Ceramics International 51 (2025) 13363-13373

ELSEVIER

Contents lists available at ScienceDirect
Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

CERAMICS

INTERNATIONAL

Check for

Multilayer scaffolds designed with bioinspired topography for

bone regeneration

Paula M. Riosalido™ @, Pablo Velasquez*®, Angel Murciano "®, Piedad N. De Aza™"

2 Institute of Bioengineering, Miguel Hernandez University, Avda. Universidad, s/n, 03202, Elche, Spain
Y Department of Materials, Optical and Electronic Technology, Miguel Hernandez University, Avda. Universidad, s/n, 03202, Elche, Spain

ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini In this investigation, three distinct multiphasic scaffolds, comprising primary crystalline phases of SiOz, CazP207,

and Cas(PO.)2, were developed. These scaffolds feature surface coatings that have been functionalised with Na, K,

Keywords: and varying molar proportions of Mg (0-1%). The samples were extensively characterised to evaluate a number
g’ §°l'g§1 processes of key properties including microstructure, porosity, mechanical properties, biodegradation profile, biocom-
, Porosity

patibility and in vitro bioactivity. The scaffolds demonstrated a mechanical strength of 1.8 MPa, accompanied by
a high macroporosity of over 85 % and micropores ranging from 200 to 6 pm. All scaffolds showed bioactivity.
Notably, CS0.7 Mg exhibited a distinctive topography characterised by non-periodic, irregular lamellae at both
the micro- and nanoscale. During the bioactivity assays, the lamellae were progressively covered by HA until
they were completely obscured after 14 days in SBF. This bioactive behaviour was accompanied by gradual
degradation in PBS, with a 15 % weight loss over 21 days, indicating suitability for bone regeneration. In
addition, ICP-OES analysis demonstrated ionic exchange from the scaffolds into the culture medium at both
concentrations of 15 mg/mL and 30 mg/mL, which promoted the proliferation of 3T3 fibroblasts. Cells seeded on
the CS0.7 Mg scaffold also showed sustained cell proliferation over time. This proliferation was found to be
influenced by the topography of the scaffold, with the greatest enhancement observed in the CS0.7 Mg-7D

D, Glass ceramics
E, Biomedical applications

samples, which had HA-covered lamellae.

1. Introduction

The regeneration of critical-sized bone defects remains a significant
clinical challenge and a substantial burden on the global healthcare
system [1-3]. These defects, which exceed the body’s natural healing
capacity, account for approximately 0.4 % of all bone fractures and 11.4
% of all open fractures, according to a 10-year fracture register [4]. They
often require complex surgical interventions, with an associated cost
estimated at billions of dollars annually worldwide [5]. Conventional
therapeutic approaches, including autografts, allografts, and xenografts,
present several disadvantages. These include limitations in the avail-
ability of donor and implantation sites, the necessity for additional
surgical procedures, the potential for disease transmission, and the
occurrence of immune responses following implantation [1,6]. These
shortcomings have prompted the search for novel strategies. Among
these, biomaterials offer significant advantages, including high avail-
ability and the absence of disease risk, which are likely to shift the future

trend towards their use.

In this sense, a number of inorganic materials have been demon-
strated to be beneficial for bone tissue regeneration. Among these,
CaSiOs (calcium silicate, CS) is recognized for its excellent bioactivity,
promoting the formation of hydroxyapatite in body fluids more rapidly
than other bioactive glass ceramics, while supporting bone bonding and
ultimately osteointegration [7,8]. Another one is tricalcium phosphate
(Cas(PO4)2, TCP), a well-known biodegradable material, often used in
bone regeneration due to its osteoconductivity, allowing bone cells to
grow along its surface, and its controlled degradation rate, which
matches the rate of new bone formation [9,10].

Nevertheless, in order to guarantee the full integration of these
medical devices and the long-term functionality of the regenerated tis-
sue, it is important to consider not only their bulk properties but also the
properties of their surfaces, which interact dynamically with human
body tissues [11,12].

In this sense, structural features play a crucial role in resembling the
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cellular environment at a macroscopic, microscopic and nanoscopic
levels [11,12]. A variety of techniques can be employed to design bio-
mimetic scaffolds at the nano- and micrometric scale, with the objective
of enhancing the biofunctions of implants. One way of achieving
structural modifications along with enhanced biomimicry is ion doping
[13-15]. In comparison to other strategies, ion doping is presented as a
cost-effective and simple approach, with remarkable stability and high
efficacy at low concentrations.

A variety of ions have traditionally been employed for hard tissue
regeneration. Among these are alkaline earth metal ions, such as mag-
nesium (Mg) and calcium (Ca). Magnesium plays a pivotal role in bone
metabolism, constituting approximately half of the mineral content in
bone tissue and directly influencing osteogenesis [13,16]. Previous
studies have demonstrated the ability of Mg?* to enhance the expression
of vascular endothelial growth factor (VEGF), which is crucial for
ensuring adequate blood perfusion to the interior of implants [16,17].
Additionally, calcium, the most abundant mineral in the body and pri-
marily stored in the skeleton, is essential for the deposition of new bone
mineral phases [18,19]. The challenge of calcium deficiency in bone
regeneration suggests that the ionic dissolution products of these im-
plants may benefit cellular activities and promote osseous regeneration
[20-22].

Alkali metal ions like lithium (Li), sodium (Na), and potassium (K),
considered labile elements, have been employed to improve the bioac-
tivity of materials used in bone regeneration by generating distortions in
the crystal lattice that enhance bioreactivity [14,23-25]. Particularly,
lithium has been recognized for its positive effects on bone health,
especially in promoting osteogenesis [13,22,25]. It stimulates the dif-
ferentiation of osteoblasts, enhances mineralization processes, and ac-
tivates the Wnt/p-catenin signaling pathway, which is crucial for bone
development and maintenance [13,17,22,25].

Additionally, non-metallic ions such as silicon (Si) have been utilized
[25-27]. Silicon is considered an essential element at sites of active
calcification within human bones, participating directly in the miner-
alization process during bone growth [28-31]. It is particularly noted for
its ability to accelerate bone mineralization and stimulate collagen
synthesis [29-31].

