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30107, Murcia, Spain 
b Center of Molecular Medicine and Diagnostics (COMManD), Department of Biochemistry, Saveetha Dental College and Hospitals, Saveetha Institute of Medical and 
Technical Sciences, Saveetha University, Chennai, 600077, India 
c Department of Marine Biopharmacology, College of Food Science and Technology, Shanghai Ocean University, Shanghai, 201306, China 
d Instituto de Bioingeniería, Universidad Miguel Hernández, Avda. Ferrocarril s/n, Elche, Alicante, 03202, Spain 
e Departamento de Materiales, Óptica y Tecnología Electrónica, Universidad Miguel Hernández, Avda. Universidad s/n, Elche, Alicante, 03202, Spain 
f Department of Restorative Dentistry, Faculty of Medicine and Dentistry, UCAM-Universidad Católica San Antonio de Murcia, Campus de los Jerónimos 135, Guadalupe, 
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A B S T R A C T   

This study fabricated novel multilayer 3D-scaffolds by coating bioactive Calcium silicate (Ca2SiO4)/glass phase 
(calcium ultraphosphate, Ca2P6O17)/Ca2SiO4 (C2S(2P6)C2S) 3D scaffolds with strontium (Sr) for osteogenic 
differentiation of bone marrow-derived mesenchymal stem cells (MSCs). Hence, for the first time, C2S(2P6)C2S/ 
Sr 3D-scaffolds were fabricated by sol-gel method and their characterization (X-Ray diffraction analysis (XRD), 
scanning electron microscopy (SEM) and Mercury Porosimetry), effect in MSCs proliferation (cytotoxicity and 
mRNA expression) and osteogenic differentiation (staining and mRNA expression) were evaluated. The porosity 
and SEM data showed that the porosity (31.66% for C2S(2P6)C2S and 32.14% for C2S(2P6)C2S/Sr), pore size 
(<300 μm) and microstructure were not altered between C2S(2P6)C2S and C2S(2P6)C2S/Sr 3D-scaffolds, 
respectively. MSCs proliferation rate was increased by C2S(2P6)C2S/Sr 3D-scaffold via upregulating c-Fos and 
TGF-β1 mRNA expression. Alizarin Red (calcium), von-kossa (calcium-phosphate) and alkaline phosphatase 
(ALP) staining were higher in differentiated MSCs cultured on C2S(2P6)C2S/Sr 3D scaffold than in control. The 
osteogenic stimulatory effect of C2S(2P6)C2S/Sr 3D scaffold could be justified by increasing osteogenic stimu
latory genes such as collagen type-I, Runx2, osteocalcin and ALP expression in differentiated MSCs. Further, SEM 
images proved that the C2S(2P6)C2S/Sr 3D scaffold-cultured cells had unique morphology similar to biological 
tissues. Accordingly, this is the first report evidencing the MSC proliferative and osteogenic stimulatory ability of 
strontium-coated C2S(2P6)C2S 3D-scaffold, which greatly impacts future strategic therapies in dentistry and bone 
regeneration.   

1. Introduction 

Modern regenerative therapies always require new approaches for 
fabricating innovative biomaterials in order to compromise the 

mechanical and biological behaviour in practical applications [1–3]. In 
this sense, several biomaterials derived from natural and synthetic ma
terials are investigated in recent times with surface modification to 
manipulate the functional properties of implants [4–6]. Among the 
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different bioactive implants, bioactive ceramic is a widely studied ma
terial in different applications including bone, dental, orthopedic and 
skin regeneration [7–10]. The major limitation of bioactive ceramic is 
inadequate bioactivity and the release of unfavorable ions from the 
surface of the implant, which could develop adverse effects by inhibiting 
the direct contact between surrounding tissue and substrate [11,12]. 

Dicalcium silicate (C2S), a bioactive ceramic, has been widely 
investigated due to its excellent bioactivity, biodegradability and 
biocompatibility [13–15]. For instance, different types of hybrid 
C2S-based bioceramics have been fabricated for osteogenic and angio
genic responses [16–19], odontogenic and angiogenic differentiation of 
human periodontal ligament cells [20] and bone regeneration [13]. 
Though, C2S-based materials are widely used in several applications, the 
deleterious biological effects due to their high dissolution rate and pH 
induction within the surrounding tissues limit their biomedical appli
cations [13,21–23]. In addition to C2S, another bioceramic, calcium 
pyrophosphate (Ca2P2O7) is a well-known inhibitor for HA crystal 
formation,and thus potentially control the biomineralization process 
[24]. However, the above downregulating effect in biomineralization 
process is inhibited via hydrolyzing pyrophosphate ions by the alkaline 
phosphatase (ALP) secreted from active osteoblasts, which simulta
neously switch-on HA formation and supersaturates the extra-cellular 
fluid with orthophosphates to induce mineralization [24–26]. This 
mechanism is critical to control the homeostasis of biomineralization in 
bones. Pyrophosphates are relatively unexplored in bone graft replace
ment applications, despite decades of research demonstrating the role of 
this ion in bone [27,28]. 

In order to obtain suitable materials that meet the standards for bone 
tissue applications,a multilayer design with different functions of each 
layer is proposed [29–32]. For instance, the internal layer should me
chanically improve the material for better control of biodegradability 
and bioactivity. At the same time, the external layer, in contact with the 
tissue, should improve the cell adhesion, receptor interaction, signaling 
pathways and biological functions of biomaterials employed in clinical 
applications. In this sense, the external layer could be coated with ions 
such as strontium (Sr), which is a trace element in the human body 
andplays a major role in stimulating bone formation and inhibiting bone 
resorption [33,34]. It has been evidenced that Sr treatment could in
crease the bone strength, and inhibit the incidences of fractures in 
osteoporosis [35] due to its antiresorptive and anabolic activity, 
respectively. Earlier research claimed that coating of Sr in calcium 
phosphate cement improved the compressive strength, radiopacity, 
setting time, cell adhesion, proliferation and osteogenic differentiation 
of human mesenchymal stem cells (MSCs) and thereby enhanced the 
new bone formation at the bone− materials interface [34]. In general, 
the use of bone marrow derived MSCs have been recognized as a gold 
standard method to investigate the osteogenic potential of several bio
materials [2,4,5,17], hence the present study used bone marrow-derived 
MSCs to investigate the osteogenic potential of Calcium silicate 
(Ca2SiO4)/glass phase (calcium ultraphosphate, Ca2P6O17)/Ca2SiO4 
(C2S(2P6)C2S) 3D scaffolds. 

