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A B S T R A C T

This research examines the biological behavior of multilayer ceramic-glass scaffolds for bone tissue engineering.
The scaffolds consist of a high-strength core of wollastonite and P6 (Ca2P6O17), with a sequential coating of TCP
and wollastonite doped with Na+, K+ and Mg2+ ions to confer bioactivity to the system. Two formulations were
investigated: a magnesium-deficient one, which served as a microstructure control, and a magnesium-rich one in
which hollow hydroxyapatite (HA) spheres precipitated after one week of immersion in simulated body fluid
(SBF). These formulations are denoted as C-Scaffold and HA-Scaffold, respectively. Further exploration and
comparison of the physiological effects of both scaffolds is necessary to fully understand their potential as drug
release agents and associated therapeutic advantages. The study considered aspects such as protein adhesion, cell
morphology, and the inflammatory response. The results showed that the HA-Scaffold had over 34 % more
plasma protein adhesion compared to the C-Scaffold. Similarly, cell proliferation assays showed increased cell
growth in both HFF-1 fibroblasts and mesenchymal stem cells (MSCs) treated with HA-Scaffold compared to C-
Scaffold. This may be attributed to the higher protein adsorption, which acts as a facilitator for cell adhesion.
Three-dimensional photography from computerized microtomography confirmed that the scaffolds have a
similar morphology and porosity to the intricate structure of trabecular bone in the humeral head. The study
shows that the scaffolds made of Wollastonite/Ca2P6O17/TCP/Doped-Wollastonite with HA hollow spheres are
highly suitable for use in this bone segment due to their overall porosity of over 86 % and approximate me-
chanical strength of 1.6 MPa. These findings demonstrate the biocompatibility and enhanced biological prop-
erties of the scaffolds, making them an excellent material for bone tissue engineering.

1. Introduction

The world population, characterized by constant aging, is facing a
significant increase in the frequency of bone defects [1–3]. This phe-
nomenon is reflected in concerning statistics, highlighting the urgent
need to address these conditions effectively. While bone transplantation

remains the gold standard for treating skeletal defects, it is burdened by
substantial drawbacks, encompassing high costs and associated risks
such as inflammation, neurovascular damage, immune rejection, or
inadequate osseointegration [4–7].

The limitations of current therapeutic options drive research efforts
toward more effective and innovative solutions. In this context, bone
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tissue engineering arises to overcome the inherent challenges in osseous
regeneration by formulating artificial, functional structures that exhibit
properties and an architecture resembling those of native bone [3,7,8].
In this regard, the careful choice of both the material and the fabrication
method is critical [7,8]. Among the various methodologies available, the
Sol-Gel approach stands out as an essential tool, distinguished by its
versatility and ability to generate scaffolds with specific properties
[9–11]. This method offers the possibility of integrating different ma-
terials into a single structure through the deposition of various coatings,
resulting in the formation of multilayer scaffolds.

The strategic choice of these materials seeks to provide beneficial
and essential functions to stimulate and direct bone regeneration,
highlighting properties such as mechanical strength, crucial in osseous
defects affecting bone under load, as well as biocompatibility, bioac-
tivity and osteoinduction.

The multilayer scaffolds under study are comprised, progressively
from the core outwards, of wollastonite, the glassy phase known as P6
(Ca₂P₆O₁₇), tricalcium phosphate (TCP) and, as the surface phase,
wollastonite doped with Na+, K+ and Mg2+ ions. The combination of the
properties of P6 as a cohesive agent, TCP as a source of Ca and P, and the
bioactivity of wollastonite, together with the ion doping strategy, makes
these scaffolds a promising clinical alternative to current treatments.
Our recent study reported the fabrication of alumina based-wollastonite
multilayer porous scaffolds for bone tissue engineering [12]. Earlier
studies also attempted to investigate the bone regenerative ability of
multilayer wollastonite scaffolds combined with TCP [13,14], fibrin
[15], poly(lactic acid) [16], Zn and Mg doping [17], poly(L-lactide)/a-
patite [18], and chitosan/apatite [19]. Furthermore, previous studies
have outlined that, upon immersing these scaffolds in simulated body
fluid (SBF), hollow spheres of hydroxyapatite (HA) precipitate,
revealing their potential as agents for controlled drug release [20–22].
Given the associated advantageous prospects, this study investigated the
interaction of these scaffolds with biological systems, aiming to predict
their in vivo response.