Despite the advantages of bone regeneration biomaterials over
traditional methods, significant challenges remain. These include inef-
fective vascularisation, poor integration with host tissue and difficulties
in balancing mechanical strength with bioactivity [32,33]. Stronger
materials often lack the bioactivity needed to promote bone formation
and angiogenesis, while more bioactive materials tend to be mechani-
cally weaker [33].

In order to overcome these limitations, this research has developed
three distinct types of multilayer scaffolds based on the SiO5-CaO-P505
system. These combine the chemical resemblance to the bone mineral
phase of ceramic calcium phosphates [34,35], the bioactivity and
angiogenic properties of calcium silicates [36,37], mechanical proper-
ties of glassy calcium phosphate phases [38], within a single structure.
Furthermore, the strategy of ion doping has been employed to modify
the surface topography and enhance by optimising material-host inte-
gration. The objective of this approach is to provide a viable solution
that promotes bone regeneration, vascularisation and the required me-
chanical strength for effective bone healing.

2. Materials and methods
2.1. Multilayer scaffolds assembly

The multilayer scaffolds were fabricated through the synergistic
utilisation of the Sol-Gel methodology and the polymeric sponge repli-
cation technique. The polyurethane foams, with a porosity of 20 ppi
(Eurofoam-Germany-PU), measuring 1 cm x 1 cm, underwent a coating
process using different solutions comprising the distinct layers of the
scaffold. The pH of all the solutions was adjusted between 2 and 3. The
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reagents used to formulate each layer are summarised in Table 1.
@ Glass-Ceramic Core

The innermost layer, designated as CS (CaSiOs), was generated by
combining 19.28 mL of TEQOS, 8.62 g of CaCOs, 5 mL of ethanol (97°), 20
mL of distilled water, and 1 mL of HCI 37 %.

The polyurethane foams were immersed in the aforementioned so-
lution until complete coverage was achieved. Subsequently, the coated
foams were subjected to the sintering process. The treatment involved a
prolonged ramp over 55 h, reaching a temperature of 1050 °C, which
was then held for 8 h to achieve a balance between densification and
porosity, thereby improving the mechanical and structural properties of
the materials [39-42]. Subsequently, it was permitted to cool to room
temperature over a period of approximately 12 h.

Subsequently, the CS scaffold was coated with the glassy phase,
designated as P6 (CazPsO17), doped with Li. The composition was ach-
ieved by mixing 18.46 mL of TEP, 3.72 g of CaCOs, 1 g of Li-COs, 5 mL of
ethanol (97 %), 20 mL of distilled water, and 1 mL of HCl 37 %.
Following the coating process, a faster temperature ramp was employed,
reaching 1050 °C in 9 h. The temperature was then maintained for 8 h
and subsequently allowed to cool to room temperature over a period of
approximately 12 h. This procedure was conducted twice.

The excess of P6 was removed by chemical etching using a solution
designated as TRIS. The solution was prepared by dissolving 1.17 g of
CaCl: and 7.61 g of tristhydroxymethyl)aminomethane in water,
adjusting the pH to a range of 7.35-7.4 with 1M HCI, and gauging to a
final volume of 1L. The scaffolds were immersed in 50 mL of the TRIS
solution for a period of 24 h at a temperature of 50 °C, resulting in the
formation of the glass-ceramic core (GCC).

@ Dual Bioactive Shell

The subsequent step involved the application of a first coating to the
GCC, comprising TCP, a well-known bioactive material. This layer was
formulated through the chemical reaction of 10.96 mL of TEP, 9.68 g of
CaCOs, 5 mL of ethanol (97°), 20 mL of distilled water, and 10 mL of HCl
37 %. Following the application of the coating, the scaffolds were sub-
jected to a sintering process analogous to that employed for the P6
coating. This entailed 9 h of incremental heating to 1050 °C, 8 h of
holding, and a final cooling period of approximately 12 h to room
temperature.

Finally, the GCC-TCP scaffold was coated with the second coating
comprising one of the CS ion-functionalised compositions summarised
in Table 2. The name of each coating is derived from the molar per-
centage of MgCOj3 used to dope the CS. In this sense, CSOMg contains 0 %
molar MgO, whereas CS0.7 comprises 0.7 % molar MgO, and CS1Mg
contains 1 % molar MgO. The formulation of this layer was achieved as

Table 1
List of chemical reagents with chemical formula and suppliers, used as precursor
materials.

Reagents Chemical Purity Supplier
Formula (%)

Calcium carbonate CaCOs >99 Sigma-Aldrich

Calcium chloride CaCl, 97 Riedel-de Haén

Hydrochloric acid HClL 37 Carlo Erba

Lithium carbonate Li»CO3 >99 Sigma Aldrich

Magnesium carbonate MgCO3 >99 Sigma Aldrich

Potassium carbonate K>CO3 >99 Sigma-Aldrich

Sodium carbonate Na2COs >99 Riedel-de Haén

Tetraethyl Orthosilicate Si(OCzHs)4 >99 VWR Chemicals
(TEOS) BDH

Triethyl Phosphate (TEP) (C2Hs)3PO4 >99.8 Sigma-Aldrich

Tris(hydroxymethyl) C4H11NO3 >99.8 Sigma-Aldrich
aminomethane

Ethanol C,HsOH >96 Carlo Erba
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Table 2

Molar distribution of the compositions under study.
Oxide Composition (mol %)

CS-P6 CSOMg CS0.7 Mg CS1Mg

SiO, 22.4 24.82 24.66 24.75
CaO 41.67 49.35 49.12 48.53
P,0s 28.91 20.63 20.36 20.6
LiO 7.03 3.8 3.87 3.85
NaO 0 0.7 0.72 0.71
K0 0 0.58 0.57 0.57
MgO 0 0 0.7 1

previously described, with the addition of 0.5 g of Na2COs, 0.5 g of K2COs
and a varying quantity of MgCOs (0-0.6 g), resulting in the molar ratios
described in Table 2.

Once more, the scaffolds were subjected to a thermal treatment
comprising a heating ramp to 1050 °C, which took approximately 9 h,
followed by 8 h of holding, and a final cooling period of approximately
12 h to room temperature.

