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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini This study proposes the development of a lamellar microstructure in multilayer ceramic scaffolds to investigate

the influence of surface morphology on cell behavior. The scaffolds consist of tricalcium silicate (C3S) core and

Keywords: calcium phosphate outer coatings, where Ca ions are partially substituted with Li ions. The scaffolds were
Scaffold physicochemically characterized by X-ray diffraction (XRD), Field Emission Scanning Electron Microscopy with
Biocompatibility

Energy Dispersive X-ray spectroscopy (FESEM/EDX) and Mercury Porosimetry. The scaffolds exhibited CasP207,
B-Caz(PO4)2, Cag gsLi 05(PO4)7, CaLi(PO4) and Liz(PO4) as main phases. The CagP207 phase in the outer layer
was removed using a 30-s etching process, revealing a lamellar microstructure in the bulk. The compressive
strength of the scaffolds was 1.2 + 0.1 MPa for the control and 0.9 + 0.1 MPa for the C30s scaffolds, while the
corresponding microporosity values were 61 % and 72 %. In vitro bioactivity assays demonstrated
hydroxyapatite-like (HA-like) precipitation on etched scaffolds after 14 days in simulated body fluid (SBF),
unlike the untreated controls. Direct and indirect biological assays using 3T3 fibroblasts revealed significantly
higher cell viability, adhesion, and proliferation on the scaffolds with the lamellar microstructure, futher
enhanced by the HA-like coating. FESEM imaging confirmed cell colonization on the surface and within the
internal lamellar framework, suggesting that this architecture supports cell infiltration and ECM formation.
These findings highlight the functional relevance of the lamellar microstructure in promoting biointegration,
positioning these scaffolds as promising candidates for bone tissue engineering.

Surface modification
Tissue engineering

1. Introduction

Tissue engineering currently faces significant challenges in devel-
oping materials that fulfill clinical and biological requirements. These
materials must integrate physicochemical, biochemical, and cellular
factors to enable the replacement of biological tissues [1-5]. A critical
requirement is that such materials degrade appropriately and are
replaced by newly formed tissues [5-7]. Achieving this goal necessitates
the investigation of properties that directly influence cell-material in-
teractions, including phase composition, surface characteristics, and
porosity, among others [7-12].

Several studies have shown that modifying the surface properties of
biomaterials, such as microstructure or surface roughness, significantly
influences the modulation of cellular functions [8,12,13].

Modifying scaffold surfaces through chemical or physical treatments,
such as etching or coating deposition, can improve cell adhesion, pro-
liferation, and differentiation, enhance bioactivity by promoting the

formation of an HA-like layer, and ultimately strengthen interactions
with specific cell types such as fibroblasts or osteoblasts [8,13,14]. In
this context, porous ceramic biomaterials have demonstrated consider-
able potential owing to their similarity to the mineral phase of bone and
their ability to support cell growth.

Specifically, it is well established that the inorganic compound hy-
droxyapatite, found in the collagen matrix of human bone, promotes
bone regeneration and growth. However, during the initial stages of this
process, fibroblasts play an essential role in the formation of extracel-
lular matrix (ECM) and other proteins, as well as in facilitating soft
callus formation, the first step in bone healing [15-18]. These cells also
produce connective tissue during healing and regulate tissue homeo-
stasis, which is essential for maintaining the balance between ECM
production and degradation, thereby preserving the integrity of the
bone and surrounding tissue. In addition, they interact directly with
osteoblasts and osteoclasts, the key cells responsible for bone formation
and resorption, respectively [2,18].
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To our knowledge, no study has evaluated the behavior of fibroblasts
on a scaffold with dual-level surface morphology modulation, involving
a microstructure first modified to reveal a lamellar microstructure and
subsequently treated with HA-like deposition within the lamellar
microstructure.

Therefore, in this study, we propose the development of scaffolds
with a core composed of a Ca3SiOs formulation that confers support and
a macroporous structure. This core will be coated with calcium phos-
phate compositions (CasLi4(PO4)4), where calcium ions are partially
replaced by lithium ions. Lithium ions can stimulate bone formation
(osteogenesis), inhibit bone resorption, increase cell proliferation, and
finally improve the mechanical properties [19-21].

Once obtained, the scaffolds will undergo chemical etching to
modulate surface properties. Subsequently, they will be subjected to
physicochemical characterization, followed by in vitro bioactivity
assessment and evaluation of cell culture behavior using indirect
(dissolution products) and direct (scaffold) assays.

2. Materials and methods
2.1. Materials preparation

Multilayer ceramic scaffolds were prepared using the sol-gel method
combined with the polymeric sponge replication technique [22]. To
obtain the multilayer scaffolds, the process was divided into two stages:
Stage I, the core preparation; and Stage II, the outer layers preparation.
Table 1 summarizes the reagents used in the preparation of the core and
outer layers of the scaffold.

For the core, C3S was used and formulated by mixing 10.5 mL of
tetraethyl orthosilicate (TEOS- Si(OCyHs)4, Aldrich), 5 mL of 97 %
ethanol, 5 mL of distilled water, and 1 mL of 37 % hydrochloric acid
(HCL, Ensure), the mixture was stirred for 10 min to initiate the hydro-
lysis reaction. At the same time, a second solution was prepared by
combining 14.1 g of calcium carbonate (CaCOs, Sigma), 15 mL of
distilled water, and 15 mL of 37 % hydrochloric acid (HCI, Ensure),
which was added to the initial mixture. The pH of the solution was
adjusted to 2-3 by the gradual addition of HCI.