2. Materials and methods

2.1. Fabrication of multilayer scaffolds

The multilayer scaffolds were fabricated using the Sol-Gel method
along with the polymer sponge replication technique. A 20 ppi poly-
urethane sponge served as a template for depositing the different ma-
terials that comprise the scaffolds, selecting the indicated porosity of the
polyurethane sponge in order to obtain a final open porosity within the
range 50–300 μm. The wollastonite internal layer was formed by
combining 19.28 mL of Tetraethyl Orthosilicate (TEOS, Aldrich 98 %),
8.62 g of calcium carbonate (CaCO3, Sigma ≥99 %), 5 mL of ethanol, 20
mL of distilled water, and 1 mL of hydrochloric acid (HCl 37 %, Ensure).
After sintering, the polymer sponge was replaced by wollastonite, which
served as the new ceramic template for the following layers.

Next, a layer containing the vitreous phase P6 was added to the
scaffold in order to enhance the mechanical strength and tackle the
brittleness of the wollastonite core. The composition was created by
mixing 18.46 mL of Triethyl Phosphate (TEP, Aldrich ≥99.8 %), 3.72 g
of CaCO₃, 1 g of lithium carbonate (Li2CO3, Sigma-Aldrich≥99 %), 5 mL
of ethanol, 20 mL of distilled water, and 2 mL of HCl 37 %. The excess
glassy phase was removed from the core through a chemical attack
process using an etching solution called TRIS. To create this solution,
7.6 g of tris(hydroxymethyl)aminomethane (NH2C(CH2OH)3, Sigma
Aldrich ≥99.8 %); and 1.168 g of calcium chloride (CaCl2, Riedel-de
Haën ≥97 %) were diluted in distilled water and HCl to a final vol-
ume of 1 L. The pH was finally adjusted to a value ranging from 7.3 to
7.4. The cores were then immersed in 50 mL of the solution and main-
tained at 50 ◦C for 24 h. The subsequent step involved the application of
a third layer, comprising TCP, which served as a source of calcium and
phosphate ions to facilitate HA deposition. The layer was formed

through a chemical reaction involving 10.965 mL of TEP, 9.68 g of
CaCO3, 5 mL of ethanol, 20 mL of distilled water, and 2 mL of 37 % HCl.

Finally, wollastonite was once again chosen as the surface layer. The
layer was formulated as described above, with the addition of 0.5 g
sodium carbonate (Na2CO3, Sigma≥99%), 0.5 g of potassium carbonate
(K2CO3, Sigma ≥99 %) (C-Scaffold), and an additional 0.5 g of magne-
sium carbonate (MgCO3, Sigma Aldrich ≥99 %) (HA-Scaffold). It is
worth noting that the pH of all syntheses was adjusted to a value of 2–3.
After applying sufficient layers of each material, the sample underwent a
sintering process. The temperature was gradually increased from room
temperature to 1050 ◦C, with a holding time of 8 h, and finally cooled to
room temperature. The heating rate for the initial layer was approxi-
mately 0.32 ◦C/min, while it was significantly accelerated up to 2 ◦C/
min for the subsequent layers.

To enhance the bio-functional properties, the hollow HA spheres
were precipitated on the HA-Scaffold after 7 days of immersion in
simulated body fluid (SBF) and were sustained for an additional 7 days
during in vitro bioactivity tests (ISO 23317). Subsequently, HA-Scaffold
samples were immersed in Falcon tubes containing 50 mL of SBF and
incubated for 7 days in a shaking water bath set to physiological tem-
perature (37 ± 0.5 ◦C). Therefore, the C-Scaffold, which lacks Mg2+ and
HA, was used as the control scaffold. Table 1 shows the molar per-
centages of both specimens.

2.2. Characterization

2.2.1. Mineralogical characterization
Once the two types of scaffolds were obtained, the mineralogical

characterization was carried out by X-ray diffraction (XRD). A Bruker-
AXR D8 Advance automated diffractometer using Cu-Kα radiation
(1.54056 Å) was used. The Bragg-Brentano theta-2thetha (θ/2θ) ge-
ometry was employed to collect the experimental data between 15◦ and
40◦ (2θ) at 0.05 steps, and a scanning speed of 5 s. The experimental data
was analyzed with the Power Diffraction Match! version 3.16 Build 288
software. The thermal degradation profile of the fabricated scaffold was
done by thermogravimetric analysis (TG, Japan Hitachi STA200) in a
nitrogen atmosphere with a temperature ranging from 35 to 1100 ◦C.

2.2.2. Macro and microstructure characterization
The macrostructure of the scaffolds was analyzed using a Nikon

SMZ1500 stereomicroscope equipped with a Nikon DXM1200F digital
camera. Additionally, the microstructure of the scaffolds was investi-
gated through Field Emission Scanning Electron Microscopy (FESEM)
using a ZEISS Sigma 300 VP instrument, coupled with Energy-dispersive
X-ray spectroscopy (EDX) from ZEISS SmartEDX. The scanning resolu-
tion was set to 5 kV. To improve electrical conductivity and acquire
more precise images and spectral data, the samples were metalized with
palladium before electron microscopy.