2.2. Physico-chemical characterisation

X-ray diffraction (XRD) patterns for each layer were obtained using
an automated Bruker-AXS D8 Advance diffractometer, which was
equipped with CuKa radiation (A = 1.54056 A). The data were collected
in accordance with the vertical geometrical Bragg-Brentano configura-
tion in plane reflection mode. The measurements were taken in in-
crements of 0.05° with a 5-s duration per step. Subsequently, the
experimental diffractograms were compared to those stored in the
Crystallography Open Database (COD) using Power Diffraction Match!
Version 3.16 Build software.

In addition, the microstructure of the different scaffolds, was eval-
uated using a field emission scanning electron microscope (FESEM,
ZEISS SIGMA 300 VP) coupled with energy dispersive X-ray spectros-
copy (EDX, ZEISS SmartEDX).

To assess the compressive strength of the scaffold as layers were
added, a simple manual testing apparatus (SVL-1000 N, IMADA) was
employed. This apparatus enabled the application of pressure manually
and in stages until structural failure occurred.

Furthermore, to examine the microporosity (<300 pum), a Poro-
master 60 GT device manufactured by Quantachrome Instruments was
utilized, operating within a pressure range of 6.393 KPa to 242,995.531
KPa. Finally, to address the macroporosity (>300 pum), a water-filled
pycnometer was used.

2.3. In vitro bioactivity test

In accordance with the procedures outlined in ISO 23317 [43], the
multilayer scaffolds were placed in falcon tubes containing 50 mL of
simulated body fluid (SBF) and incubated for varying periods of time
(1-21 days) in a shaking bath at 37 °C, simulating physiological con-
ditions. Subsequently, samples were analysed by FESEM-EDX. This was
done both before (control) and after SBF treatment. Prior to analysis, all
samples were subjected to palladium sputtering.

Concurrently, the residual SBF was subjected to analysis by induc-
tively coupled plasma optical emission spectrometry (ICP-OES, Perki-
nElmer Optima 2000™) to ascertain whether any ionic alterations had
occurred.

2.4. Biodegradation

2.4.1. Weight loss

Given the significance of biodegradation, a comprehensive investi-
gation was conducted to elucidate the underlying mechanisms. Weight
loss was monitored over a 21-day period. Multilayer scaffolds were
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placed in Falcon tubes containing 50 mL of phosphate-buffered saline
(PBS) (pH 7.4) and maintained in a shaking bath at 37 °C to simulate
physiological conditions. Subsequently, the samples were dried and
weighed in order to calculate the percentage of scaffold degradation.
This was achieved by applying the following formula, where Wy, is the
initial weight prior to PBS exposure and W is the weight at each time
point:

(Wo —Wt)

Degradation % = x 100

2.4.2. Ionic characterisation of CCM

In this instance, the scaffold exhibiting the most biologically relevant
topography was selected for further in vitro biological characterisation,
based on the bioactivity results. The scaffolds were subjected to a 4-h
ultraviolet (UV) light sterilisation process on each side. Subsequently,
the samples were immersed in Dulbecco’s modified Eagle medium
(DMEM, Gibco) culture medium, which was supplemented with 10 %
fetal bovine serum (FBS, Corning) and 1 % penicillin/streptomycin (PS,
Gibco). The procedure was conducted at two different concentrations:
15 mg/mL and 30 mg/mL. Following this, the samples were incubated
for 24, 48 and 72 h. Finally, the culture medium containing the disso-
lution products released by the scaffolds was collected. This medium is
referred to as the conditioned culture medium (CCM). The CCM was
stored at 4 °C for further ICP-OES analysis and cell culture.

2.4.3. Indirect cell viability evaluation

Finally, the effect of the CCM on the viability of 3T3 mouse embry-
onic fibroblasts was evaluated through the alamarBlue assay (Invi-
trogen, Thermo Fisher Scientific) following ISO 10993-5 standards [44],
after 1-3 days. The cells were cultured in Petri dishes with supplemented
DMEM and incubated at 37 °C in a humidified atmosphere with 5 %
CO». Subculturing was initiated when the cells reached 80 % confluence.
Twenty-four hours prior to commencing the assay, 24-well culture plates
were seeded at a density of 5000 cells per cm?, allowing the cells to
attach to the plate. Subsequently, the culture medium was carefully
replaced with CCM, with the exception of the control wells, where it was
renewed with fresh unconditioned culture media. All studies were
conducted in triplicate. Subsequently, the alamarBlue assay was con-
ducted in accordance with the instructions provided by the supplier. The
absorbance at 570 nm was quantified using the Microplate Reader
RT-2100C (Neuvar Inc.).

2.5. 3D direct cell culture

Three-dimensional direct cultures were performed in triplicate to
assess the cytotoxicity of the CS0.7 Mg scaffold and to examine the
cellular response to its varying surface morphologies, CS0.7 Mg-XD (X =
0-14 days following immersion in SBF).

Following sterilisation, a wetting pre-treatment was performed in
order to facilitate cell attachment. This entailed the complete coverage
of the scaffolds with culture medium. The plates were then placed in an
incubator at 37 °C under a 5 % CO:z atmosphere for 30 min. Subse-
quently, the culture medium was aspirated, and a 25-pL drop containing
20,000 cells was carefully deposited onto each scaffold. Once more, the
plate was incubated for 30 min to permit the cells to adhere to the
scaffold. Lastly, a fresh culture medium was added. Following each
study interval (1-10 days), the culture medium was removed, and the
scaffolds were transferred to a new 24-well plate. This approach allows
for the avoidance of cells adhered to the bottom of the plate instead of
the scaffold. Finally, the alamarBlue assay was conducted, and the
resulting absorbance was read.

2.6. Statistical analysis

For each specific time point, a one-way ANOVA was employed to
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perform between-group comparisons. Subsequently, post-hoc analyses
were conducted using Tukey’s test to identify specific differences among
the groups. The statistical significance was determined using an alpha
level of 0.05 and a 95 % confidence interval. The results are presented as
mean =+ standard deviation (SD). All statistical analyses were conducted
using GraphPad version 10.0.

3. Results
3.1. Physico-chemical characterisation

The mineralogical analysis of the ground scaffold, conducted via
XRD, revealed the presence of various crystalline structures as new
coatings of material were incorporated to the scaffold (Fig. 1).