Polyurethane sponges cut into cylindrical shapes (20 ppi, 12.7 mm
diameter, 10 mm high), were submerged in the sol-gel solution and
oven-dried at 175 °C for 10 min. Once the first layer had dried, this
process was repeated approximately 25 times to ensure the coating
formation. Finally, the sponges were subjected to sintering in a furnace
at 1050 °C with a heating rate of 18.5 °C/h. The temperature was
maintained for 8 h and then cooled to room temperature within the
oven.

After obtaining the initial scaffold, designated as the core, it was
covered with outer layers. The Ca4Lis(PO4)4, formulation for the outer
coating was prepared by mixing 12 mL of triethyl phosphate
((CaH4)3PO4 -TEP, Aldrich), 5 mL of ethanol 97°, 15 mL of distilled
water, 15 mL of hydrochloric acid (HCI 37 %, Ensure), 7.05 g of calcium
carbonate (CaCOs, Sigma) and 2.60 g of lithium carbonate (LioCOs,
Scharlau). The pH of the solution was adjusted to 2-3 by the gradual
addition of HCL

Once the cores were coated, they were dried at 195 °C for 15 min.
This process was repeated three times to avoid the elimination of core

Table 1
Reagents are used in the preparation of the cores and outer coating.”
Formulation CaCOs3 Li,CO3 Triethyl Tetraethyl
composition ® (€] phosphate TEP orthosilicate TEOS
(mL) (mL)
Ca3SiOs 14.1 - - 10.5
CayLis(PO4)4 7.1 2.6 12 -

@ All the preparations were carried out with 20 mL of distilled water, 15 mL of
HCl and 5 mL of ethanol to obtain 10 g of the formulation.
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scaffold porosity. Subsequently, the scaffolds were subjected to sintering
at a heating rate of 115 °C/h, reaching a final temperature of 1050 °C
and maintaining it for 4 h before being cooled to room temperature
within the furnace. This process was repeated two times.

Furthermore, a solution was prepared by dissolving acetic acid
(CH3COOH, PanReac) in distilled water with agitation to ensure com-
plete chemical dissolution at a concentration of 3 %. The scaffolds were
immersed in the etching solution with agitation to ensure uniform
exposure. The scaffolds were chemically etched for 30 s to modify the
microstructure. Then, the scaffolds were rinsed with distilled water to
remove any residual chemicals and subjected to a 24-h drying process at
80 °C. Finally, the scaffolds chemically etched for 30 s were broken to
observe the fresh fractured surface.

2.2. Scaffolds characterization

The mineralogical compositions of the powder material were eval-
uated by XRD using a Bruker-AXR D8 Advance with Cu-Ka radiation
(1.541874 A). Data were collected in the Bragg-Brentano theta-2theta
(6/20) geometry between 10° and 55° (20) in 0.05° steps with a counting
time of 5 s per step. The data presented correspond to the 26 range
between 20° and 35°. The X-ray tube operated at 40 kV and 30 mA. The
obtained diffractograms were analyzed using version 3.16 of the Match!
3 software. Semiquantitative analysis of the scaffold phases was per-
formed using the relative intensity ratio method (RIR), and the dif-
fractograms were compared to data from the Crystallography Open
Database (COD).

The microstructure and morphology of the multilayer ceramic scaf-
folds were studied by FESEM/EDX using a Zeiss SIGMA 300 VP equipped
with Zeiss SmartEDX. All samples were coated with palladium prior to
evaluation.

The porosity and pore size distribution (<300 pm) of the scaffolds
were determined using mercury porosimetry (Poremaster 60 GT,
Quantachrome Instruments) within a pressure range of 6.829 KPa to
243,658.266 KPa. Additionally, the porosity associated with pore sizes
larger than 300 pm was measured using Archimedes’ principle in
mercury.

The maximum compressive strength of the scaffolds was measured
using a simple manual test stand (SVL-1000N, IMADA). The load was
manually applied to scaffolds (10 mm diameter, 9 mm high) until
complete fracture occurred. The compressive strength of the ceramic
scaffolds was calculated based on the results from five samples per
batch.

2.3. Invitro bioactivity characterization

In vitro bioactivity assays of the scaffolds were performed by
immersing them in SBF according to the procedure established by
Kokubo et al. [23] and following ISO 23317:2014. Samples in SBF were
incubated in a water bath at 37 °C for 1, 3, 7, and 14 days.

After each period, scaffolds were dried at 80 °C for 24 h and using
FESEM/EDX. The SBF aliquots were assessed by inductively coupled
plasma optical emission spectrometry (ICP-OES Thermo iCAP 6500
DUO) to study variations in calcium (Ca"), lithium (Li™), silicon (Si*"),
and phosphorus (P°") ion concentrations.

2.4. Invitro biological evaluation

The behavior of the scaffolds—(i) Control (C), (ii) C30s, and (iii)
C30s/14d—toward the cells in vitro was evaluated according to ISO
10993. In this study, cell viability was examined directly by exposing
3T3 cells (mouse embryonic fibroblasts) to the scaffold, and indirectly
by assessing the indirect impact of scaffold dissolution products (DP) in
DMEM on the cells.