Based on the above discussion, a multilayer material designed for the 
specific requirements of the different implantation sites is an unavoid
able concept for the current stratergies in clinical treatment. Hence, the 
present study hypothesized that the fabrication of multilayer ceramic/ 
glass/ceramic (C2S(2P6)C2S) 3D scaffolds with an active functional 

surface coating of Sr due to their bone stimulatory effect could be an 
appropriate approach in the development of bioceramics for bone and 
dental tissue engineering. However, none of the studies investigated the 
biocompatibility and osteogenic differentiation ability of Sr-coated C2S 
(2P6)C2S 3D-scaffolds using bone marrow MSCs. Therefore for the first 
time, the present study aimed to fabricate Sr-coated C2S(2P6)C2S 3D 
scaffolds and investigated the influence of Sr coating on scaffold’s 
characterization, biocompatibility and osteogenic differentiation of 
bone marrow-derived MSCs. 

2. Materials and methods 

2.1. Fabrication of ceramic/glass/ceramic scaffolds with and without 
strontium 

The 3D porous ceramic/glass/ceramic scaffolds were prepared by 
the sol-gel method together with the polymeric replica technique 
using20 ppi DINA4 10 mm sponges (Quality Materials, Barcelona, 
Spain). The fabrication process of 3D scaffold was consisted three 
different stages as mentioned below. 

2.1.1. Synthesis of the dicalcium silicate (C2S) core 
In the first stage, the dicalcium silicate (Ca2SiO4) core was obtained 

from the commercial chemicals: TEOS (Tetraethyl orthosilicate, Aldrich 
≥98%) and CaCO3 (Calcium carbonate, Sigma ≥99%). The hydrolysis of 
the precursor was carried out using hydrochloric acid, obtaining a ho
mogeneous mixture with a pH in the range of 2–3. Once the solution was 
obtained, the polymeric sponge (13 mm∅, 10 mm long) was submerged 
30–40 times, and dried at 160–180 ◦C for 15 min after each immersion. 
Then, a heat treatment was applied, consisting of heating up to 1050 ◦C 
for8h. 

2.1.2. Fabrication of C2S(2P6) scaffolds 
In the second stage, the core was coated with a glass phase 

(Ca2P6O17) from the reagents TEP (Aldrich triethyl phosphate ≥99.8%), 
CaCO3 (calcium carbonate, Sigma ≥99%) and Li2CO3 (Lithium car
bonate, Sigma-Aldrich 99.8 ≥%). The hydrolysis of the reagents was 
carried out using hydrochloric acid, keeping the mixture at a 4–5 pH. In 
this case, the previously prepared C2S core was immersed 10 times in the 
new solution described, and dried at 140–160 ◦C for 10 min after each 
immersion. After this step, a heat treatment was carried out at 1050 ◦C 
for 8h. To improve the mechanical resistance, this vitrification process 
was carried out twice (2P6). 

2.1.3. Fabrication with and without strontium in C2S(2P6)C2S 3D scaffolds 
Finally, the surface of the ceramic/glass scaffolds was modified using 

an external layer of C2S ceramic coated with 1% Sr+2 to enhance cell 
adhesion behavior. The coating was prepared with TEOS, CaCO3 and 
SrCO3 (Strontium carbonate Alfa Aesar 99%). Ten coatings were made 
after drying at 160–180 ◦C for 20 min, followed by final heating at 
1050 ◦C for 8 h. Table 1 shows the composition and label of the ceramic/ 
glass/ceramic 3D scaffolds. Finally, two kinds of multilayer scaffolds 
were fabricated such as C2S(2P6)C2S 3D scaffolds and Sr-coated C2S 
(2P6)C2S 3D scaffolds for the following experiments. 

Table 1 
Compositions (mol%) of the ceramic/glass/ceramic 3D scaffolds.  

Sample Ceramic Glass Ceramic 

TEOS CaCO3 TEP CaCO3 Li2CO3 TEOS CaCO3 SrCO3 

C2S 33.33 66.66 – – – – – – 
C2S(2P6) 33.33 66.66 71.73 23.91 4.34 – – – 
C2S(2P6)C2S 33.33 66.66 71.73 23.91 4.34 33.33 66.66 – 
C2S(2P6)C2S–Sr 33.33 66.66 71.73 23.91 4.34 33.35 65.99 0.67  
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2.2. Characterization of the ceramic/glass/ceramic 3D scaffolds 

The characterization of the crystalline phases present in the 3D 
scaffolds was carried out by X-ray Diffraction (XRD) (DRX Bruker-AXR 
D8Advance), in the 2 theta 10–55 range, using Cu-Kα radiation. 
(1.5418740 Å). The X-ray tube was operated at 40 kV and 30 mA (Match 
Software Version 3.7.1.132). The diffractograms of samples (n = 3) were 
compared with the Crystallography Open Database (COD) and the 
Inorganic Crystal Structure Database (ICSD). All diffractograms were 
analyzed by version 3.7.1.132 of the Match software. The surface 
morphology of scaffolds was captured by using Scanning electron mi
croscopy (SEM-Hitachi S-3500 N). The porosity and pore distribution of 
the 3D scaffolds (n = 3) were evaluated by the Mercury Porosimetry 
Technique (Poremaster 60 GT Quantachrome instruments) at a pressure 
range between 69.38 bar and 2427560,78 bar. The higher porosity of 3D 
scaffolds was 300 μm determined by Archimedes’ method. 