Fig. 1A illustrates the crystalline phases of the Glass-Ceramic Core. It
is evident that the CS layer consists of pseudowollastonite-CaSiOs (PW)
(COD 96-900-2251). However, in the CS-P6 layer, CaSiOs was absent,
and instead, the presence of new crystalline phases was detected. It was
found to consist of cristobalite-SiO5 (CB) (COD 96-900-8225), calcium
pyrophosphate-CasP207 (CP) (COD 96-100-1557), and a minor pro-
portion of tricalcium phosphate-Ca3(PO4), (B-TCP) (COD 96-151-7239).
Following chemical etching with TRIS, the GCC scaffold showed no
significant variations in the crystalline composition.

Fig. 1B shows the crystalline phases upon the addition of the dual
bioactive shell. GCC-TCP scaffold showed the same phase composition
as GCC, albeit with a notable increase in the proportion of f-TCP. For the
CSOMg, CS0.7 Mg and CS1Mg scaffolds, SiO2, CasP207 and B-TCP were
identified as the predominant components in addition to wollastonite-
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CaSiO3 (CS) (COD 96-900-5779) in a smaller proportion. Additionally,
in the CS0.7 Mg and CS1Mg samples, Mg-rich phases were identified:
akermantite-CapMgSi2O; (AK) (COD 96-900-6942) and whitlockite-
Cay0.115Mg3.85(PO4)s (WH) (COD 96-901-2137), a non-stoichiometric
Mg variant of B-TCP. The intensity of the peaks corresponding to these
phases was directly proportional to the amount of Mg contained in the
structure.

The microstructure of each layer of the scaffold was examined using
FESEM-EDX, as illustrated in Fig. 2. The EDX data are presented in
Supplementary Table 1. The CS scaffold scan revealed a globular
morphology with a Ca/Si ratio of 0.9 £ 0.1, which is very close to that of
stoichiometric CaSiOs. In contrast, CS-P6 exhibited large polygonal
crystals with a Ca/P ratio of 1.4 4 0.2 in the centre, which closely ap-
proximates the TCP ratio. The Ca/P ratio at the periphery was 1.1 + 0.1,
similar to that of calcium pyrophosphate. The crystals were wrapped
and completely covered by an amorphous matrix (o) comprising pri-
marily P and Si, with a minor contribution from Ca. The Ca/P + Si ratio
was maintained within the range 0.017 + 0.005. Following treatment
with TRIS, a more exposed surface is visible as a result of the removal of
the excess glassy phase. This has resulted in the exposure of the calcium
phosphate crystals, which have become more prominent and angular.

Finally, sample GCC-TCP displayed a laminated surface. The
elemental analysis revealed that the samples were primarily composed
of calcium and phosphorus, with a Ca/P ratio of 1.5 + 0.1.

The scaffold CSOMg, exhibited the presence of small spherical
structures that were uniformly dispersed over the surface, with a Ca/Si
ratio of 0.5 + 0.3 (Fig. 5). Furthermore, larger and angular crystalline
formations with a Ca/P ratio of 1.4 + 0.2 were observed.
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Fig. 1. XRD spectra of the scaffold as successive coatings were applied to form the GCC (A) and the Dual Bioactive Shell (B). Identified phases include PW -
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CS-P6 GCC

Fig. 2. FESEM-EDX micrographs of the microstructure of each layer of the scaffolds. The locations of elemental analysis are indicated by the numbers I-XII.

In contrast, the CS0.7 Mg sample, exhibited a ribbed surface (Fig. 5).
The lamellas were identified within the microscale with a thickness of
4.1 £ 0.1 pm and an average lamellar spacing of 7.0 &+ 0.1 pm. These
features were composed of small calcium silico-phosphates crystals with
a minor magnesium contribution. The lamellae body is composed pri-
marily of small, rounded grains with a Ca + Mg/P + Siratio of 0.8 £+ 0.2,
interspersed with slightly larger, angular grains with a Ca + Mg/P + Si
ratio of 1.0 & 0.1. While both have silicon and phosphorus as their main
components, the rounded crystals have a greater silicon contribution
than the polygonal ones, which have a larger phosphorus contribution.

With regard to CS1Mg, it exhibited similar characteristics to those
observed in CSOMg (Fig. 5), namely spherical structures with a Ca/Si
ratio of 0.5 + 0.2. However, in this case, the quantity of accompanying
Ca-P grains, with a Ca/P ratio of 1.5 + 0.2, was considerably higher.

Fig. 3 and Table 3 provide a detailed analysis of the microporosity
(<300 pm) of the scaffold layers, obtained through Hg porosimetry. The
CS scaffold exhibits a predominant interparticle porosity (>1 pm),
representing a 27 %. This porosity is characterised by a pore size dis-
tribution comprising three distinct ranges of gas incorporation. The first
range encompasses pores between 200 pm and 61 pm, while the second
ranges from 25 pm to 4 pm. Lastly, pores within the intraparticle region
(0.1-0.01 pm), account for 18.4 %, resulting in a total microporosity
value of 45 %.

Table 3
Microporosity study of scaffolds with successive material layer additions.

Sample Interparticle Porosity ~ Intraparticle Porosity ~ Total Microporosity
(%) (%) (%)
CS 27 18 45
CS-P6 16 17 33
GCC- 25 11 35
TCP
CSoMg 23 13 36
CS0.7 22 12 34
Mg
CS1Mg 26 11 37

Following the addition of the glassy P6 phase, a shift in the pore size
distribution to the left was observed in the CS-P6 scaffold, which is likely
attributed to the viscous nature of the material. This results in a
reduction in the volume of intruded mercury and an increase in the
proportion of intraparticle porosity, which represents 17 % of the total
porosity, with pore sizes ranging from 4.6 pm to 0.05 pm. This was
accompanied by a notable reduction in interparticle porosity, which
decreased to 16 % with pores between 200 and 4 pm, and in total
microporosity, which decreased to 33 %.
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Fig. 3. Mercury porosimetry curves: cumulative porosity (A, B) and differential porosity (C, D).
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The TCP coating resulted in a partial compensation of the total
microporosity, which increased to 35 % of which 11 % was intraparticle
and 25 % intraparticulate. This was reflected by an increase in the
volume of intruded mercury. Two distinct pore size regions were iden-
tified, spanning from 230 pm to 0.4 pm and a second region corre-
sponding to pores between 0.2 pm and 0.01 pm.