2.2.3. Physical characterization
Given the importance of scaffold porosity, a study of this feature was

carried out using the mercury porosimetry technique. A Poromaster 60
GT (Quantachrome Instruments) was used, which worked with a

Table 1
The molar fraction of the studied scaffolds.

Component Molar fraction

C-Scaffold HA-Scaffold

SiO2 0.248 0.244
CaO 0.494 0.494
P₂₂O₅₅ 0.207 0.204
Li₂₂O 0.039 0.038
Na₂₂O 0.007 0.007
K₂₂O 0.005 0.005
MgO – 0.008
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pressure between 6.393 KPa and 242,995.531 KPa. Pycnometric anal-
ysis was also used to determine the macroporosity of the sample. These
data were supplemented with the mechanical strength of samples. A
compression test was conducted using a Simple Manual Test Stand (SVL-
1000 N, IMADA) where samples were subjected to increasing values of
manually applied pressure until the sample breakage occurred.

2.3. Effect of scaffolds in plasma protein adhesion

In order to determine the plasma protein adhesion, both the C-
Scaffold and HA-scaffolds were incubated in Fetal Bovine Serum (FBS) at
37 ◦C for 4 h. Then, the FBS was removed, and the scaffolds were washed
with Phosphate Buffer Saline (PBS) gently twice, followed by staining
with Coomassie Brilliant blue (CBB) G-250 for 2 h at 37 ◦C. The excess
stain was washed out with a destaining solution containing a methanol-
water-acetic acid mixture overnight. The FBS untreated scaffolds
(Blank) were also stained with CBB G-250. The amount of protein
absorbed on the scaffold was determined by measuring the optical
density of the supernatant at 590 nm as per our previous method [23].

2.4. Cell culture

The Mesenchymal Stem Cells (MSC) from human bone marrow
(CTCC-113-HUM) and Human Foreskin Fibroblasts (HFF-1) (CTCC-001-
0346) were purchased from Zhejiang Matson Cell Technology Co., Ltd.
(MeisenCTCC), Shanghai, China). The cells were cultured as per the
seller’s recommendations. Briefly, the MSC cells were cultured in
mesenchymal stem cell growth medium (Cat No: CTCC-S019-HUM-M,
Lot No: M23SF2204) without FBS and HFF-1 cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) medium containing 15 %
FBS with 1 % antibiotics (Penicillin and Streptomycin). The cells were
cultured in a standard way until 80 % confluence and then sub-cultured.
The cells from passages 3–8 were used for the following experiments.
Samples (C-Scaffold and HA-Scaffold) were UV-sterilized for 30 min
before cell culture use. The sterilized samples were briefly washed with
PBS and equilibrated with respective culture mediums for cell culture.

2.5. Effect of the scaffold on MSC proliferation

The effect of both the C-Scaffold and HA-Scaffold on the proliferation
of MSCs was determined as per the previous method [24]. Briefly, the
MSCs with a cell density of 5 × 105 seeded on scaffolds in 48 well plates
were cultured with a mesenchymal stem cell growth medium.

In parallel, the cells were cultured with Scaffold Conditioned Me-
dium (SCM). The SCM was prepared by incubating scaffolds in mesen-
chymal stem cell growth medium for 24 h and collected by centrifuge at
2000 g for 5 min. The cells without scaffold or SCM were considered as
controls. Both scaffold-seeded and SCM-treated cells were cultured for 3
days and 7 days. After the treatment, the cells were briefly washed with
PBS prior to the cck-8 experiment. The proliferation rate of cells was
determined by culturing the cells with basal culture medium containing
cck-8 reagent for 2 h and measured at 450 nm.

2.6. Biocompatibility

The biocompatibility of both the C-Scaffold and HA-Scaffold was
investigated by using HFF-1 cells. Briefly, the HFF-1 cells with a cell
density of 1 × 106 per well in 48 well plates, were seeded on both the C-
Scaffold and HA-Scaffold and were cultured with DMEM medium con-
taining 15 % FBS for 3 days and 7 days. The compatibility of scaffolds on
HFF-1 cells was investigated by the cck-8 method following the previous
method. The cells cultured without scaffolds were considered as control.