3T3 cells were cultured in Petri dishes with Dulbecco’s modified
Eagle’s medium (DMEM, Gibco) supplemented with 10 % fetal bovine
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serum (FBS, Corning) and 1 % penicillin/streptomycin (PS, Gibco),
incubated at 37 °C in a humidified atmosphere with 5 % CO.

Control scaffolds, as well as C30s and C30s/14d, were sterilized at
150 °C for 3 h and exposed to UV light on each side for 4 h.

2.4.1. Indirect cell culture

2.4.1.1. Ion release. To study the influence of ions released by the
scaffolds—(i) Control, (ii) C30s, and (iii) C30s/14d—on the cells, the
scaffolds were incubated in DMEM supplemented with 10 % FBS and 1
% PS. Dissolution products were prepared by adjusting the weight of
each sample to a concentration of 50 mg/mL. Samples were incubated
for 48 h (DP2) and 96 h (DP4), and an aliquot from each was analyzed by
ICP-OES to determine the types of ions released by each material.

2.4.1.2. Cell culture and viability. 3T3 cells were seeded in 96-well
plates at a concentration of 25,000 cells/ml one day prior to the indi-
rect assay to ensure cell adherence.

Subsequently, the original culture medium was replaced with a
conditioned culture medium containing the dissolution products DP2
and DP4. Finally, the cells were incubated at 37 °C in a humidified at-
mosphere with 5 % CO; for 24, 48 and 72 h. The Alamar blue assay was
then performed, and absorbance was measured at 570 nm using an
OPTIC IVYMEN SYSTEM Microplate Reader 2100-c. The control for this
assay consisted of cells cultured in contact with DMEM medium sup-
plemented with 10 % FBS and 1 % PS.

2.4.2. Direct cell culture

2.4.2.1. Sample preparation and cell seeding. After sterilization, samples
were pre-conditioned and placed inside a 24-well plate with 1.5 mL of
DMEM supplemented with 10 % FBS and 1 % PS and incubated for 45
min at 37 °C and 5 % CO». After the pre-conditioning period, the DMEM
supplemented with 10 % FBS and 1 % PS was removed, and 50,000 cells
in 25 pL were seeded dropwise onto the surface of each scaffold. The
scaffolds were incubated for 30 min at 37 °C and 5 % CO». After these 30
min, fresh DMEM supplemented with 10 % FBS and 1 % PS was added to
each well. Samples were incubated for 24, 48, and 72 h. The medium
was refreshed daily.

2.4.2.2. Cell viability. The Alamar Blue assay was used to assess cell
viability on each scaffold. The supplemented DMEM was removed, and
the scaffolds were transferred to a new 24-well plate to avoid including
cells attached to the bottom of the original wells. A solution containing
10 % of the culture volume of Alamar Blue® was then added to each well
and incubated for 3 h at 37 °C in a 5 % CO» atmosphere. Then, 100 pL
from each well was transferred to a 96-well plate, and absorbance was
measured at 570 nm. The control for this assay consisted of cells seeded
directly onto the plate.

2.4.2.3. Cell morphology evaluation. The evaluation of cell morphology
and adhesion on the scaffold surface was performed using FESEM. The
cells on the samples that exhibited the highest absorbance at 72 h were
fixed with a 4 % paraformaldehyde solution for 30 min. Next, the
scaffolds were washed three times with PBS (phosphate-buffered saline)
to remove any residual formaldehyde.

Subsequently, the PBS was removed, and the samples were incubated
in a 4 % osmium tetraoxide (OsO4) solution for 1 h at room temperature
in the dark to avoid photodegradation. The solution was then removed,
and the scaffolds were washed three times with distilled water to
eliminate any residual OsO4. Next, a dehydration process was carried
out using a graded ethanol series from 30 % to 100 % for 15 min. Finally,
the scaffolds were submerged in acetone, dried using critical point
drying (Balzers CPD 030) and observed using FESEM (SIGMA 300 VP,
Zeiss). These scaffolds were also fractured and examined by FESEM.
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2.4.2.4. Statistics. The results are presented as mean values with stan-
dard deviations. Statistical significance between groups was determined
using two-way analysis of variance (ANOVA) followed by a Tukey test.
The significance level was set at p < 0.05 = *.

3. Results
3.1. Scaffolds characterization

The mineralogical characterization performed using XRD to examine
the crystalline phases present in the scaffolds is shown in Fig. 1 (a)
control and Fig. 1 (b) C30s. Both are composed of the same main phases:
CagP207; (COD: 96-100-1557), - Cag(PO4)2 (COD: 96-151-7239),
Cag 95Li1,05(PO4)7 COD: 96-152-6054), CaLi(PO4) (COD: 96-152-6054)
and LigPO4 (COD: 96-901-1045). In addition, both samples exhibited
minority silicon phases such as SiO5 (COD: 96-900-9688), Li4SiO4 (COD:
96-153-2524), CaySiO4 (COD: 96-210-3317) and CaSiO3 (COD: 96-900-
5779). Table 2 shows the percentage of each phase present.