The CSOMg, CS0.7 Mg, and CS1Mg scaffolds exhibit two distinct
regions in their pore size distribution. The first region exhibited an
increased intruded volume, corresponding to pores of larger diameter
(200 pm-5 pm), indicative of a predominant interparticle porosity (11
%-13 %). The second region encompasses smaller pore sizes, ranging
from 0.2 to 0.01 pm, indicative of an intra-particle porosity between 22
% and 26 %. The total porosity of the scaffolds is observed to range
between 34 % and 37 %.

Fig. 4 provides a comprehensive analysis of the physical character-
isation as new coatings are applied to the CS core. The CS Core scaffold
obtained through the indicated methodology and with a porosity of 95
% presents a mechanical resistance that hardly allowed its manipula-
tion, preventing its mechanical characterization. For this reason, no
value is shown in Fig. 4 A. The addition of 0.3 g of P6, representing 80 %
of the total weight of the sample (Fig. 4B), resulted in a notable
enhancement in compressive strength, reaching approximately 2.4 MPa
(Fig. 4A). This incorporation also led to a reduction in macroporosity
from 93 % to 89 %, which exemplifies the inverse correlation between
mechanical strength and porosity. However, after TRIS etching,
approximately 0.06 g (20 % of the total P6) is hydrolysed, resulting in a
reduction in compressive strength to 1.9 MPa and a slight increase in
porosity to 90 %. In particular, the application of the dual bioactive
shell, TCP and ion-functionalised CS, contribute 0.08 g and 0.07 g
respectively, without significantly altering the mechanical properties or
the overall macroporosity, which remains above 85 % of the total
volume.

The CS1Mg scaffold displayed comparable physical properties to the
CS0.7 Mg scaffold, suggesting that the additional 0.3 % molar MgO did
not exert a significant influence.

3.2. In vitro bioactivity assay

The microstructure of the samples CSOMg, CS0.7 Mg, and CS1Mg
was examined using FESEM-EDX, both before SBF exposure (control,
0D) and after 1, 7, 14, and 21 days of treatment, as depicted in Fig. 5 and
in Supplementary Table 2.

The control scaffold CSOMg (0D), exhibited the calcium-silicate
small spherical structures with a Ca/Si ratio of 0.5 £+ 0.1 with large
polygonal calcium phosphate grains with a Ca/P of 1.5 + 0.1 (Fig. 5).
After one day of immersion in SBF, entangled filamentary structures
with a Ca/Si ratio of 0.6 & 0.1 and a lower P content (1.5 £ 0.2 at. %)
were identified. However, on the seventh day, apatite-type precipitates
forming spheres were detected, with a Ca/P ratio of 1.6 + 0.1, which is

(ediN) 3yBuansg anissasdwo)
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very close to the stoichiometric value of 1.67 for HA. Upon closer ex-
amination, the typical HA needle-like structures were observed, which,
according to EDX analysis, had a low content of Na (1.2 & 0.1 at. %), Mg
(0.7 £ 0.1 at. %), and Si (0.6 & 0.1 at. %). This precipitate persisted until
day 14, exhibiting greater uniformity and compactness. Moreover, the
HA-needles displayed a Ca/P ratio of 1.7 + 0.1, accompanied by an
almost unchanged Na and Mg content and an increased Si content (2.6
+ 0.1 at. %). Finally, after 21 days of immersion, the surface exhibited
no needle-like precipitates, but a microstructure that was strikingly
similar to that of the CSOMg-0D scaffold, consisting of spherical struc-
tures with a Ca/Si ratio of 0.5 + 0.01.

In contrast, the CS0.7 Mg sample at 0 days, exhibited a ribbed surface
(Fig. 5). The lamellas were identified within the microscale with a
thickness of 4.1 + 0.2 pm and an average lamellar spacing of 7.0 + 0.1
pm. These features were composed of the small calcium silico-
phosphates rounded (a) and angular grains (@) with a Ca + Mg/P +
Siratio of 0.8 + 0.1, interspersed with slightly larger, angular grains (@)
with a Ca + Mg/P + Siratio of 1.0 + 0.1. Upon immersion in SBF for one
day, the lamellae experienced a notable reduction in thickness, resulting
in more defined structures. Both the nanolamellae (700 + 100 nm) and
the microlamellae (1.5 &+ 0.9 pm) can be distinguished with an average
spacing of 2.8 &+ 0.4 pm and 9.4 + 2.2 pm length. In addition, an apatite-
like precipitate was observed after seven days of immersion, with a Ca/P
ratio of 1.7 £ 0.1. Furthermore, it was rich in Si (2.2 + 0.1 at. %), Mg
(0.7 £ 0.1 at. %), and Na (0.9 + 0.1 at. %). While the precipitate
maintained the original lamellar structure, it had widened the thickness
to approximately 3.2 pm + 0.8 pm and narrowed interlamellar gap to
1.0 pm £ 0.2 pm. However, after two weeks, the lamellar structure was
no longer visible, giving way to a dense HA mantle with a Ca/P ratio of
1.6 £ 0.1, which is closer to the stoichiometric HA ratio. This was
accompanied by a diminished Si content (0.2 + 0.1 at. %). Furthermore,
the emergence of channels with a diameter of 263 + 65.7 nm can be
observed. Finally, after 21 days, the density of the channels was reduced,
while the HA precipitate remained with a practically unchanged
elemental composition.