2.7. Effect of the scaffolds in inflammatory response

To further confirm the biocompatibility, the cellular inflammatory

response was measured after treating cells with scaffolds. The MSCs and
HFF-1 cells with a cell density of 5 × 105 per well in 98 well plates were
seeded on scaffolds and cultured with mesenchymal stem cell growth
medium and DMEM medium, respectively, for 3 days and 7 days. After
treatment, the cell supernatant was collected after centrifuge at 2000 g
for 5 min, and stored at − 20 ◦C until use. The level of cellular cytokines
was determined by using IL-2 and IL-6 ELISA kits. The quantitative
measurement of IL-2 and IL-6 was determined by following the manu-
facturer’s instructions. The reference standard curves for IL-2 with
gradient concentrations (0, 20 pg, 40 pg, 80 pg, 160 pg and 320 pg) and
for IL-6 with gradient concentrations (0, 10 pg, 20 pg, 40 pg, 80 pg
and160 pg) were plotted (Supplementary Fig. S1 and Fig. S2) for
measuring the test sample concentrations.

2.8. Effect of the scaffolds on cell morphology

Changes in the morphological features of MSC and HFF-1 after being
cultured on scaffolds were determined by SEM [Oxford Xplore, ZEISS
GeminiSEM 300]. For this purpose, the MSCs and HFF-1 cells with a cell
density of 1× 106 per well in 24 well plates were cultured on both the C-
Scaffold and HA-Scaffold with respective culture media for 3 days and 7
days. After cell culture, the cells on scaffolds were washed with PBS and
fixed with 2.5 % glutaraldehyde for 30 min and 4 % formaldehyde for
30 min. After fixation, the scaffold samples with cells were dehydrated
with gradient alcohol concentrations (0, 25 %, 50 %, 75 % and 100 %
ethanol in PBS) for 10 min each. The dehydrated scaffold cells were air-
dried overnight in a sterile biosafety cabinet. Then, scaffold cells were
sputter-coated with gold and images were captured by SEM at different
magnifications with 15 kV resolution.

2.9. Osteogenic differentiation

The ability of scaffolds in stem cell regeneration was further
confirmed by osteogenic differentiation of MSCs culturing with scaffold
condition medium. In brief, the MSCs (1 × 106/well) were seeded in 24
well plates and cultured for 21 days with osteogenic medium containing
supplements (Shanghai QiDa Biotechnology Co., Ltd, Lot No: P1301)
along with scaffold conditioned medium. Osteogenic differentiation was
confirmed by standard osteogenic staining methods using alizarin red
and von Kossa stains for calcium deposition, and alkaline phosphatase
stain.

2.10. Statistical analysis

All the experiments were conducted with triplicate samples, and a
concordant value was obtained from these experiments. The values were
expressed as means ± SD unless otherwise indicated. The statistical
difference and comparisons were made using one-way ANOVA analysis
and a p-value less than 0.05 was noted as statistical significance after
treating the data in GraphPad Prism 9.4.0 software.

Fig. 1. XRD diffraction patterns of the C-Scaffold (A) and HA-Scaffold (B).
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3. Results and discussion

3.1. Mineralogical characterization

As for the mineralogical examination, Fig. 1 shows the XRD spectra
of C-Scaffold (Fig. 1A) and HA-Scaffold (Fig. 1B). The XRD spectra
confirmed the presence of three layers in both C-Scaffold and HA-
Scaffold, and several phases were identified in both scaffolds. These
phases were cristobalite (A) (COD 96-900-8225), calcium diphosphate
(B) (COD 96-100-1557), TCP (C) (COD 96-151-7239), wollastonite (D)
(COD 96-900-5779), and chlorapatite (E) (COD 96-210-5266). In addi-
tion, the HA-Scaffold also exhibited magnesium-rich compounds,
namely whitlockite, with Ca10.115 Mg3.85PO4 formula, (F) (COD 96-901-
2137) and akermanite, Ca2MgSi2O7, (G) (COD 96-900-6942), as well as
HA (H) (COD 96-901-4314).

Considering that ionic conductivity is directly proportional to tem-
perature, ionic migration is expected to increase during sintering [25].
This would explain the formation of cristobalite and calcium pyro-
phosphate (from CaSiO3 and Ca2P6O17) and whitlockite (from
CaSiO3–Na+, K+, Mg2+ and TCP). However, the chlorapatites was likely
formed due to the HCl used in the synthesis process.

The presence of HA peak in the HA-Scaffold confirmed the successful
deposition of HA during SBF incubation and the bioactivity of the
sample. HA (Ca10(PO4)6(OH)2) is the primary inorganic component of
human bone [3,7] and is commercially used in bone implants due to its
good biocompatibility and ability to integrate seamlessly with natural
bone tissue [3,26–28].