2.3. Biocompatibility of the ceramic/glass/ceramic 3D scaffolds 

The bone marrow-derived MSCs were cultured on 3D scaffolds to 
investigate the biocompatibility. The MSCs were purchased from LGC 
Standards, Barcelona, Spain (ATCC PCS-500-012, LGC Standards, Bar
celona, Spain, Order Ref. No. 86605340) and cultured in mesenchymal 
stem cell medium (PCS-500-030) with growth supplements (15 ng/mL 
rh IGF-1, 125 pg/mL Rh FGF-b, 2.4 mM L-Alanyl-L-Glutamine (PCS-500- 
041), 5% fetal bovine serum (FBS) (Gibco, Waltham, MA, USA), and 1% 
antibiotic. The cells from passages 3 to 6 were used for the whole ex
periments. For the biocompatibility assessment, the cells with a density 
of 1 × 104 were seeded in 48 well-culture plates along with 3D scaffolds 
(n = 3) and cultured for 3 and 7 days with media change every two days 
once. All the 3D scaffolds were UV-sterilized for 30 min before cell 
culture. The MSCs cultured in a 2D culture plate without 3D scaffolds 
served as control. The proliferation rate of MSCs was estimated by MTT 
assay after treating cells with 5 mg/mL MTT reagent in PBS for 4 h in a 
CO2 incubator with a relative humidity of 95% and 5% CO2. After in
cubation, the unbound MTT reagent was removed by PBS wash and the 
formazan crystals were solubilized in DMSO. The dye intensity was 
measured by using a SpectraMax iD3 Multi-Mode MicroplateReader at 
570 nm. 

2.4. Cell seeding density 

To investigate the total MSCs seeding capacity of 3D scaffolds, the 
cell seeding density method was employed by following our previous 
protocol [36]. In brief, the cells with a density of 1 × 105 were carefully 
loaded on top of the 3D scaffolds. Prior to cell seeding, the 3D scaffolds 
were incubated in the culture medium for 2 h. The seeded cells were 
allowed to attach the 3D scaffolds (n = 3) for 5 h, and then the cells 
seeded 3D scaffolds were re-located into new wells in order to quantify 
specifically 3D scaffold-bound cells. The 3D scaffold-bound cells were 
harvested by trypsinization using 0.25 % trypsin-EDTA solution 
following the standard cell-culture method. The cells cultured in 2D 
culture plates (n = 3) without 3D scaffolds served as control and were 
treated the same way as described earlier. The cell number was counted 
based on our previous method [36] by using an automated cell counter 
(Invitrogen, Countess 3 FL, Thermo Fisher Scientific, Waltham, MA, 
USA). The percentage of cell seeding density was calculated from the 
number of bound cells in each group compared to the initial loaded cell’s 
quantity. 

2.5. Osteogenic differentiation 

In order to investigate the osteogenic potential of 3D scaffolds, the 
MSCs were differentiated into osteogenic cells with or without osteo
genic supplementation. In brief, MSCs seeded with 3D scaffolds (n = 3) 
were cultured in osteogenic culture medium and supplements (Gibco, 

Reference: A10066-01, Lot No: 2419081) for 21 days. In parallel, MSCs 
seeded with 3D scaffolds (n = 3) were also cultured in mesenchymal 
stem cell culture medium without any osteogenic supplement. The cells 
without 3D scaffolds were considered as control. 

2.6. Alkaline phosphatase (ALP) stain 

The hallmark pre-osteogenic marker, ALP is widely used to confirm 
the osteogenic ability of biomaterials used in bone tissue engineering. 
Therefore, in this study, the level of ALP in cells cultured with or without 
3D scaffolds and/or osteogenic culture medium was determined as per 
our previous method [36]. The MSCs were seeded on 3D scaffolds (n =
3) and 2D culture plates (control) (n = 3) with a cell density of 5 × 105 

and cultured with or without osteogenic culture medium for 21 days. 
The culture medium was replaced every two to three days once for 21 
days. At the end of the experiment, the cells were fixed with standard 
histological fixatives such as 2.5% glutaraldehyde and 4% para
formaldehyde for 30 min each. After a quick PBS wash, the cells were 
stained with a commercial ALP kit (Cat No. SCR004, Sigma-Aldrich, 
Madrid, Spain) by following the manufacturer’s standard instructions. 

2.7. Mineral staining 

To evaluate the osteogenic potential of 3D scaffolds, the level of 
mineral deposition in differentiated MSCs was measured by Alizarin Red 
and von Kossa staining methods [36]. In brief, the MSCs with a cell 
density of 2 × 104 were cultured on 3D scaffolds (n = 3) for 21 days with 
medium change twice a week. At the end of the experiment, the cultured 
medium was removed, washed with PBS twice and fixed with histo
logical fixatives (2.5% glutaraldehyde and 4% paraformaldehyde for 30 
min each). The amounts of calcium and calcium phosphate mineral 
depositions in differentiated cells were stained with 3% alizarin red stain 
(Red stain) and von Kossa stain (black/brown stain) (LabClinics, Bar
celona, Spain) for 30 min under dark conditions, respectively. The 
excess unbound stains were washed out with PBS. The images were 
captured in bride-field mode using fluorescence-microscopy coupled 
with ZEISS Axiocam 305 mono (Axio Vert A1, Serial No. 3847016567, 
Carl Zeiss Microscopy GmbH, Suzhou, China). 

2.8. Fluorescence staining 

The fluorescence staining method investigated the interaction of 
MSCs on 3D scaffolds. In brief, the MSCs were seeded on top of the 3D 
scaffolds (n = 3) and cultured for 7 days with culture medium as 
described earlier. The cell cytoskeleton and nuclei were visualized by 
FTIC and DAPI fluoroprobes. After culture, the cells were fixed with 
histological fixatives (2.5% glutaraldehyde and 4% paraformaldehyde) 
and the cell membrane was permeabilized with 0.2% Triton X-100 in 
PBS for 5 min at room temperature. Then, the cells were stained by FITC 
and DAPI fluoroprobes with PBS wash in between each step. The fluo
rescence images were captured by using fluorescence-microscopy 
coupled with ZEISS Axiocam 305 mono (Axio Vert A1, Serial No. 
3847016567, Carl Zeiss Microscopy GmbH, Suzhou, China). 

2.9. mRNA expression 

The proliferative and osteogenic stimulatory abilities of 3D scaffolds 
were further evidenced by mRNA expression using quantitative real- 
time (qRT)-PCR method. The MSCs with a cell density of 1 × 105 for 
proliferation and 1 × 106 for osteogenic differentiation were seeded 
with 3D scaffolds (n = 3) in 12-well and 6-well-culture plates, respec
tively. The cells were cultured with mesenchymal stem cell culture 
medium for proliferation (for 7 days) and osteogenic stimulation culture 
medium for osteogenesis (for 21 days) as described earlier. After treat
ment, the total cellular RNA was extracted from the cultured cells using 
TRIzol reagent (Invitrogen, Waltham, MA, USA) and reverse transcribed 
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Table 2 
List of primers used in this study.  