The CS1Mg-0D sample exhibited a microstructure that was very
similar to that of the CSOMg-0D sample, characterised by the presence of
Ca-Si rounded structures (Ca/Si = 0.5 + 0.1) and large polygonal Ca-P
crystals (Ca/P = 1.5 £ 0.1). This microstructure is similarly main-
tained after one day of treatment with SBF. After one week of immer-
sion, an apatite-like precipitate with a Ca/P ratio of 1.6 & 0.1 appeared
in the form of isolated tangled spheres on top of Ca-P crystals with a Ca/
P of 1.4 £ 0.1. Furthermore, the previously detected ions Si (3.0 + 0.1
at. %), Mg (1.2 £ 0.1 at. %) and Na (1.6 + 0.1 at. %) were identified in
the HA precipitate. Although the quantity of precipitate increased after
14 days, it exhibited a lower Ca/P ratio of 1.4 + 0.1, with a less defined
and flattened shape, accompanied by a decline in Si content (0.2 + 0.1
at. %) and an increase in Mg content (2.1 + 0.1 at. %) while Na
remained unchanged. The HA precipitate finally disappeared on day 21,
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Fig. 4. Evolution of physical properties with deposition of new coatings. Representative optical image of scaffolds (window). Evolution of porosity and compressive
strength of the scaffolds (A). Evolution of the total weight of the sample (cumulative weight) and weight contribution at each stage of scaffold formation (differential

weight) (B).
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7D 14D 21D

CS0.7Mg  CSOMg

CS1Mg

Fig. 5. In vitro bioactivity micrographs of the samples CSOMg, CS0.7 Mg, CS1Mg, prior to SBF exposure (control, OD), and following 1, 7, 14 and 21 days of
treatment. The EDX analysis points are indicated by Roman numerals (I-XXIX). In the microstructure of sample CS0.7 Mg-0D, a symbols indicate rounded grains,

while @ symbols denote angular grains.

revealing the sphered structures of the control.

The concentration of specific ions was monitored as the immersion
time elapsed during the in vitro bioactivity assay (Fig. 6). The ICP-OES
results demonstrate the ionic interaction between the samples and the
SBF. It can be observed that when the scaffolds presents an apatite-like
precipitate and is therefore bioactive, there is a reduction in the con-
centration of P, which is used to deposit HA. Conversely, when HA is
dissolved and bioactivity is lost, the concentration of P increases.
Additionally, a contrary trend is evident in the behaviour of Si and P: an
increase in the concentration of one is accompanied by a decrease in the
concentration of the other.

3.3. Biodegradation

Fig. 7A depicits the biodegradation of the scaffolds in PBS (pH 7.4;
37 °C) over a period of 21 days. During the first week, the CSOMg sample
exhibited slightly lower degradation compared to CS0.7 Mg and CS1Mg.
However, after 14 days of immersion, the degradation levels were found
to be nearly identical. Ultimately, after 21 days, the total degradation of
all the samples under study was approximately 15 %.

The CS0.7 Mg scaffold was identified as a promising candidate for
further biological characterisation, based on its demonstrated capacity
for sustained bioactivity in vitro and its topographical resemblance to
native bone tissue.

The ICP-OES technique was employed to detect ionic variations in
CCM and to relate them to cellular behaviour (Fig. 7B-E). At a con-
centration of 15 mg/mL, the CS0.7 Mg scaffold was observed to release
quantifiable amounts of P and Si base ions, in addition to K and Li dopant
ions. However, the variations in Mg and Na were found to be negligible.
Conversely, the concentration of calcium in the CCM was observed to
decrease. Similarly, for the 30 mg/mL concentration, P and Si were
released into the solution along with K and Li in slightly higher con-
centrations than for the 15 mg/mL concentration. Once more, there was

no significant alteration in the concentrations of Mg and Na, while a
decrease was observed in the concentration of Ca.

Cell viability of cells exposed to the CCM are depicted in Fig. 7F-G.
The results reveled that at a concentration of 15 mg/mL, CCM-48 was
capable of inducing a statistically significant increase in cell prolifera-
tion compared to the control on Day 3 (***p < 0.001), and a moderate
but significant increase on Day 2 (*p < 0.05) when compared to the
control. Also, CCM-72 was found to enhance cellular viability (**p <
0.05) on Day 3. For the 30 mg/mL concentration, a significant increase
in cellular population was observed on fibroblast exposed to CCM-48 on
Days 1 and 3 (**p < 0.01), and a highly significant increase on Day 2
(***p < 0.001).

3.4. 3D cell culture

In light of the in vitro bioactivity test results for the CS0.7 Mg sample,
which reveal interesting modifications in surface topography along with
bioactivity, an alamarBlue assay was conducted to assess the impact of
microstructure on cellular behaviour. This test was performed on CS0.7
Mg samples both prior to SBF immersion and after up to 14 days of
immersion, given that the lamellar morphology is lost due to the for-
mation of a dense HA precipitate.

The 3D direct assay revealed variations in cell viability based on
CS0.7 Mg surface topography (Fig. 8). Initially, higher cell proliferation
was observed in CS0.7 Mg-7D scaffolds, whose surface morphology
consists of HA-coated lamellae (see Fig. 5), as well as in CS0.7 Mg-14D
scaffolds, which present ion leakage channels on their surface, compared
to CS0.7 Mg-0D scaffolds not exposed to SBF. After three days, the dif-
ferences between the CS0.7 Mg-0D and CS0.7 Mg-1D groups disappear,
but the difference between the CS0.7 Mg-1D and CS0.7 Mg-7D groups
becomes statistically significant. After five days of culture, these dif-
ferences are maintained, and statistically significant differences between
the CS0.7 Mg-0D and CS0.7 Mg-7D groups reappear. Although no
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Fig. 6. SBF Ionic release during in vitro bioactivity assessment.
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Fig. 8. Cellular proliferation based on CS0.7 Mg scaffold topography. Data are
shown as means + SD. N = 3, *p < 0.05.

differences between the groups are apparent at 7 days, a significant
difference between CS0.7 Mg-0D and CS0.7 Mg-7D is observed at 10
days. As illustrated in Fig. 8, over time, there is constant cell growth,
indicating desirable cytocompatibility in vitro.

4. Discussion

The design of bone scaffolds that support tissue regeneration in a safe
and efficient manner presents a multifaceted challenge. In this study,
multilayer scaffolds, based on the SiO,-CaO-P,05 system, were devel-
oped, which enables a strategic material integration to achieve more
biomimetic scaffolds. Additionally, ion doping was employed to modify
the surface topography and enhance bioactivity. The objective of these

Ceramics International 51 (2025) 13363-13373

scaffolds is to closely mimic the natural bone environment, thereby
enhancing their integration and performance in clinical settings.