3.2. Microstructure

The scaffolds exhibited a macrostructure with open porosity and
interconnected porosity, as shown in Fig. 2A and B. As for the micro-
structure, the surface of the C-Scaffold (Fig. 2C) showed a regular
pattern consisting of circular structures mainly composed of calcium and
silicon, with a Ca/Si ratio of 0.5 ± 0.07, suggesting the presence of
calcium disilicide (CaSi2). Silicates are thought to play an important role
in promoting bonematrix formation, given their ability to form a surface
HA layer, activated by the dissolution of calcium and silicate ions [29,
30].

Upon scanning the HA-Scaffold, their surface was completely
covered by a dense, and elongated precipitate (Fig. 2D). This precipitate
was rich in calcium and phosphorus at a ratio of 1.62 ± 0.07, which is
very similar to the stoichiometric HA Ca/P ratio of 1.67. Additionally,
hollow spheres formed by the same elongated structures with a Ca/P
ratio of 1.69 ± 0.11 were observed on this deposit. The precipitation of
HA can be attributed to the silicate outer layer of the scaffold. This layer
promotes the formation of a HA layer through ionic exchange reactions,
as described by Hench [31]. Also, this HA layer is capable of binding to
bone and a potentially a pro-osteoinductive factor [29]. Themorphology
of the hollow HA spheres is controlled by the magnesium concentration,
while the amount of HA spheres precipitated is controlled by the days of
immersion in SBF. Only with seven days of soaking in SBF hollow HA
spheres are deposited.

3.3. Physical characterization

As for the physical characterization, the Hg porosimetry technique
was used to evaluate the microporosity (<300 μm) of both the C-Scaffold
and the HA-Scaffold. The C-Scaffold presented a total porosity of 26.61
%, of which 19.22 % was attributed to interparticle porosity, with a
diameter range of 121 - 5.21 μm. The remaining 7.39 % corresponded to
intraparticle porosity, characterized by smaller pores with diameters
ranging from 0.342 to 0.018 μm. In comparison, the HA-Scaffold

Fig. 2. Structural study of multilayer scaffolds. Optical images of the macro-
structure in the top (A) and front view (B), together with FESEM-EDX images of
the microstructure of the C-Scaffold (C) and HA-Scaffold (D).

Fig. 3. Micro-CT images (A), Reference image (B) showing Rod and plate distribution in a human humeral head [41] and Thermogravimetry analysis (C) of
C-Scaffold and HA-scaffold.
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showed, on average, total values, and a larger pore size. Total porosity
was 32.4 %, distributed as 28.06 % interparticle porosity and 4.34 %
intraparticle porosity. Interpore diameters varied from 172 to 6.16 μm,
while intrapore diameters ranged from 0.82 to 0.034 μm. These findings
are of biological significance since previous research has shown that
pore sizes between 50 and 150 μm promote the exchange of nutrients
and waste products through the scaffold, as well as facilitating cell
colonization [32].

Furthermore, pycnometry results showed a total macroporosity,
corresponding to pores >300 μM, of 86.1 ± 0.4 % in the C-Scaffold and
87.3 ± 0.6 % in the HA scaffold, relative to the total volume of the
samples. These values are quite high compared to other ceramic scaf-
folds [33–35]. In addition, a higher rate of angiogenesis has been
demonstrated to be directly related to the high scaffold macroporosity
[36]. These data were complemented by the results of the compression
test. Themechanical behavior of both samples was very similar, showing
an approximate strength of 1.57 ± 0.2 MPa for the C-Scaffold and 1.68
± 0.17 MPa for the HA-Scaffold. The reported strength is within the
range of trabecular bone as reported by Caeiro et al. [37].

3.4. Micro-CT

Micro-CT images of both the C-Scaffold and HA-Scaffold are pre-
sented in Fig. 3A. The 3D images of micro-CT results showed that both
scaffolds possessed more interconnected micro- and macro-porous
structures. Interestingly, in the present study, the porous structures of
scaffolds exactly mimic the trabecular spacing, trabecular rods and
trabecular plates of the human humeral head (Fig. 3B).

The TGA analysis investigated the thermal denaturation profile of
both the C-Scaffold and HA-scaffolds (Fig. 3C). The results showed that
the first derivative of the TGA curve i.e. DTG curve, which measures the
rate of sample decomposition with regards to time and temperature, was
decreased slowly with respect to temperature in both the C-Scaffold and
HA-scaffold. The maximum percentage of DTG was obtained at
1086.56 ◦C for the C-Scaffold and 1092.21 ◦C for HA-Scaffold, respec-
tively. Previously, the decomposition of wollastonite hydrogel
composed of silicon, Sr/Se/Zn/Mg-substituted hydroxyapatite/chitosan
had a maximum TGA curve at ~850 ◦C [38]. In another study, the
degradation behavior of β-wollastonite derived from natural waste
showed that the exothermic peak observed at 778 ◦C indicated the
starting temperature for crystallization of β-wollastonite [39]. These
authors further concluded that the thermal decomposition of β-wollas-
tonite takes place in different steps, i.e. 8.4 % weight loss from room
temperature to 220 ◦C, 5.18 % weight loss from 220 to 600 ◦C and 2.5 %
weight loss from 600 to 750 ◦C were occurred due to removal of residual
water, low-temperature, and high-temperature decarbonisation,
respectively [39,40].