The diffractograms presented in Fig. 1 (b) show a decrease in the
peaks corresponding to the CoP207 phase in the C30s scaffolds compared
to the control, Fig. 1 (a), around the 260 angles of 27°, 27.5° and 31°. As
shown in Table 2, the proportion of the CayP;O, phase decreases
markedly from 29 % to 12 %, indicating that chemical etching can
effectively modulate the ratio of these phases.

Fig. 2 (a-c) illustrates the microstructure of the control, formed by
large grains in which a lamellar structure can be inferred from the
scratches on the surface of the scaffold, which appear to be covered by a
glassy layer. Fig. 2 (d-f) corresponds to the surface of the C30s scaffold,
where a lamellar microstructure is revealed across the entire surface.
The same figure (g-i) depicts the inner part of the scaffold, revealing the
same lamellar microstructure in bulk. EDX analysis of the control surface
confirmed the presence of calcium and phosphorus, with a Ca/P ratio
ranging from 1.04 + 0.07 to 1.4-1.5.

The EDX analysis of C30s showed the presence of calcium and
phosphorus, with an almost constant Ca/P ratio of 1.4 + 0.02. In the
case of the fresh fracture, the surface EDX analysis revealed a Ca/P ratio
between 1.4 and 1.5. The most calcium-deficient areas corresponded to
protruding lamellar structures on the surface, while the surrounding
material was richer in calcium.

The combination of the revealed lamellar microstructure—which
mimics the architecture of natural bone—and the previously described
mineralogical composition are key factors in enhancing cell adhesion
and proliferation on the scaffolds.

[ :
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Fig. 1. XRD patterns of the multilayer scaffolds (a) Control and (b) C30s. (Main

phases: e CayP,07, o B-Caz(PO4)z, o0 Cagosliygs(PO4)7, m CaLi(PO,4) and
* Liz(POy).
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Table 2
RIR analysis of the phases in the scaffolds.
Sample CayP20; B-Caz(PO4)2 Cag gsLiy,05(PO4)7 CaLi(POy4) LisPO,4 Minority phases
%
Control 29 19 25 6 7 14
C30s 12 27 32 8 7 14

C30s CONTROL

FRESH FRACTURE
(C30s)

1pm
-—

3

Fig. 2. FESEM micrographs of the scaffold surface: (a—c) control, (d-f) C30s and (g-i) C30s Fresh fracture.

Fig. 3 shows the results obtained from the porosity test and an optical
image representative of the sintered scaffolds, which exhibit a pearles-
cent surface appearance. Table 3 presents a summary of the results ob-
tained for porosity, compressive strength and lamellar width of the
samples.

Fig. 3 (a) illustrates three regions describing the behavior of the
control and C30s samples. For the control, the first region shows an
increase in intruded mercury from 0 to 0.036 cc/g, corresponding to
pore diameters ranging from 200 pm to 4.08 pm. This is followed by a
plateau in intruded volume up to 1.09 pm, and then a second increase

0,07

0,06
005
@ “
g = ——Control
Zom —C30s
z ~z 2
5 0,03 3 =
2
0,02
0,01
o W
200,00 20,00 2,00 020 002

Pore Diameter (um)

-dV/d(log d) (cc/g)

from 0.036 cc/g to 0.06 cc/g, corresponding to pore diameters between
1.09 pm and 0.02 pm. A similar pattern is observed for the C30s samples,
with three distinct regions and a greater overall intruded volume.

Fig. 3 (b), shows that the control samples and C30s samples present
different pore diameter peaks. For the control, these peaks occur around
99.23 pm, 6.31 pm, 0.20 pm, 0.07 pm and 0.04 pm. In contrast, the C30s
samples exhibit the most significant intruded volume at pore diameters
of approximately 170.60 pm, 8.50 pm, 4.76 pm and between 2.10 and
0.20 pm. In general, the C30s samples show a higher volume of intruded
mercury at the aforementioned mentioned diameters.

0.08 —Control
007 —C30s
0,06
0,05
0,04
0,03 . B
= 3 s S
0,02 e .
0,01
0,00 .
200,00 20,00 2,00 020 0,02

Pore Diameter (um)

Fig. 3. Representative optical image of scaffolds (window). Mercury Porosimetry curves: (a) Cumulative and (b) Differential intrusion vs. pore diameter in scaffolds.
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Table 3
Summary of the porosity, compressive strength and width of lamellar of the
control and C30s scaffolds.

Sample Porosity Porosity Compressive strength Lamellar width
<300 pm* >300 pm”
(%) MPa nm
Control 14.5 61 +1 1.2+0.1 -
C30s 15.5 7212 09+0.1 200-500

# Obtained by the Mercury Porosimetry Technique.
> Obtained by Archimedes Principle in Mercury.

In addition, Table 3 shows that the micro-porosity (<300 pm) is
within the same range for both samples; however, the macro-porosity
(>300 pm) was higher for the C30s samples, 72 % =+ 2, while for the
controls, it was 61 % + 1. This increase is a direct consequence of the
removal of the vitreous phase, which unmasked larger pore openings
and improved interconnectivity. While the compressive strength of the
control samples—with lower macroporosity was—slightly higher (1.2
+ 0.1 MPa) than that of the C30s samples (0.9 + 0.1 MPa), this reduc-
tion is expected owing to the increase in porosity and the elimination of
the dense glassy phase, which previously contributed to structural ri-
gidity. Finally, the C30s scaffolds presented a lamellar width between
200 and 500 nm. This nanoscale dimension can facilitate protein
adsorption, focal adhesion formation and other essential factors for
effective tissue regeneration.