Although the material composition consists of a Glass-Ceramic Core
with a Dual Bioactive Shell functionalised with Na, K, and Mg (0-1%
molar), the high temperatures employed during multiple sintering pro-
cesses facilitated ionic migration between layers and phase trans-
formation. Consequently, while the XRD analysis (Fig. 1A) indicated the
presence of CS in the innermost layer, new crystalline phases, namely
SiO2 and CazP:07, along with minor amounts of Cas(PO.)2, appeared
following coating with P6. This is likely due to the sequestration of
calcium ions from CS (CaSiOs3) layer into the P6 (CagPgO;7), forming
SiO2 and CazP207, and to a lesser extent Cag(PO4)2, due to its higher Ca/P
ratio. This is clearly observed in the FESEM-EDX micrographs of the CS-
P6 and GCC microstructure (Fig. 2). Polygonal crystals are observed
with a decreasing Ca/P ratio from the centre towards the periphery. The
regions with a higher calcium supply, are able to form p-TCP, while the
more distal regions form calcium pyrophosphate. Regarding the glassy
phase binding the crystals, it also underwent ionic exchange reactions,
transitioning from an amorphous calcium phosphate (CaPsO17) to a
silicon-phosphate with reduced calcium content (Ca/P + Si ~ 0.017).
Furthermore, following TRIS-etching, although no appreciable varia-
tions were detected on XRD analysis (Fig. 1A), FESEM-EDX demon-
strated that the presence of the glassy phase was significantly reduced
(Fig. 2). This phase, due to its high reactivity, could cause local pH
disruptions that not only impede the bioactivity of the system but also
adversely affect cell metabolism and survival [45]. For this reason,
various methods of preconditioning glass-based materials have been
described in the scientific literature, including TRIS buffer solutions [45,
46].

These phases detected in the GCC contribute to the synergistic
functionality of the scaffolds. This is corroborated by the findings of
Pattanashetti et al., who demonstrated that the incorporation of silica
into polycaprolactone scaffolds led to a notable enhancement in cell
proliferation in pre-osteoblast cells (MC3T3-E1), particularly at higher
silica percentages [47]. Furthermore, this modification resulted in an
improvement in the mechanical properties of the scaffold, which renders
it a promising option for use in bone tissue engineering applications
[47]. CagP20y7 is traditionally viewed as an inhibitor of bone minerali-
zation [48], but its role becomes more complex in the presence of
alkaline phosphatase (ALP), a key enzyme involved in bone formation
and mineralization. Normally inhibitory, calcium phosphate undergoes
enzymatic hydrolysis by ALP, resulting in the release of phosphate ions
that serve as essential precursors for HA formation [49,50].

In the GCC-TCP scaffold, an increase in the intensity of the p-TCP
peaks was observed (Fig. 1B), which was confirmed by FESEM-EDX as a
B-TCP layer covering the entire surface (Fig. 2). Upon the application of
the dual bioactive shell, the presence of CS was again detected, along
with other phases derived from ion doping. These included whitlockite,
a non-stoichiometric phase of p-TCP with Mg, and akermanite, a calcium
magnesium silicate (Fig. 1B).

Porosity represents a pivotal factor that exerts a profound impact on
cellular processes. In addition to providing a structural framework, it
facilitates cell infiltration and differentiation, affects extracellular ma-
trix deposition, waste removal and vascularisation [51]. In this sense,
the overall multilayer scaffolds (GCC + Dual Bioactive Shell) demon-
strated comparable microporosity (<300 pm) (Fig. 3) and microporosity
(>300 pm) (Fig. 4B) values regardless of the proportion of doping ions.
The microporosity constituted 35 % of the total volume, with pore sizes
ranging from 200 to 5 pm. These findings are encouraging, as pore di-
ameters of 50-150 pm have been demonstrated to create an optimal
environment for bone cell infiltration, while smaller pores facilitate
nutrient and waste exchange throughout the scaffold and enhance pore
interconnectivity [52,53]. In contrast, the macroporosity constituted 85
% of the total volume, which is notably high in comparison to other
ceramic-glass scaffolds. Li et al. reported a similar total porosity of 75 %,
which was demonstrated during in vivo studies to promote angiogenesis,
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thereby supporting osteogenesis [54].

These porosity values become particularly significant when com-
bined with a mechanical strength of approximately 2 MPa, which, ac-
cording to G. Kaur et al., falls within the range of trabecular bone
strength (1.7-7.5 MPa) [55].

However, to achieve optimal osteointegration, it is essential for the
scaffolds to form a layer of HA on their surface upon exposure to SBF. In
vitro bioactivity tests (Fig. 5) revealed that the three samples, CSOMg,
CS0.7 Mg, and CS1Mg, exhibited distinct behaviours over the 21-day
study period. Initially, the control samples CSOMg and CS1Mg, exhibi-
ted similar microstructures. These were characterised by the presence of
plates covered with spherical calcium silicates (Ca/Si ~ 0.5) and larger
polygonal grains of -TCP (Ca/P =~ 1.5). In contrast, the surface of CS0.7
Mg exhibited striations, with grains of calcium silicophosphates con-
taining a small amount of magnesium. This resulted in a Ca + Mg/P + Si
ratio of approximately 0.8 (a) or 1 (@), which suggests a wollastonite
structure substituted with PO3~ tetrahedra and Mg?*.

Upon early exposure to SBF (1 day), none of the samples exhibited
the presence of HA. The surface of CSOMg evolved into a filamentous
structure, while CS1Mg remained practically unchanged. However, the
striated structure of CS0.7 Mg became more defined, with thinner micro-
and nanolamellae distributed arbitrarily. Given that bone microstruc-
ture is also irregular and lamellar, CS0.7 Mg-1D exhibited a high degree
of trabecular bone mimicry, which is beneficial from both cellular and
biomechanical perspectives, enabling proper load distribution.

Following seven days of SBF exposure, all three samples demon-
strated bioactivity, as indicated by HA nucleation on their surfaces.
Notably, clear differences were observed among the samples. CSOMg
displayed extensive HA deposits covering the entire surface, whereas
CS1Mg showed small HA spheres on a still visible p-TCP background.
CS0.7 Mg, on the other hand, retained its previously detected lamellar
structure, now covered with HA doped with Si, Na and Mg. This further
enhances bone mimicry by combining structural lamellar similarity with
the presence of HA, the primary mineral phase in bone. Additionally,
biological apatites are typically Ca-deficient and doped with other ions
such as Si, Mg, and Na, which enhance their reactivity and bioactivity
[56,57]. This finding positions CS0.7 Mg as a promising candidate for
bone tissue regeneration.