3.5. Protein adsorption

To evaluate the interaction ability of scaffolds with plasma protein
receptors, scaffolds were treated with FBS and stained with CBB G-250.
The protein adsorption of the C-Scaffold was about 2.6 ± 0.26 (61.2 %),
which was lower than the HA-Scaffold (3.5 ± 0.11, 82.4 %), proving
that the HA precipitate on the scaffold stimulated the interaction be-
tween matrix and plasma protein (Fig. 4). In addition, the blank C-
Scaffold (15.9 %) and blank HA-Scaffold (11.3 %) were also partially
stained with CBB G-250, even without FBS incubation, which might be
due to the possible interaction of CBB G-250 dye with the active func-
tional groups present in wollastonite and HA, respectively. Interestingly,
the protein adsorption highly occurred in the interior component (inside
the porous structure) of both the C-Scaffold and HA-Scaffold as evi-
denced by the high staining intensity of CBB G-250 observed in those
regions. Our previous studies also claimed the same effect of protein
adsorption in germanium-coated hydroxyapatite biomaterials and the
surface coating of these materials with ethanol did not contribute to
protein adsorption [23]. In the present study, the adsorption of plasma
protein by scaffold was increased by HA precipitation, which was sup-
ported by earlier reports [42,43].

3.6. Effect of the scaffold on MSC proliferation

In order to investigate the cell proliferative effect of C-Scaffold and

Fig. 4. The efficiency of Protein adsorption of C-Scaffold and HA-Scaffold treated with fetal bovine serum (FBS). B–C-Scaffold: Blank control scaffold (FBS un-
treated), B-HA-Scaffold: Blank HA-scaffold (FBS untreated), C-scaffold: control scaffold after FBS treatment, HA-scaffold: HA-scaffolds after FBS treatment. * denotes
statistical significance with respective blank, p < 0.05.

Fig. 5. The MSCs proliferative effect of C-Scaffold, HA-Scaffold and their
conditioned medium (SCM). Control: cells cultured without scaffolds, C-Scaf-
fold: cells cultured on control scaffold, HA-scaffold: cells cultured on HA-
scaffold, SCM C-Scaffold: cells cultured on SCM of control scaffolds, SCM HA
scaffold: cells cultured on scaffold conditioned medium of HA scaffolds. * de-
notes statistical significance compared to the control group (without scaffold),
P < 0.05.
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HA-Scaffold, the MSCs were cultured on scaffolds for 3 days and 7 days
followed by the cck-8 experiment. As expected, the number of cells was
higher in the 7-day culture compared to the 3-day culture in all the
groups (Fig. 5). On day 3, the cell number was not altered between
control cells and scaffold cultured cells, except for cells cultured on HA-
Scaffold. There was not much difference between scaffold cultured cells
and SCM cultured cells on 3 days of culture. On day 7, the proliferation
rate of MSCs was much higher in cells cultured on HA-Scaffolds
compared to control cells (P < 0.05) and other scaffold-cultured cells.
At the same time, the cells cultured on C-Scaffold and SCM also had a
higher proliferative rate than control cells (P < 0.05). In contrast, the
cells cultured in HA-SCM did not accelerate the proliferation of MSCs
compared to cells cultured on HA-scaffold and there was no significant
difference in the proliferative rate of cells cultured on C-Scaffold and C-
SCM on day 7.

To support the present results, many studies substantially proved the
MSCs proliferative effect of wollastonite [44], wollastonite scaffold
containing chitosan/carboxymethyl cellulose [45], apatite-wollastonite
[46,47], apatite/wollastonite-derived porous bioactive glass-ceramic

scaffolds [48], and collagen/wollastonite nanowire hybrid scaffolds
[49]. Our recent data concluded that the C2S(2P6)C2S) 3D-porous
scaffold coated with strontium accelerated the proliferation of mesen-
chymal stem cells (MSCs) [50].