3.2. In vitro bioactivity characterization

In relation to in vitro bioactivity, the scaffolds were tested by
immersing them in SBF solution for 1, 3, 7, and 14 days. The control
scaffolds did not show HA-like precipitates at any of the test times;
however, the surface gradually degraded, revealing an incipient
lamellar microstructure, as shown in Fig. 4. This suggests that the glassy
surface layer in the control gradually dissolves in SBF, but not suffi-
ciently to initiate apatite nucleation. In the case of the control sub-
merged in SBF for 7 days, a small, dispersed precipitate was observed
that contained phosphorus and calcium ions, with a Ca/P ratio of 1.36
+ 0.01, which disappeared after 14 days.

Fig. 4 also illustrates the surface of the C30s samples after immer-
sion. These scaffolds did not exhibit significant changes in surface
microstructure until 14 days, when a conglomerate of spherical depos-
its—similar to HA—precipitated, with a Ca/P ratio of 1.68 + 0.01,
consistent with stoichiometric hydroxyapatite (Ca/P =~ 1.67). This
confirms the bioactive nature of the chemically etched scaffolds, which
are capable of inducing mineralization in a physiologically relevant
environment.

To evaluate the concentrations of Ca, Li, Si, and P ions in the SBF,
ICP-OES tests were performed. The results obtained for the samples at
different test intervals are shown in Fig. 5. In both scaffolds, the con-
centration of Li ions gradually increased over 14 days, indicating that
both scaffolds released Li ions.

In the case of the control, the following trends were observed: (i)
From days 1-3, the concentrations of P and Si ions increased. (ii) On day
7, the concentration of P ions decreased, while the concentration of Si
ions increased slightly. (iii) On day 14, the sample released P ions,
increasing their concentration in the SBF, while absorbing Si ions and
reducing their concentration to a level comparable to the initial SBF
state. For the C30s samples, the results shown in Fig. 5. (b) indicate that,
in general, the concentrations of P and Si ions increased up to day 7.
However, on day 14, the sample absorbed P ions while releasing Si ions,
forming a mirrored pattern opposite to that observed in the control.
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3.3. In vitro biological characterization

Fig. 6 shows the release of ions in the culture medium for each ma-
terial at a concentration of 50 mg/mL after 48 h and 96 h of incubation.
In the dissolution products of the control and C30s scaffolds, a similar
increase in lithium ion concentration was observed at both 48 h and 96
h. However, in the case of the C30s/14d scaffolds, the lithium ion
concentration was nearly three times higher. Regarding the concentra-
tion of P ions, all scaffolds exhibited similar behavior, showing an
increasing trend in the culture medium up to 96 h. However, in the
dissolution products of the C30s/14d scaffolds, the P ion concentration
decreased slightly at 96 h compared to 48 h, but it remained higher than
in the initial culture medium.

Conversely, regarding Ca ions, all samples showed similar behavior.
Up to 48 h, they slightly reduced the concentration of calcium ions in the
medium. However, by 96 h, the Ca ion concentrations in both the con-
trol and C30s scaffolds remained similar to the initial levels in the cul-
ture medium.

Finally, the most significant differences were observed in the
behavior of Si ions. In general, all scaffolds increased the concentration
of Si ions, but the C30s/14d samples released these ions at a faster rate,
while the control released Si ions more slowly and almost constantly.

The viability of the cells incubated with the different conditioned
culture media is shown in Fig. 7. With the DP2 medium, after 24 h, cell
viability increased significantly for the control scaffold and C30s/14d
compared to the control cells, and this trend continued at 48 h and 72 h.
Notably, the values obtained for the dissolution products of the control
and C30s/14d scaffolds were markedly higher, as cell viability remained
significantly higher compared to the control cells cultured in untreated
medium. Significant differences were also observed between the C30s
and the control cells after 48 h.

In the case of the dissolution products obtained at 96 h (DP4), sig-
nificant differences were observed at 24 h between the control cells and
the C30s/14d scaffolds. At 48 and 72 h, positive cellular behavior was
observed for all scaffold dissolution products, similar to that of the
control cells. These results confirm that the dissolution products are not
only non-toxic but also bioactive, creating conditions that support and
enhance fibroblast viability and activity.