No Genes name Forward Reverse 

Proliferation genes 
1 c-Fos (XM085152) 5′-GCTTTGCAGACCGAGATTGC-3′ 5′-TTGAGGAGAGGCAGGGTGAA-3′ 
2 SMAD3 5′-CATCGAGCCCCAGAGCAATA-3′ 5′-GTGGTTCATCTGGTGGTCACT-3′ 
3 TGF-β1 5′-GGACACCAACTATTGCTTCAGCTCC-3′ 5′-AGGCTCCAAATGTAGGGGCAGGGCC-3′ 
Osteogenic genes 
4 Collagen type I 5′-GCG AAG GCA ACA GTC GCT -3′ 5′-CTT GGT GGT TTT GTA TTC GAT GAC 3′ 
5 Runt-related transcription factor 2 5′-CCA CCA CTC ACT ACC ACA CG 3′ 5′-TCA GCG TCA ACA CCA TCA TT 3′ 
6 ALP 5′-TCC TGA CCA AAA ACC TCA AAG G 3′ 5′-TGC TTC ATG CAG AGC CTG C 3′ 
7 Osteocalcin 5′-CTC ACA GAT GCC AAG CCC 3′ 5′-CCA AGG TAG CGC CGG AGT CT 3′ 
8 hGAPDH 5′-AGC TTG TCA TCA ACG GGA AG 3′ 5′-TTT GAT GTT AGT GGG GTC TCG 3′  

Fig. 1. Optical images of ceramic/glass/ceramic 3D scaffolds. A: C2S, B: C2S(2P6), C: C2S(2P6)C2S and D: C2S(2P6)C2S–Sr obtained by the sol gel method.  

Fig. 2. XRD patterns of the ceramic/glass/ceramic 3D scaffolds (● Ca2P2O7, ⋆ SiO2, ∎ CaSiO4).  
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to single-strand cDNA using a cDNA first-strand synthesis kit after 
DNAse treatment. The PCR reaction mixture was prepared with SYBR 
Green Premix Ex Taq. The target proliferative (c-Fos, SMAD3 and TGF- 
β1) and osteogenic (Collagen type I, Runt-related transcription factor 2, 
osteocalcin and ALP) gene sequences were amplified in a thermocycler, 
an ABI 7500 real-time PCR Detection System (Applied Biosystems, 
Shanghai, China). The target gene expression was normalized with the 
housekeeping gene expression (hGAPDH). The primers (Table 2) were 
designed based on our previous methods [37,38]. 

2.10. Microstructural analysis 

The microstructural features of MSCs cultured on different materials 
such as culture plate (control), C2S(2P6)C2S and C2S(2P6)C2S/Sr 3D 
scaffolds were analyzed by scanning electron microscopy (SEM-Hitachi 
S-3500 N). Briefly, the cells were cultured as described earlier for 3 days 
and 7 days for proliferation and 21 days in case of osteogenic differen
tiation (n = 3). Then, the cells cultured on scaffolds were washed gently 
with PBS and fixed with fixatives (2.5 % glutaraldehyde), followed by a 
critical point drying method using hexamethyldisilazane (HMDS). Then, 
the specimens were mounted on aluminium stubs for platinum sputter- 
coating with 5.0 nm thin layer (Leica EM ACE 600) and captured using a 
FE-SEM (ApreoS Lovac IML Thermofisher, US) with a selected voltage of 
10 kV and 0.20 nA at different magnifications. 

2.11. Statistics 

The results of the present study were collected from at least three 
independent experiments and 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. 

3. Results 

The different layers of the ceramic/glass/ceramic 3D scaffold struc
ture are shown in Fig. 1. Fig. 1A and B showed the ceramic core, fol
lowed by a glass layer, representing the characteristic brightness of 
vitreous materials and finishing with a C2S ceramic layer (Fig. 1C). The 
final scaffold showed a multilayer microstructure constituted with three 
layers. Fig. 1D shows the outer layer after coating with strontium. In 
general, no significant differences were observed between the two 3D 
scaffolds (Fig. 1C and D). 

Fig. 2 shows the XRD diffraction patterns of the C2S(2P6)C2S and the 
C2S(2P6)C2S/Sr 3D scaffolds. In general, the XRD of the C2S(2P6)C2S and 
the C2S(2P6)C2S–Sr 3D scaffold showed three main phases: calcium 
diphosphate (Ca2P2O7) (COD 96-100-1557), tridymite (SiO2), (COD 96- 

900-0521) and calcium silicate CaSiO4 (COD 96-900-8152). However, 
the strontium phase was not detected in XRD peak due to lower limit or 
the vitreous phase. 

The SEM images of the ceramic/glass/ceramic 3D scaffolds showed 
no significant changes in the microstructure upon coating with stron
tium (Fig. 3). In general, the 3D scaffolds showed a polyhedral grain 
structure with cracks, which might be due to the heat treatment. 

The intruded mercury volumen showed the pore diameter of 
74.3–1.351 μm for C2S(2P6)C2S 3D scaffold and 86.13–1.46 μm for C2S 
(2P6)C2S/Sr, respectively (Fig. 4A). The total porosity of 3D scaffolds 
showed insignificant pore sizes varying from 31.66 to 32.14% (small 

Fig. 3. SEM images of the ceramic/glass/ceramic 3D scaffolds.: (A) C2S(2P6)C2S; (B) C2S(2P6)C2S/Sr.  

Fig. 4. Mercury porosimetry curves: (A) Cumulative and (B) Differential 
intrusion vs. pore diameter in ceramic/glass/ceramic 3D scaffolds. 
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pores <300 μm) and ~78% (larger pores >300 μm) between C2S(2P6) 
C2S and C2S(2P6)C2S/Sr 3D scaffolds, respectively. The 3D scaffolds had 
four porous diameter peaks of 106, 12.20, 4.60 and 3.30 μm for C2S(2P6) 
C2S 3D scaffold, and 106.40, 16.74, 12.18 and 12.20 μm for C2S(2P6) 
C2S/Sr 3D scaffolds (Fig. 4B). However, the specific surface area of C2S 
(2P6)C2S/Sr 3D scaffolds (0.347 m2/g) decreased compared to the spe
cific surface area of C2S(2P6)C2S 3D scaffolds (1.417 m2/g). All the 
above findings proved that the physical characteristics of ceramic/glass/ 
ceramic 3D scaffolds did not drastically influence by strontium. 