3.7. Biocompatibility

The in vitro biocompatibility of both the C-scaffold and HA-Scaffold
was investigated by culturing HFF-1 cells on both scaffolds for
different periods, followed by cck-8 experiments. As shown in Fig. 6,
cells cultured on day 7 had higher proliferation in C-Scaffold and
scaffold-cultured cells compared to cells cultured on day 3. The cell
proliferation rate of control was higher than C-Scaffold and their
respective conditioned medium on day 3, however, they were not sta-
tistically significant. Interestingly, the cells cultured on HA-Scaffold had
significantly higher proliferation than control and C-Scaffold or SCM
cultured cells (P < 0.05), however, this effect was not observed in HA-
SCM cultured cells.

To support the present findings, several authors investigated the
biocompatibility of silk fibroin/wollastonite composite scaffolds in L929
mouse fibroblasts [51], chitosan/carboxymethyl cellulose/mesoporous
wollastonite in MG-63 cells [45], wollastonite–gelatin scaffold in human
mesenchymal amniotic fluid stem cells [52] and wollastonite/β-TCP in
fibroblasts [53].

3.8. Effect of the scaffolds in inflammatory response

The in vitro biocompatibility and proliferative effect of C-Scaffold
and HA-Scaffold was further confirmed by measuring cellular cytokines
(IL-2 and IL-6) levels in MSCs and HFF-1 cells using ELISA experiments.
On day 3, the level of IL-2 was decreased in C-Scaffold treated HFF-1
cells compared to control, however, it was not observed in HA-Scaffold
treated cells. In contrast, the HA-Scaffold decreased the IL-2 level of
HFF-1 cells than control and C-Scaffold cells on day 7. There were no
significant changes observed in IL-2 level of MSCs between control and
Scaffold cultured cells on day 3 and day 7 (Fig. 7). On the other hand, the
level of IL-6 in MSCs and HFF-1 cells was not altered by either scaffold
compared to their respective controls on day 3 and day 7. Recently,
Kamboj et al. investigated the cytokines and anti-inflammatory factors

Fig. 6. The HFF-1 proliferative effect of C-Scaffold, HA-Scaffold and their
conditioned medium (SCM). Control: cells cultured without scaffolds, C-Scaf-
fold: cells cultured on control scaffold, HA-scaffold: cells cultured on HA-
scaffold, SCM C-Scaffold: cells cultured on SCM of control scaffolds, SCM HA
scaffold: cells cultured on scaffold conditioned medium of HA scaffolds. * de-
notes statistical significance compared to the control group (without scaffold),
P < 0.05.

Fig. 7. The level of inflammatory cytokines (IL-2. and IL-6) in MSCs and HFF-1 cultured on C-scaffold and HA-scaffold. A-Level of IL-2 on day 3, B-Level of IL-2 on
day 7, C-Level of IL-6 on day 3 and D-Level of IL-6 on day 7. Control-cells cultured without scaffolds. * denotes statistical significance compared to control, P < 0.05.
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of MSCs cultured on laser-sintered bio-inspired silicon-wollastonite
scaffolds and concluded that the level of certain cytokines such as
TGFβ, IL8, TSG6 and TGFβ was affected by the scaffolds, demonstrating
possible immunomodulation effect and bone remodeling [54].

3.9. Effect of the scaffolds on cell morphology

The surface morphology of MSCs cultured on both C-Scaffold and

HA-Scaffold is shown in Fig. 8. MSCs cultured on glass slides showed
spindle and flattened shapes in both 3-day and 7-day cultures, however,
the distribution of cells was increased on day 7 than on day 3 (Fig. 8A).
On day 3, MSCs cultured on the C-Scaffold had a more flattened struc-
ture, whereas fibrillar cell clumps with nodules were observed in HA-
Scaffold cultured cells (Fig. 8B). Fig. 8C clearly shows that on day 7
there were more cells than on day 3 and that they firmly adhered to both
the control scaffold and the HA scaffolds. In the C-scaffold, the cells had

Fig. 8. Morphological structure of MSCs cultured on both C-Scaffold (C) and HA-Scaffold (HA). A- Cells without scaffolds on day 3 and day 7, B and C -Scaffolds with
cells on day 3 and 7, respectively, 1, 2 and 3: images with 100, 50 and 20 μM scale bars, respectively.
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a more flattened dense fibrous structure, while in the HA-scaffold
cultured cells grew more in the hydroxyapatite crystal deposited re-
gion. Earlier studies reported an elongated spindle shape of MSCs
cultured on apatite-wollastonite-glass ceramics for 7, 14 and 21 days
[55] and long filopodia or lamellipodia shapes of Human bone
marrow-derived stromal cells cultured on poly-
hydroxybutyrate-co-hydroxyvalerate/wollastonite composite scaffolds
for 7 days and 14 days [56].