After evaluating the influence of the ions released by the scaffolds on
the cells, the behavior of the cells in direct contact with the control,
C30s, and C30s/14d scaffolds was examined (Fig. 8). At 24 h, cell
behavior in contact with the control and C30s scaffolds was similar to
that of the control cells, whereas cells in contact with the C30s/14d
scaffolds showed reduced proliferation. At 48 h, all scaffolds supported
positive and increased cell proliferation, with no significant differences
observed between them. After 72 h, the control cells and the cells seeded
on the control scaffold exhibited similar absorbance values, indicating
comparable levels of cell proliferation. In contrast, cells cultured on the
C30s scaffolds—whose surface topography was modulated by chemical
etching—showed increased absorbance, indicating enhanced prolifera-
tion due to the presence of lamellar structures. This effect was even more
pronounced in cells exposed to the C30s/14d scaffolds, which showed a
significantly higher absorbance signal. Furthermore, the results indi-
cated that cell proliferation was higher in these scaffolds when
compared to those assayed at 24 h. This enhanced cellular response can
be attributed to several synergistic factors: (i) topographical cues pro-
vided by the 200-500 nm lamellae, which promote cell alignment and
focal adhesion formation; (ii) the release of bioactive ions such as Li*
and Si4+, which are known to stimulate osteogenic activity; and (iii) the
presence of a biomimetic HA-like layer that replicates the mineral phase
of natural bone extracellular matrix, promoting an osteoconductive
environment.

As for morphological cell evaluation, tests were performed only on
the C30s/14d scaffolds, which indicated higher cell proliferation at 72 h.
Accordingly, FESEM images of the surface and fresh fracture are pre-
sented in Fig. 9. These images reveal that fibroblasts covered a large part
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Fig. 4. FESEM images obtained after the in vitro bioactivity evaluation of control scaffolds and C30s scaffolds at 1, 3, 7 and 14 days.

of the scaffold surface and also colonized the interior part, demon-
strating the growth of fibroblasts and extracellular matrix on the
lamellar structure, along with a spherical precipitate very similar to HA.

4. Discussion
One of the essential aspects when developing materials for applica-

tions in personalized medicine is the interaction between cells and
scaffold surface morphology, as this aspect allows modulation of cell

adhesion, proliferation and differentiation. Consequently, lamellar mi-
crostructures are garnering significant attention [24]. Therefore, in this
study, we have developed scaffolds based on a C3S core and outer layers
of Ca4Li4(P04)4.

Once the scaffolds were sintered and analyzed by XRD, as shown in
Fig. 1, the main phases observed were CagP207, B-Ca3(PO4)2, Cag gsL-
i1.05(PO4)7, CaLi(PO4) and Li3(POy4).

The B-Ca3(PO4)2 phase is widely used in the development of mate-
rials for bone regeneration. It is one of the main and most common



M.A. Barbudo et al.

90 T
1
80

a2
S o

Ion concentration (mg/L)
n
=3

$
—’I’/*\[_\
10 / / 1
501 A I /
g
20 P
P
10 /
0 - v T T T T T T T
0 2 4 6 8 10 12 14
Time (days)

Ceramics International xxx (XXxX) XXX

Ton concentration (ng/L)
——

Time (days)

| —Calcium ~—Lithium—~Phosphorous - Silicon |

Fig. 5. The ion concentration in SBF at different times after soaking scaffolds: (a) Control and (b) C30s.

%4 60 - B 1
50 50 P :::'}
~40 1 0] T
:i" 1T I ?0 :”,;.’—"
_:_::30 5 /,’E‘_— 5/30 o
20 20
10 4 10 A
0 <o r . : : 0 : : : .
0 24 48 72 96 0 24 48 72 96
Time (hours) Time (hours)
60 60
50 A 50
< 1T e I
~40 404 e
:940 3] -
=30 =30 4
20 A 20 L
10 A 10 A JEUPUNRSEEESSS ettt 3
0 0 ] ’.:::-::::::'::_- -------- i i "l
0 24 48 72 96 0 24 48 2 96
Time (hours) Time (hours)
--#--Control --#--C30s --#--C30s/14d
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96 h.

phases, which helps explain the behavior of the sintered scaffolds. The
crystalline structure of p-TCP consists of a rhombohedral arrangement
that, according to various studies, can be described in terms of columns
A and B aligned along the C-axis. In this context, researchers have re-
ported that column A is surrounded by six (6) column B, while column B
is surrounded by two (2) column A and four (4) column B [25,26].
Column B comprises P(3), Ca(1), Ca(3), Ca(2) and P(2) sites, whereas
column A consists of Ca(4), Ca(5) and P(1) sites, where the numbers in

parentheses indicate different sites according to their degree of coordi-
nation with oxygen. Notably, column A exhibits a lower density due to
the partial occupancy (43 %) of the Ca(4) sites, which facilitates the
substitution of calcium ions by monovalent, divalent, or trivalent ions.
[25,27]. In the synthesized scaffolds, Ca(4) sites were replaced by Lit
ions to maintain the electrical neutrality of the phase. Consequently,
XRD analysis confirmed the presence of the main phase Cag gsL-
i1.05(PO4)7, which is considered an isostructural variant of p-Ca3(PO4)s
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means + SD (n = 3, *p < 0.05 and **p < 0.01).

[25,26]

Additionally, minor silicon phases, such as SiO,, were detected,
indicating that Ca®* was released from the CsS. This phenomenon sug-
gests that the composition of the C3S core serves as a Ca?* source for the
formation of calcium phosphate phases. As C3S releases Ca* ions to the
phosphate groups SiO4~ groups are obtained. To neutralize the negative
charge associated with these groups, Si-O-Si bonds are formed, gener-
ating crystalline SiO,. Additionally, Si-O-P and/or Si-O-Si bonds are
produced, leading to the formation of an amorphous phase. This glass
phase provides mechanical strength by binding the various crystalline
phases together (Table 3).

