres in this case are compact and lack the
capacity for drug loading. On the third day, the Si content
decreased, resulting in thinner and more crystalline HA
needles. There was a decrease in P concentration in SBF
on Days 1 and 3 (Figure 6C), which corresponds mainly
to the deposition of HA-like. Conversely, on Days 7, 14
and 21, the precipitate dissolves and the phosphorus con-
centration increases. These results suggest the progressive
dissolution of the scaffold. Initially, the sample is bioac-
tive, followed by the detection of 8-TCP (Figure 5-7D), the
third layer of the scaffold. After 14 days (Figure 5-14D),
pyrophosphate, the main component of the W-P6-Li core
along with cristobalite, is observed on the surface. Between
Day 7 and 14, there is a significant increase in lithium con-
centration (only present in P6) in the SBF, indicating core
dissolution.

Although all scaffolds showed interesting behavior, scaf-
fold W-05 stands out for its consistent bioactivity through-
out the 21-day study period. Additionally, on the seventh
day following immersion in SBF, the formation of hol-
low HA-like spheres is observed. The three-dimensional
porous structure and biodegradability of HA-like hollow
spheres make them an optimal vehicle for controlled drug
release.”®>° This discovery represents a remarkable ther-
apeutic advantage, allowing the combination of tissue
engineering with sustained drug release.

This involves the integration of a scaffold into the dam-
aged area to facilitate the restoration of the structure and
function of the damaged tissue, together with the action
of bioactive molecules, such as drugs or growth factors,

which are released directly at the target site. This in turn
avoids side effects due to systemic distribution or first-pass
hepatic metabolism, allowing the dose administered to be
reduced.”® Given all these advantages, the combination of
scaffolds for tissue engineering and drug delivery has been
the subject of intense research in recent years.®’-%?

In this sense, the MTT cell viability assay was performed
on 3T3 fibroblasts exposed to the W-05 scaffold (direct
assay) and its DP (indirect assay). This was done not only
to assess the potential cytotoxicity of the samples, but also
to determine whether variations in the surface morphol-
ogy of the W-05 scaffold exhibited biologically enhanced
properties.

In the direct assay (Figure 7A), lower cell proliferation
was observed in fibroblasts seeded on the scaffolds com-
pared to the control group cultured on plastic during the
first 48 h. However, these differences disappeared by 72 h,
indicating that the scaffolds are biocompatible. Further-
more, when comparing the different scaffolds, higher cell
growth was observed on scaffold W-05-7D, which even
exceeded that of the control group after 72 hours. These
results suggest that surface morphology, based on hollow
HA spheres, induces greater cell proliferation. This behav-
ior has already been described by other authors. Jun Jiet al.
fabricated nano-HA/chitosan/gelatin (nHA/CG) scaffolds
with rod-nHA and sphere-nHA particles and found that
sphere-nHA/CG significantly enhanced the proliferation
and osteogenic differentiation of hiPSCs from hGF in
vitro.®* In particular, the cell number in sphere-nHA/CG
was almost twice as high as in rod-nHA/CG after 12 weeks.

The results of the indirect assay showed higher cell via-
bility in the wells containing DP-3D and DP-7D. While this
difference was more pronounced for the 15 mg/mL con-
centration (Figure 7B), a very similar trend is observed for
the 30 mg/mL concentration (Figure 7C). These results
are very encouraging as they indicate that the degrada-
tion products are not only nontoxic but also cell division
inducing.

5 | CONCLUSIONS

In this research work, innovative multilayer glass—ceramic
scaffolds, with surface morphology modulation, have been
developed for BTE through the application of the sol-gel
method. The scaffolds’ core, composed mainly of silicon
dioxide, calcium pyrophosphate, and the vitreous phase
P6-Li, provides mechanical strength comparable to that of
cancellous bone. This characteristic, combined with a total
porosity of the complete scaffolds over 87%, provides an
environment conducive to cell infiltration and other phys-
iological processes, making them suitable for load bearing
applications.
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Concerning the bioactive coatings, the outer layer mod-
ulates the morphological and bioactive behavior of the
scaffolds through ion doping. Scaffold W-05, in particular,
presented a surface covered by hollow HA spheres after 1
week of immersion in SBF, demonstrating its potential as
an agent for controlled drug release. Additionally, this scaf-
fold proved to be biocompatible, showing no evidence of
toxicity on cells, either through direct contact or mediated
by its dissolution products. Notably, the hollow spheres of
W-05-7D were found to stimulate cell proliferation com-
pared to the other scaffolds and the control. Additionally,
the dissolution products of W-05 were found to increase
cell viability compared to the control. These results suggest
the potential for combining tissue engineering and drug
delivery to provide significant therapeutic benefits while
promoting bone regeneration.
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