Fig. 9 shows the microstructural images of HFF-1 cells cultured on
scaffolds. Similar to MSCs, the HFF-1 cells were firmly grown on both
the C-Scaffold and the HA-Scaffold. As observed earlier, the cell numbers
were higher in 7 days culture compared to 3 days culture and more
fibrillar cell structures were observed in cells cultured on C-Scaffold for
3 days than HA-Scaffold cultured cells. Compared to MSCs, the HFF-1
cells grew faster and covered all the scaffold surfaces on day 7. For
instance, the surfaces of the C-Scaffold and HA-Scaffold were closely

Fig. 9. Morphological structure of HFF-1 cultured on C-Scaffold (C) and HA-scaffold (HA). A- Cells without scaffolds on day 3 and day 7, B and C -Scaffolds with cells
on day 3 and 7, respectively, 1, 2 and 3: images with 100, 50 and 20 μM scale bars, respectively.
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covered by HFF-1 cells, which directly confirmed the compatibility of
both scaffolds in fibroblast cell culture.

3.10. Effect of the scaffolds on cell differentiation

To test the cell regenerative ability of scaffolds, MSCs were differ-
entiated into osteogenic cells in presence of scaffold conditioned me-
dium. The differentiation of osteogenic cells from MSCs was confirmed
by three major staining methods such as alizarin-red, von Kossa and
alkaline phosphatase staining (Fig. 10). The results revealed that the
control cells cultured without scaffold conditioned medium showed less
staining intensity compared to those cells cultured with scaffold condi-
tioned medium. Among the scaffold’s groups, HA-scaffold conditioned
medium significantly accelerated the staining intensity especially in von
Kossa and alkaline phosphatase stains. Previously, Chen et al. reported
that heparinised gelatine-hydroxyapatite-tricalcium phosphate scaffold
enhanced the new bone regeneration and bone mineral density [57].
Similarly, Fu et al. observed the osteogenic stimulatory effect of Nano-
− /micro-scaled hydroxyapatite bioceramics [58]. The bone regenera-
tion mechanism of Wollastonite and tricalcium phosphate was
extensively reviewed by dos Santos et al. and concluded that the
regenerative ability of these bioceramics depends on their
physical-chemical, structural, functional (osteoinductivity and osteo-
conductivity) and biomimetic properties [59]. The present study results
revealed that the osteogenic stimulatory effect of MSCs was accelerated
by scaffolds, especially HA-scaffold, which directly proved the regen-
erative ability of this scaffolds.

4. Conclusion

The present investigation explores a novel multilayer scaffold
composed of Wollastonite/Ca₂P₆O₁₇/TCP/Doped-Wollastonite, in which
hollow hydroxyapatite spheres precipitate upon immersion in SBF. The
scaffold design adheres to a structural configuration comprising a core
consisting of the two innermost layers and a dual bioactive coating.
Mineralogical analysis revealed that the core was predominantly
composed of SiO₂ and Ca₂P₂O₇, possibly attributed to interlayer ionic
migration. In addition, TCP and wollastonite, representing the outer
bioactive layers, were also identified as predominant phases. Physical
characterization of the scaffolds revealed an average overall macro-
porosity exceeding 85 % of their volume, along with a mechanical
strength of approximately 1.6 MPa. The fabricated scaffolds resemble
the trabecular spacing, trabecular rods and trabecular plates of the
human humeral head. The MSCs proliferation rate was 61 % increased
by HA-Scaffold compared to control cells, whereas it was 16 % in HFF
cells. Interestingly, the scaffolds did not accelerate IL-2 and IL-6 cyto-
kine levels in both MSCs and HFF cells, which further evidence the
biocompatibility of these samples in tissue engineering applications. The
osteogenic ability of MSCs was accelerated by HA-Scaffolds, proving
their regenerative ability in stem cells. Overall, the fabricated multilayer
Wollastonite/Ca₂P₆O₁₇/TCP/Doped-Wollastonite scaffold could be a
suitable biomaterial for tissue engineering applications. However, the
abilities of these materials in bone and dental cell differentiation using
stem cells need to be addressed with extensive molecular signaling
studies.

Fig. 10. Osteogenic stimulatory effect of C-Scaffold and HA-scaffold. Control-cells cultured without scaffolds, C-scaffold- cells cultured with control scaffold
conditioned medium, and HA-scaffold- cells cultured with HA-scaffold condition medium. Images A- Alizarin red stain, images B- von Kossa stain and images C-
Alkaline phosphatase stain. Scale bar- 100 μM.
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[12] M. González-Sánchez, C. Zamora-Ledezma, J. Elango, V. Morales-Flórez, Novel
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