The proliferation rate of MSCs was increased significantly by both 
C2S(2P6)C2S and C2S(2P6)C2S/Sr 3D scaffolds compared to the control 
group irrespective of the culture time (Fig. 5A). In the control group, the 
cell proliferation rate of 7-days culture was increased compared to 3- 
days culture. On day 3, there was no significant difference in prolifer
ation observed between C2S(2P6)C2S and C2S(2P6)C2S/Sr 3D scaffolds 
cultured cells, however, C2S(2P6)C2S/Sr 3D scaffold cultured cells 
showed more proliferative rate compared to C2S(2P6)C2S 3D scaffold on 
day 7 (P < 0.05). Among all groups, the C2S(2P6)C2S and C2S(2P6)C2S/ 
Sr 3D scaffolds cultured cells showed a better proliferation rate on day 7 
culture. 

In general, the 3D scaffolds had lower cell loading ability compared 
to the control group (Fig. 5B and C). However, there was no significant 
difference in the cell loading density between C2S(2P6)C2S and C2S(2P6) 
C2S/Sr 3D scaffold groups. The total percentage of cells attached in 
control group was about 95%, which was decreased significantly in 3D 
scaffold groups (53–57%). 

The proliferative mRNA expression of MSCs was assessed through 
three different genes such as c-Fos, SMAD3 and TGF-β1 (Fig. 6). In the 
control group, c-Fos mRNA was expressed more after 7-days culture, 
followed by SMAD3 and TGF-b1. Interestingly, the expression of c-Fos 
was increased in cells cultured on C2S(2P6)C2S/Sr 3D scaffold compared 
to cells cultured on C2S(2P6)C2S 3D scaffold and control group (P <
0.05), however, the cells proliferated in C2S(2P6)C2S 3D scaffold did not 
show any significant changes in c-Fos mRNA expression compared to the 
control group. On the contrary, the expression of SMAD3 was signifi
cantly increased in cells cultured on C2S(2P6)C2S 3D scaffold compared 
to cells cultured on C2S(2P6)C2S/Sr 3D scaffold and control groups. 
However, no significant changes were observed in SMAD3 mRNA 
expression between C2S(2P6)C2S/Sr 3D scaffold and control groups. 
Similar to c-Fos, the mRNA expression of TGF-β1 was significantly 
higher in cells cultured on C2S(2P6)C2S and C2S(2P6)C2S/Sr 3D scaffolds 
groups compared to the control cells (P < 0.05). Among the 3D scaffolds 
groups, the TGF-β1 mRNA expression was upregulated more in cells 
cultured on C2S(2P6)C2S/Sr 3D scaffold compared to cells cultured on 
C2S(2P6)C2S group. 

The osteogenic stimulatory effect of 3D scaffolds was evidenced by 
the mineral staining of cells cultured with and without osteogenic me
dium for 21 days. As evidenced in Fig. 7, the control cells cultured in 
mesenchymal stem cell culture medium had no positive stains by aliz
arin red and von kossa dyes (Fig. 7 A and B). Surprisingly, the cells 
cultured on 3D scaffolds in mesenchymal stem cell culture medium were 
slightly stained for alizarin red and von kossa dyes. More specifically, 
the cells cultured on C2S(2P6)C2S/Sr 3D scaffold without osteogenic 
medium showed a higher level of positive staining for von kossan stain 
compared to cells cultured on C2S(2P6)C2S 3D scaffold. As expected, the 
control cells cultured with osteogenic differentiation medium showed 
positive staining for both alizarin red and von kossa dyes, which was not 
observed in control cells cultured without osteogenic medium. The 
mineral staining rate of differentiated MSCs was significantly upregu
lated in 3D scaffolds compared to control cells, with higher mineral 
staining in cells cultured on C2S(2P6)C2S/Sr 3D scaffold. Similar to 

Fig. 5. Proliferation and cell loading density of MSCs on C2S(2P6)C2S, C2S(2P6)C2S/Sr 3D scaffolds and control, respectively. * indicates the statistical significance, P 
< 0.05. 

Fig. 6. mRNA Expression of proliferation genes by RT-qPCR of control, C2S 
(2P6)C2S and C2S(2P6)C2S/Sr 3D scaffolds, respectively. * indicates the sta
tistical significance, P < 0.05. The expression of target genes was normalized 
with the housekeeping gene (GAPDH). 
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mineral staining, there was no positive staining for ALP stain in control 
cells cultured in mesenchymal stem cell culture medium, however, the 
cells stained positively when cultured on C2S(2P6)C2S/Sr 3D scaffold 
(Fig. 7C). As expected, the control cells cultured with osteogenic dif
ferentiation medium showed positive staining for ALP stain and the level 
of ALP staining was increased in cells cultured on 3D scaffolds, espe
cially in C2S(2P6)C2S/Sr 3D scaffold. 

The osteogenic potential of 3D scaffolds at the molecular level was 
evaluated by the qRT-PCR method using different osteogenic mRNA 
markers such as collagen type I, Runx2, ALP and osteocalcin (Fig. 8). 
During the investigation, the cells were cultured in two different culture 
mediums such as mesenchymal stem cell medium for control and oste
ogenic stimulatory supplement medium for the osteogenic group. The 
cells cultured in mesenchymal stem cell medium for 21 days did not 
upregulate the collagen type I mRNA expression in all the groups 
including control and 3D scaffolds groups. However, the mRNA 
expression of collagen type I level was significantly increased in control 
cells cultured with osteogenic culture medium for 21 days compared to 
the mesenchymal stem cell culture medium cultured control cells. 
Among the osteogenic supplemented groups, the level of collagen type I 

mRNA expression was increased in cells cultured on 3D scaffolds 
compared to control. The level of upregulation was more pronounced in 
cells cultured on C2S(2P6)C2S/Sr 3D scaffold than in cells cultured on 
C2S(2P6)C2S 3D scaffold (P < 0.05). 