This glass phase, as reported in the literature, is closely associated
with lithium content, as lithium reduces viscosity, promotes phase
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separation, and influences overall microstructural organization. Conse-
quently, lithium governs the formation, stability, and properties of the
glassy matrix [28,29]. An increase in lithium content significantly
enhanced the mechanical strength of the scaffold, with values 1.2 + 0.1
MPa. Additionally, a high content of vitreous phase provided mechan-
ical strength comparable to that of trabecular bone [30].

The microstructural arrangement of these phases, as shown in Fig. 2
(a—c), exhibits the presence of a lamellar microstructure. Although the
presence of lamellae can be inferred, they appear to be covered by a film
of the glass phase.

To eliminate the excess glass phase and reveal the lamellar micro-
structure, chemical etching was performed using a 3 % acetic acid so-
lution, resulting in the C30s scaffolds. These scaffolds exhibited the same
phases as the control scaffolds: CayP207, p-Ca3(PO4)2 and CaggsL-
i1.05(PO4)7. However, the XRD analysis of the C30s samples showed a
significant decrease in the peaks corresponding to the CyP207 phase.
This behavior, previously reported in the literature, is related to the
solubility of phases in an acid medium, where the Ca/P ratio plays a
particularly important role. The general trend indicates that as the Ca/P
ratio decreases, the dissolution rate increases. [31,32]. Accordingly,
glass phases—CayP207 and CaLi(PO4)—exhibit a higher dissolution rate
than B-Ca3(PO4)2 and its isostructural compounds. Additionally, it is
important to note that the substitution of Ca?* by Li * enhances stability.
Consequently, the Caggsli 05(PO4); phase is more stable than
B-Cas(PO4)2 due to a reduction in the vacancies present in the latter.

Acid etching significantly influenced the physical properties of the
scaffolds, primarily by increasing macroporosity and slightly reducing
compressive strength due to a decrease in structural density resulting
from the dissolution of the vitreous phase (Fig. 3) [33]. From a biolog-
ical perspective, porosity plays a crucial role in cell proliferation and
tissue formation. In terms of microporosity, no significant differences
were observed between the materials, indicating that both are initially
suitable for cell adhesion and growth factor retention. However, the
increased macroporosity in the C30s scaffolds may enhance cell migra-
tion and vascularization, thereby promoting bone regeneration [34,35].
Furthermore, the C30s scaffolds exhibited a greater number of larger
pores compared to the control, suggesting an overall increase in
porosity, which could further support biological integration.

As for in vitro bioactivity (Fig. 4), the control scaffolds did not
exhibit an HA-like precipitate owing to the inhibitory effect of the
CayP,07 phase [36,37]. However, upon chemical etching and removal
of the excess CapP207 phase, an HA-like precipitate was observed on the
C30s scaffolds at 14 days.

In addition, in the case of the bioactivity tests for the control sample,
although no HA-like precipitates were observed, Fig. 4 shows that from
day 1, surface changes indicative of degradation are present, appearing
as an incipient lamellar microstructure. This is attributed to the hydro-
lysis process of phosphorus in the SBF and continues until day 3. This
observation is corroborated by the phosphorus concentrations shown in
Fig. 5 (a), which show an increase of phosphorus levels in the SBF from
day 1 to day 3. Subsequently, this concentration decreases at 7 days, as
the scaffold absorbs P ions and precipitates calcium phosphate in the
form of small agglomerations on the degraded surface.

In contrast, the C30s samples showed a cauliflower-like HA-like
precipitate at 14 days, with a Ca/P ratio of 1.68 + 0.01, which is very
similar to stoichiometric hydroxyapatite [36,38]. In this case, the
ICP-OES results (Fig. 5 (b)) showed a decrease in P ion concentrations in
the SBF, followed by an increase in Si ion concentrations. This mirrored
behavior creates ideal conditions for HA-like precipitation on the scaf-
fold. Moreover, at 14 days an increase in Ca ion concentration was
observed, attributed to the release of Ca ions from silico-calcic minority
phases during the release of Si ions.

As can be observed, different surface morphologies were obtained.
Initially, a control scaffold with a smooth surface was produced. Later,
after chemical etching for 30 s, a surface with a lamellar microstructure
was obtained. Finally, when immersed in SBF, a rough surface rich in
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Fig. 9. FESEM images of the C30s/14d (surface and fresh fracture) after 72 h of immersion in the culture medium with 3T3 cells.

HA-like agglomerates was observed. Following this significant surface
modulation, the scaffolds were tested biologically to evaluate cell
behavior in response to surface modification and to assess the indirect
effects of these scaffolds through the release of different ions.

Accordingly, the Alamar Blue assay was performed with 3T3 fibro-
blasts exposed to the scaffold (direct assay) and to its dissolution prod-
ucts (indirect assay), allowing the assessment of cytotoxicity and cell
viability based on their metabolic activity in comparison with the con-
trol. Variations in the scaffold surface showed improved biological
properties.