After 14 days, all scaffolds maintained their HA deposits. In the case
of CS0.7 Mg, the HA deposits significantly increased, obscuring the
lamellae. In contrast, the HA deposits in CS1Mg increased to a lesser
extent, allowing the underlying B-TCP crystals to be seen. After 21 days,
CSOMg and CS1Mg lost their HA deposits, which dissolved, exposing
surfaces that were very similar to their controls. In contrast, the HA
deposit on CS0.7 Mg remained.

This behaviour has been previously described by N. Mata et al., who
report an intermittent bioactive behaviour [58]. The general behaviour
is based on the inverse correlation between the concentrations of silicon
and phosphorus in the SBF. An increase in the concentration of silicon
and a decrease in that of phosphorus result in the precipitation of HA.
Conversely, an increase in phosphorus concentration and a decrease in
silicon indicates that previously precipitated HA is dissolved. This occurs
because the previous elevation of silicate concentration reaches a satu-
ration point, resulting in the precipitation of silicon- and calcium-rich
phases that extract calcium from the previously precipitated HA. The
dissolution of HA will result in an increase in the concentration of
phosphate groups, which will eventually cause HA reprecipitation and
thus generate a cyclic behaviour.

In consideration of the variations in bone remodelling throughout
the lifespan, which are most pronounced during childhood and less
active in adulthood, this approach allows for the potential customisation
of the Mg content of implants to exhibit continuous or discontinuous
bioactivity, according to the age and needs of the patient [58,59].

Biodegradation represents a fundamental aspect of third-generation
ceramics, which are intended to regenerate rather than replace bone.
The process allows for the progressive replacement of an implant with
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regenerated tissue, while also conferring therapeutic benefits derived
from the dissolution products [60]. In this context, the biodegradation
profiles of overall multilayer scaffolds as potential therapeutic candidate
for bone injuries, were studied.

Firstly, the weight loss of the samples was monitored over a period of
21 days in PBS (Fig. 7A). Initially, CSOMg exhibited a less pronounced
biodegradation profile; however, over time, its degradation rate became
similar to that of CS0.7 Mg and CS1Mg, reaching approximately 15 % by
the 21st day. Ding et al. reported comparable in vitro biodegradability in
SBF in GSG-1 hydrogels, which, in subsequent in vivo studies, correlated
well with new bone deposition in rat models [61].

To gain further insight into the impact of biodegradation products on
cells, fibroblasts were incubated with CCM at concentrations of 15 and
30 mg/mL (Fig. 7F-G). This indirect approach simulates the in vivo
environment, providing valuable information about the impact on sur-
rounding cells that are not in direct contact with the implant but
contribute to extracellular matrix formation [62].

The results demonstrated that cell viability was enhanced in CCM-
treated cultures, with the most pronounced improvement observed in
those treated with CCM-3D and, to a lesser extent, in those treated with
CCM-7D. The ionic composition of CCM, as determined by ICP-OES
(Fig. 7B-E), indicated an increase in the ionic concentration of Si, P,
K, and Li at both concentrations. This suggests that the observed
improvement in cell proliferation is due to the synergistic effect of these
ions. It is noteworthy that Na and Mg were not significantly released.
While the simultaneous doping of scaffolds with Li, P and Si ions has not
been documented in the literature, previous studies have highlighted the
individual contributions of these ions to cell proliferation. Alali et al.
demonstrated that lithium-doped titanium surfaces significantly
enhanced the proliferation of human gingival fibroblasts [63]. Similarly,
Pattanashetti et al. reported that silicon positively affects cell prolifer-
ation [47]. Furthermore, Shirali-Pour et al. found a positive correlation
between the amount of $-TCP in poly(e-caprolactone)/TCP composites
and the proliferation of mesenchymal stem cells, highlighting the role of
P in this process [64]. Furthermore, potassium is intimately linked with
bone metabolism [65], and may facilitate cell viability by sustaining
homeostasis and regulating membrane potential [66].

However, it is also essential to study the effect of the scaffold on the
cells with which it is in direct contact. This direct approach, which
involved three-dimensional cultures, revealed different proliferation
rates depending on the topographies of CS0.7 Mg scaffold. While all
topographies demonstrated an increase in cell population over time
(Fig. 8), indicating good cytocompatibility, CS0.7 Mg-7D, which has the
highest bone mimicry based on HA-coated lamellas, exhibited the
highest proliferation among all time points studied. This effect can be
attributed to the higher surface area, which provides more anchorage
points for cells, thus enhancing cell adhesion and ultimately prolifera-
tion [67].

In addition, lamellar microstructures are well suited for drug loading
and controlled release applications. Their layered nature provides
multiple interlamellar pockets, which can serve as reservoirs for bioac-
tive molecules such as drugs or growth factors. Lamellae also provide
directional guidance for cells [67]. In this regard, osteoblasts may align
with the lamellae, promoting the formation of organized bone tissue.

5. Conclusions

It is of great importance to optimise the structural properties of the
bone scaffold in order to enhance its performance. By employing a
combination of strategic material integration and ion doping, multilayer
scaffolds were engineered to optimise their biological behaviour and
osteointegration.

The designed scaffolds comprise a core primarily composed of SiOo,
CagP207, and a Ca-deficient Si-P glass phase. Together, these phases
provide a structural support with mechanical properties comparable to
those of trabecular bone. Furthermore, the dual bioactive shell, confers
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bioactive properties,
osteoconduction.

The differences in molar percentage of MgO led to the formation of
distinct microstructures, while no significant variations were evident in
the physical properties. Among the scaffolds studied, CS0.7 Mg exhibi-
ted an interesting lamellar topography, which was maintained during in
vitro bioactivity tests (0-21 days), covered by a HA deposit until
obscured. This microstructure has a high biomimicry with native bone
and is suitable as a drug carrier due to its multiple interlamellar pockets.
Biodegradation of this scaffold resulted in the release of Li, P, Si and K,
which in indirect cell studies were found to increase cell viability of 3T3
fibroblasts compared to the control. In direct cell studies involving the
different CS0.7 Mg scaffold topographies, the CS0.7 Mg-7D HA lamellar
scaffold showed the highest cell proliferation, demonstrating its
biocompatibility.

thereby facilitating osseointegration and
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