Surprisingly, the mRNA expression of the transcription factor, Runx2 
which is primarily responsible for osteogenic differentiation, was 
significantly upregulated in cells cultured with mesenchymal stem cell 
medium on C2S(2P6)C2S/Sr 3D scaffold, but, it was not upregulated in 
the control cells and C2S(2P6)C2S 3D scaffold cultured cells. On the other 
side, the control cells cultured with osteogenic-supplemented culture 
medium expressed Runx2 mRNA, which was upregulated by culturing 
the cells on 3D scaffolds. More specifically, the level of Runx2 mRNA 
expression was upregulated in cells cultured on C2S(2P6)C2S/Sr 3D 
scaffold (P < 0.05) than in cells cultured on C2S(2P6)C2S 3D scaffold. 
Amongthe mesenchymal and osteogenic culture medium cultured cells, 
the Runx2 mRNA expression was highly upregulated in cells cultured on 
C2S(2P6)C2S/Sr 3D scaffold in osteogenic culture medium. 

The level of ALP, an early osteogenic marker, was not detected in the 
control cells cultured in mesenchymal stem cell culture medium, how
ever, the cells cultured on C2S(2P6)C2S/Sr 3D scaffolds slightly 

Fig. 7. Alizarin Red (A), Von Kossa (B) and ALP (C) staining of differentiated MSC cells. Control-cells without 3D scaffolds. C2S(2P6)C2S and C2S(2P6)C2S/Sr 
represent the MSCs differentiated on C2S(2P6)C2S and C2S(2P6)C2S/Sr 3D scaffolds, respectively. Scale bars- 200 μm (50 μm-insert). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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expressed ALP level, which was similar to the ALP histological staining 
results (Fig. 7). In contrast, the control cells expressed ALP mRNA to 
some extent when cultured with osteogenic supplement medium and the 
level of expression was significantly upregulated (P < 0.05) in cells 
cultured on C2S(2P6)C2S/Sr 3D scaffold group. However, no significant 
difference in ALP mRNA level was observed between control and C2S 
(2P6)C2S 3D scaffold. 

Similar to Runx2, the cells cultured with mesenchymal stem cell 
culture medium expressed osteocalcin mRNA except for the control 
group. In other words, the 3D scaffolds triggered the osteogenic differ
entiation of MSCs even without any osteogenic supplements. Interest
ingly, the induction level of osteocalcin mRNA expression without 
osteogenic supplement was significantly increased in cells cultured on 
C2S(2P6)C2S/Sr 3D scaffold compared to C2S(2P6)C2S 3D scaffold. As 
expected, the control cells cultured with osteogenic medium expressed 
higher osteocalcin mRNA and the stimulatory effect of osteocalcin 
mRNA expression was increased by 3D scaffolds. Among the 3D scaf
folds cultured cells, C2S(2P6)C2S/Sr 3D scaffold upregualted more 
osteocalcin mRNA expression than C2S(2P6)C2S 3D scaffold (P < 0.05). 
Compared to mesenchymal culture medium, the level of osteocalcin 
mRNA expression was more upregulated in 3D scaffolds cultured cells 
with osteogenic supplement medium, especially in C2S(2P6)C2S/Sr 3D 
scaffold cultured cells. 

The morphological characteristic features and cell adhesion behavior 
of MSCs with 3D scaffolds were evaluated by scanning electron micro
scopy and fluorescence staining method using FITC and DAPI (Figs. 9 
and 10). The control cells cultured for 7 days showed dense fiber 
structure and were arranged as clusters regardless of culture mediums 
such as mesenchymal and osteogenic differentiation mediums. The 
morphological images revealed that the cells completely covered the 
whole surface of the 3D scaffolds and were firmly adhered to the porous 
scaffolds. Interestingly, the cells cultured on 3D scaffolds showed unique 
morphology similar to biological tissues, especially C2S(2P6)C2S/Sr 3D 
scaffold cultured cells. At the same time, the cells cultured on C2S(2P6) 
C2S 3D scaffolds were more globular in size, whereas, more flattened 
interconnected 3D structures were observed in C2S(2P6)C2S/Sr 3D 
scaffold cultured cells (Fig. 10). The microstructural images of differ
entiated MSCs were shown in Fig. 11. As evidenced by the mineral 

staining and mRNA expression, C2S(2P6)C2S/Sr 3D scaffold could 
initiate osteogenic differentiation of MSCs i.e. the cells cultured on C2S 
(2P6)C2S/Sr 3D scaffold with MSC culture medium showed similar 
morphological features of those cells cultured on C2S(2P6)C2S/Sr 3D 
scaffold with osteogenic culture medium (Fig. 11). However, the cells 
cultured on C2S(2P6)C2S 3D scaffold with MSC culture medium showed 
more flattened and dense morphology, which was significantly altered 
by culturing the cells in osteogenic culture medium (more fibrillar, thin 
and interconnected mesh network). Interestingly, the morphology was 
not significantly transformed between cells cultured with MSCs culture 
medium and osteogenic culture medium. All the above findings revealed 
that the C2S(2P6)C2S/Sr 3D scaffold alone could promote osteogenic 
differentiation of MSCs without any additional osteogenic supplements. 

4. Discussion 

In the present study, for the first time, calcium silicate-calcium py
rophosphate-based 3D scaffolds, comprising a C2S core, middle layer of 
2P6 and the outer layer of C2S, were fabricated by sol-gel method and the 
3D scaffold’s surface was coated with strontium to enhance the bio
logical properties of the 3D scaffolds. To obtain a coherent and non- 
disintegrating three-layer material, the different layers of the scaffold 
were fabricated. According to the CaO–P2O5 phase diagram [39], 
Ca2P6O17 showed a first appearance of a liquid phase below ~800 ◦C. 
This glass reacted with the surrounding C2S phase transforming the 
nominal ceramic/glass/ceramic composition (Ca2SiO4/Ca2P6O17/Ca2