In the indirect assays (Fig. 7) performed on DP2 (a), significant dif-
ferences were observed at 24 h between cells treated with traditional
culture medium and the dissolution products obtained from the previ-
ously proposed scaffolds. However, it is important to highlight that for
the DPs of the control scaffolds and the C30s/14d scaffolds the results
obtained were significantly superior compared to the control cells. These
DPs (Fig. 6) show similar behavior in Ca®* and P°* concentrations. At
relatively short times—such as 24, 48, and 72 h—a slight increase in the
concentration of P>" can favor the proliferation and metabolic activity
of fibroblasts, as it plays an important role in the synthesis of adenosine
triphosphate (ATP) and energy supply [39,40]. Similarly, a slight in-
crease in Lit concentration is beneficial for cell cultures as it can stim-
ulate cell proliferation through Wnt/p-catenin and enhance osteogenesis
by improving cell differentiation [21,39,41,42] Finally, a slight increase
in Si** concentrations in the culture medium may offer several advan-
tages such as stimulation of collagen production for the formation of the
extracellular matrix and stimulation of bone mineralization, leading to
improvement in the biocompatibility of the scaffold [39,43,44].

In the case of DP4, the best results were obtained at 24 h for the
C30s/14d scaffolds, indicated by higher absorbance and greater cell
viability. At 48 and 72 h, the results exhibited a similar trend across all
dissolution products (DPs). The findings from the dissolution products
DP2 and DP4 are promising, as they are not toxic and promote cell
proliferation.

Numerous researchers have studied the behavior of cells and their
interaction with biomaterials, demonstrating the importance of the
surface reactivity of bioactive ceramics and its influence on bone tissue
formation [45,46]. In this regard, Fig. 8 at 72 h highlights the impact of

the surface lamellar microstructure, as evidenced by the higher absor-
bance values observed in cells seeded on the C30s samples compared to
those on the control scaffolds. This interaction affects the adhesion,
proliferation, and differentiation of bone cells, playing a key role in
osteointegration [45,47].

In the case of the direct assays (Fig. 8), reduced proliferation was
observed in fibroblasts seeded on C30s/14d scaffolds at 24 h. However,
this difference disappeared by 48 h, indicating the biocompatibility of
the scaffolds. Nevertheless, when comparing the results obtained for the
different scaffolds, higher cell growth was observed in the C30s/14d
scaffolds, which even surpassed the control group at 72 h and the results
of both the control and scaffold groups from earlier time points. These
results suggest that the HA-like morphology precipitated in the lamellar
microstructure induces higher cell proliferation.

Moreover, the presence of a lamellar microstructure is a key element
in improving cell-material interaction. The lamellar architecture,
revealed after acid etching, provides a topography that promotes cell
adhesion. This structure, with nanometer-scale spacing (200-500 nm),
may act as a physical guide for cell migration and ECM deposition,
mimicking the stratified morphology of regenerating bone tissue.
Therefore, the combination of this structure with the HA-like deposition
on its surface is synergistic, promoting superior bioactivity in C30s/14d
scaffolds. Furthermore, the colonization observed in the inner areas of
the scaffold suggests that the lamellar structure facilitates on surface
adhesion and deep cell infiltration, a crucial aspect for effective three-
dimensional tissue regeneration.

Finally, the C30s/14d scaffolds at 72 h were treated and observed by
FESEM, as shown in Fig. 9. The image reveals how cells have colonized
the scaffold surface—both the HA-like and lamellar microstructures—as
well as the internal scaffold structure due to the its porosity. Cellular
colonization and partial ECM formation on the lamellar microstructure
and the HA-like precipitate are clearly observed.

5. Conclusions
The behavior of cells within the lamellar microstructure of multi-

layer porous 3D scaffolds—primarily composed of the phases Cag gsL-
i1.05(PO4)7 and p-Caz(PO4)o—developed through the sol-gel process,
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was investigated.

This cellular behavior was investigated using 3T3 fibroblast cells. To
evaluate how the cells respond to surface morphology modulation in 3D
multilayer porous scaffolds, three types of surfaces were obtained:
control scaffolds, chemically etched scaffolds (C30s), and chemically
etched scaffolds with HA-like deposit (C30s/14d), the latter more
closely mimicking the surface morphology of bone.

Notably, none of the samples studied exhibited cytotoxicity. The
exposure of a lamellar microstructure through chemical etching proved
to be a key factor in enhancing the biological performance of the scaf-
folds. This architecture contributed not only to increased macroporosity
and ion exchange but also provided a biomimetic surface topography
that promoted improved cell adhesion, proliferation, and infiltration.
Furthermore, direct cell viability studies showed an increase in cell
proliferation from 24 to 72 h in the C30s scaffolds. This effect was more
pronounced when the cells were in contact with the C30s/14d scaffolds,
suggesting that the HA-like deposit within the lamellar microstructure
enhances cell development.

In addition, indirect studies were conducted using the dissolution
products of the scaffolds at 48 h (DP2) and 96 h (DP4), where the release
of Li, P, and Si ions was observed. A general trend of cell proliferation
was noted when the cells were in contact with the dissolution products.
However, it is important to highlight that the 3T3 cell line exhibited
greater growth at 48 h with the dissolution products (DP2) across all
scaffolds, while for DP4, better cellular behavior was observed at shorter
exposure times.

In summary, the lamellar microstructure, achieved through surface
modulation, plays a critical and functional role in the biointegration of
these scaffolds, positioning them as promising candidates for applica-
tions in bone tissue engineering.
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