SiO4) into a material of composition Ca2P2O7, CaSiO3 and SiO2 (Fig. 2). 
The glass phase did not disintegrate due to the interaction of the glass 
phase to the different crystalline phases of the scaffold. The porosity of 
scaffolds did not vary much between scaffolds with average porosity of 
<300 μm (31.66% and 32.14%) for C2S(2P6)C2S and C2S(2P6)C2S/Sr 3D 
scaffolds, respectively. The porosity of 3D scaffolds proved the suit
ability for cell development, orientation and directionality of cell 
growth [40]. The presence of macropores (about 100–300 μm measured 
by the mercury porosimetry method and Archimedes’s principles) could 
improve the nutrient supply and removal of cell debris for the regen
eration of mineralized bone [41]. Importantly, the Sr coating did not 
influence the surface morphology (Fig. 1) and porosity (Fig. 4) of 3D 

Fig. 8. Osteogenic genes expression of differentiated MSCs by RT-qPCR. Control-cells without 3D scaffolds. C2S(2P6)C2S and C2S(2P6)C2S/Sr represent the MSCs 
cultured on C2S(2P6)C2S and C2S(2P6)C2S/Sr 3D scaffolds, respectively. * indicates the statistical significance, P < 0.05. The expression of target genes was 
normalized with the housekeeping gene (GAPDH). 
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Fig. 9. Fluorescence staining of differentiated MSC cells with and without osteogenic culture medium. Control, C2S(2P6)C2S and C2S(2P6)C2S/Sr represent the MSCs 
cultured on without 3D scaffolds, C2S(2P6)C2S and C2S(2P6)C2S/Sr 3D scaffolds, respectively. FITC and DAPI stains confirmed the adherence of cells firmly on 3D 
scaffolds regardless of the culture medium. Images were captured at 4 × and 10 × magnification (insert). Scale bar: 200 μm and 100 μm (insert). 
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Fig. 10. Microstructural analysis of MSCs cultured with 3D scaffolds by SEM microscopy. The cells were cultured for 3 days and 7 days. Control- MSC cells cultured 
on glass. C2S(2P6)C2S and C2S(2P6)C2S/Sr- MSCs cultured on C2S(2P6)C2S and C2S(2P6)C2S/Sr 3D scaffolds. Black arrow shows the cells adhered on scaffolds. Al
phabets a,b and c were different magnification with 400 μm, 200 μm and 50 μm scale bar, respectively. 

Fig. 11. SEM microscopic structure of differentiated MSCs cultured with 3D scaffolds. The cells were cultured for 21 days with MSC culture medium and osteogenic 
culture medium. A) Control scaffolds (without MSCs) and B) Differentitated MSCs on 3D scaffolds with culture medium. Alphabets a, b and c we different 
magnification with 400 μm, 200 μm and 50 μm scale bar, respectively. 
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scaffold. 
Both scaffolds showed a polyhedral grain structure, which was uni

formly distributed throughout the matrix. Previously, Liu et al. reported 
the presence of homogenously distributed larger agglomerations of 
about 1~4 μm in Sr-coated C2S powder and claimed that the surface 
morphology of C2S did not alter by Sr coating [42], which supports the 
present study findings. 

Compared to the control, the 3D scaffolds hold lesser cells in their 
internal structure, which might be due to their higher porous structure 
that allows cells easily pass through to the culture plate’s bottoms after 
cell seeding. From the proliferation results, it is clear that 3D scaffolds 
could enhance the proliferation of MSCs, which proved the efficiency of 
3D scaffolds in culturing stem cells for tissue regeneration applications. 
Interestingly, coating Sr could add more beneficial effects on cell pro
liferation in the present study. To support the present study, the pro
liferative ability of C2S and Sr–C2S cement using human bone marrow 
MSCs was investigated previously and reported that the proliferation 
rate of MSCs was significantly increased in cells treated with 25 to 3.125 
mg mL− 1 for C2S bone cement and 3.125–100 mg mL− 1 for Sr–C2S bone 
cement compared to control [42]. Huang et al. also studied the prolif
erative effect of strontium-loaded bioactive calcium silicate bone 
cement. Similarly, Fada et al. evidenced the biocompatibility and 
non-toxicity of strontium nitrate coated dicalcium phosphate cement 
nanoparticles [43]. In another studies, human adipose derived MSCs 
cultured on PCL, PLLA and PVDF nanofibrous scaffolds, and hBMSCs 
seeded on layered double hydroxide (LDH)/polycaprolactone (PCL) 
nanocomposites showed higher proliferative rate on day 5 compared to 
respective controls, respectively [44,45]. 

The higher proliferative effect of cells cultured on C2S(2P6)C2S/Sr 3D 
scaffold could be substantially evidenced by the higher mRNA expres
sion of proliferative genes. More specifically, the proliferation of MSCs 
by C2S(2P6)C2S/Sr 3D scaffold could enhance by increasing the 
expression of c-Fos and TGF-β1 proliferative genes. To support the 
present result, Yu et al. reported that the proliferation rate of osteo
blastic MC3T3-E1 cells cultured on zinc-loaded calcium silicate-based 
ceramic was accelerated by increasing the TGF-β1 proliferative genes 
[46]. Another study reporting (Biodentine) tricalcium and dicalcium 
silicate (3CaO–SiO2 and 2CaOSiO2) concluded that the angiogenesis of 
dental pulp stem cells was induced by upregulating TGF-β1 and vascular 
endothelial growth factor (VEGF) mRNA expression [47]. Several 

studies reported the proliferative effect of C2S in MSCs and osteogenic 
differentiation of MSCs [48–51]. 

The results of mineral staining and mRNA expression of osteogenic 
genes highlighted the osteogenic potential of 3D scaffolds, especially, 
the cells cultured on C2S(2P6)C2S/Sr 3D scaffold could potentially 
differentiate into osteogenic cells even without osteogenic supplements. 
Interestingly, the C2S(2P6)C2S/Sr 3D scaffolds alone stimulated the 
osteogenesis of MSCs cultured with mesenchymal stem cell culture 
medium. At the same time, C2S(2P6)C2S 3D scaffold also triggered 
osteogenic differentiation of MSCs without any supplements, but only to 
some lower extent and not enough to achieve complete osteogenic dif
ferentiation. To support the present study results, previous studies were 
investigated the osteogenic ability of biodentine (tricalcium and dical
cium silicate (3CaO SiO2 and 2CaO SiO2)) using dental pulp stem cells 
through alkaline phosphatase, osteopontin and sialophosphoprotein 
mRNA expression [47], zinc-loaded Ca–Si-based ceramic coating 
(Ca2ZnSi2O7 coating and CaSiO3 coating) using osteoblastic MC3T3-E1 
cells through alkaline phosphatase, procollagen α1(I), osteocalcin) and 
insulin-like growth factor-I (IGF-I) mRNA expression [46], 
Sr-loaded-bioactive calcium silicate bone cement using human mesen
chymal stem cells through ALP and osteocalcin [52], Sr nitrate loaded 
dicalcium phosphate (DCaP) bone cement using human gingival fibro
blasts (HuGu) cells through ALP [43], and Sr-loaded dicalcium silicate 
bone cement using hBMSCs through ALP [42]. Similar to the gene 
expression of present study, Abazari et al. reported that the differenti
ation of human adipose derived MSCs on PCL, PLLA and PVDF nano
fibrous scaffolds expressed higher osteogenic gene expression of Runx-2, 
osteonectin, collagen-I and osteocalcin than control [44]. Also, Ender
ami et al. reported higher levels of ALP and Runx2 gene expression in 
hBMSCs differentiated on PCL/LDH nanocomposites [45]. The SEM 
morphology claimed that the C2S(2P6)C2S/Sr 3D scaffold triggered the 
osteogenic differentiation of MSCs even without osteogenic supple
ments. This result further evidenced the earlier findings of mineral 
staining and mRNA expression of MSCs, which substantially proved the 
osteogenic stimulatory response of C2S(2P6)C2S/Sr 3D scaffold. The 
present study accordingly disclosed that the C2S(2P6)C2S/Sr 3D scaffold 
upregulated the proliferation of MSCs through c-Fos/TGF-β1 signaling 
pathways, and triggered osteogenic differentiation of MSCs through 
collagen type-I, Runx2, osteocalcin and ALP pathways (Fig. 12). 

Fig. 12. The overall mechanism of C2S(2P6)C2S/Sr 3D scaffolds in proliferation and osteogenesis behaviour of MSCs.  

J. Elango et al.                                                                                                                                                                                                                                  



Ceramics International 50 (2024) 16998–17010

17009

5. Conclusion 

In the present study, the ceramic/glass/ceramic 3D scaffolds of 
nominal composition (Ca2SiO4/Ca2P6O17/Ca2SiO4) were successfully 
fabricated by the sol-gel method together with the polymeric replica 
technique and coated with strontium. Characterization of scaffolds 
revealed that the coating of strontium did not affect the porosity and 
pore size of scaffolds, and XRD data confirmed the presence of calcium 
diphosphate, tridymite and calcium silicate. The ceramic/glass/ceramic 
3D scaffolds upregulated the proliferation rate and proliferative genes 
(c-Fos and TGF-β1) of MSCs, especially by C2S(2P6)C2S/Sr 3D scaffold. 
The cells cultured in mesenchymal stem cells did not differentiate into 
osteogenic cells unless treated with C2S(2P6)C2S/Sr 3D scaffold. Inter
estingly, the C2S(2P6)C2S/Sr 3D scaffold alone stimulated the osteogenic 
differentiation of MSCs without any osteogenic supplement and the 
osteogenic stimulatory effect of the C2S(2P6)C2S/Sr 3D scaffold was 
more pronounced with osteogenic supplement medium. Overall, the 
study concluded that the fabricated strontium coated-3D scaffold (C2S 
(2P6)C2S/Sr) could stimulate osteogenic differentiation of stem cells 
without any supplement and therefore could have great potential in 
bone and dental tissue regeneration. However, in the present study, the 
major limitations are the lack of information on the molecular signaling 
mechanism of fabricated 3D scaffolds in bone regeneration and the 
supported in-vivo evidence, which need to be explored in future 
research. 
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P.N. De Aza, A new biphasic dicalcium silicate bone cement implant, Materials 10 
(7) (2017) 758. 

[15] H. Agourrame, J. Moudar, N. Khachani, M. Taibi, A. Diouri, Mineralogical 
stabilization and morphology of hardystonite Petedunnite-Dicalcium silicate 
ternary mixtures, Mater. Today: Proc. 58 (2022) 1515–1519. 

[16] M.G. Gandolfi, F. Zamparini, S. Valente, G. Parchi, G. Pasquinelli, P. Taddei, 
C. Prati, Green hydrogels composed of sodium mannuronate/guluronate, gelatin 
and biointeractive calcium silicates/dicalcium phosphate dihydrate designed for 
oral bone defects regeneration, Nanomaterials 11 (12) (2021) 3439. 

[17] H. Li, J. Sun, Effects of dicalcium silicate coating ionic dissolution products on 
human mesenchymal stem-cell proliferation and osteogenic differentiation, J. Int. 
Med. Res. 39 (1) (2011) 112–128. 

[18] W. Cheng, J. Chang, Fabrication and characterization of polysulfone-dicalcium 
silicate composite films, J. Biomater. Appl. 20 (4) (2006) 361–376. 

[19] P. Mazón, N. Piedad, Porous scaffold prepared from α′ L-Dicalcium silicate doped 
with phosphorus for bone grafts, Ceram. Int. 44 (1) (2018) 537–545. 

[20] C.M. Primus, F.R. Tay, L.-n. Niu, Bioactive tri/dicalcium silicate cements for 
treatment of pulpal and periapical tissues, Acta Biomater. 96 (2019) 35–54. 

[21] C. Wu, J. Chang, A review of bioactive silicate ceramics, Biomed. Mater. 8 (3) 
(2013) 032001. 

[22] D. Wang, J. Chang, Comparison on accelerated carbonation of β-C2S, Ca (OH) 2, 
and C4AF: reaction degree, multi-properties, and products, Construct. Build. Mater. 
224 (2019) 336–347. 

[23] L. Huang, L. Tang, H. Gu, Z. Li, Z. Yang, New insights into the reaction of tricalcium 
silicate (C3S) with solutions to the end of the induction period, Cement Concr. Res. 
152 (2022) 106688. 

[24] H. Fleisch, S. Bisaz, Mechanism of calcification: inhibitory role of pyrophosphate, 
Nature 195 (4844) (1962), 911-911. 

[25] X. Yan, Q. Zhang, X. Ma, Y. Zhong, H. Tang, S. Mai, The mechanism of 
biomineralization: progress in mineralization from intracellular generation to 
extracellular deposition, Japanese Dental Science Review 59 (2023) 181–190. 
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