
Wollastonite-derived 316L-CaTiSiO5 core-shell scaffolds for bone 
substitutes: Mechanical properties and in-vitro study

Vanessa Gastaldi a, Devis Bellucci b,*, Alessia Mazzilli c, Federica Boraldi c, Valeria Cannillo b,*,  
Lisa Biasetto a

a Department of Industrial Engineering, University of Padova, Via Marzolo 9, Padova 35131, Italy
b Department of Engineering “Enzo Ferrari”, University of Modena and Reggio Emilia, Via P. Vivarelli 10, Modena 41125, Italy
c Department of Life Sciences, University of Modena and Reggio Emilia, Modena 41125, Italy

A R T I C L E  I N F O

Keywords:
Co-extrusion
Direct Ink Writing
Scaffolds
Bone tissue engineering
Sphene

A B S T R A C T

In this work, co-extrusion Direct Ink Writing 3D printing technology was used to produce 316L-sphene (CaTi
SiO5) core-shell scaffolds, with the main objective of developing a new generation of bone substitutes capable of 
mimicking the mechanical behavior of natural bone under compressive load. The presence of a ductile core in the 
struts of bioceramics scaffolds increases the strain energy density, preventing brittle fracture and enabling a more 
graceful failure. The proposed CO₂-free synthesis route for sphene, without decomposition byproducts, preserves 
the intrinsic ductility of the stainless-steel core while maintaining a level of porosity suitable for promoting the 
bioactive properties of the bioceramic shell. Compression tests on the 3D-printed bio-scaffolds demonstrated that 
the incorporation of a ductile metallic core alters the fracture behavior under compressive loading, resulting in a 
fourfold increase in strain energy density compared with fully ceramic scaffolds, while preserving a high porosity 
(~70%). The in-vitro studies confirmed the bioactive behavior of both sphene and 316L–sphene scaffolds, as 
evidenced by the formation of calcium phosphate phases and apatite-like precipitates after immersion in SBF. 
ICP-MS analyses revealed very low metal ion release (Fe < 0.3 ppm; Ti < 20 ppb; Cr < 10 ppb; Ni < 5 ppb; Mn <
100 ppb). Cytotoxicity tests showed cell viability consistently above the 70% threshold defined by ISO 10993–5, 
confirming the absence of cytotoxic effects. These results represent a first step toward the development of a new 
generation of composite bio-scaffolds, in which the combination of materials with both structural and functional 
properties may enable the fabrication of patient-specific implants. Further studies will require the optimization of 
the core-shell interface strength, the study of their mechanical behavior under dynamic loading conditions, and 
the assessment of the effect of scaffold architecture on their bioactive response.

1. Introduction

The use of 3D printing technologies for the fabrication of bioceramic 
scaffolds as bone substitutes is gaining increasing interest, owing to their 
ability to enhance bioactivity through topology optimization and to 
enable the production of patient-specific implant geometries. Vat Poly
merization Techniques, VP (i.e. Sterolitography Apparatus-SLA, Digital 
Laser Processing-DLP) and Materials Extrusion Technologies, MEX (i.e. 
Direct Ink Writing-DIW, Fused Deposition Modeling-FDM) are 
frequently employed for shaping optimized geometries with novel glass 
and ceramic materials, thus leveraging the potential of a new generation 
of bioglasses and bioceramics [1,2]. DIW and DLP are among the most 
widely employed technologies for the fabrication of scaffolds intended 

for bone substitution. The literature extensively reports on bioceramics- 
and bioglasses-based lattice structures, particularly regarding their 
fabrication routes and mechanical and functional characterization. 
Porosity, permeability and mechanical strength under compression load 
are the most widely engineered properties, since they represent the 
necessary prerequisites to mimic natural bone interaction with body 
fluids and under load service. Commonly used bioceramics include hy
droxyapatite (HA), tricalcium phosphate (TCP) [3], zirconia [4], and 
silicates [5]. In Table 1 the most recent literature of bioceramics and 
bioglasses based scaffolds fabricated by DIW and DLP are reported.

In [7], HA scaffolds were 3D printed by DIW, possessing struts with 
porosity that was tuned by the formulation of an emulsion ink. In [10], 
the optimization of printing parameters to fabricate β-TCP scaffolds by 
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DIW was investigated, reaching a good control on the imparted design 
porosity (60%, 80% and 100%). To tune the degradation rate of lattices, 
several studies propose the combination of HA and β-TCP to combine HA 
chemical stability with β-TCP high resorbability, as reported in [13]. 
Other works investigate the fabrication of sphene (CaTiSiO5) scaffolds 
by DIW, as shown in [15] and [16], where the effect of topology on 
mechanical performances and permeability is investigated, finding good 
matches with the requirements for biomedical purpose. Most common 
bioactive glasses, such as 45S5, 13–93 and their doped equivalents, are 
frequently used to fabricate bone substitutes thanks to their excellent 
bioactivity and biodegradability [20]. In [18], structures with different 
and highly porous designs were fabricated, showing a compressive 
strength of 1.7 MPa and a verified bioactivity thanks to the rapid ion 
release. Available examples also include the production of 
strontium-doped 13–93 Bioglass scaffolds by DLP [19], which exhibited 
compressive strength (5.8 MPa), porosity (~63%) and permeability 
(0.97 ×10− 8 m2) values comparable to those of cancellous bone.

Despite the bioactive properties bioceramics and bioglasses offer, 
their intrinsic brittleness limits their applications to substitution of non- 
loading damaged bone of limited size. For dynamic load bearing appli
cations, metallic alloys (such as Ti6Al4V and 316L) represent the most 
conservative choice offering biocompatibility and good structural 
integrity over time. However, metals’ excellent mechanical properties, 
being significantly higher than those of natural bone, can lead to inad
equate stresses on the surrounding bone tissue causing its absorption 
(stress shielding) [21]. In this context, 3D-printing technologies enable 
improved performance of metallic implants by introducing controlled 
structural porosity, which enhances integration with bone tissue and 
yields mechanical properties closer to those of native bone, thereby 
mitigating the onset of stress shielding [22]. However, the release of 
metal ions into the body can increase toxicity levels, thereby compro
mising cell health [23]. Consequently, the use of composite materials is 
particularly appealing, as it makes possible to overcome the limitations 
associated with the intrinsic brittleness of bioceramics and bioactive 
glasses.

Thanks to its versatility, DIW represents a technology well suited for 
the fabrication of composite architectures. Attempts in the fabrication of 
composite structures for bone substitutes include DIW-printed porous 
ceramic scaffolds infiltrated with polymers [24], which help tailor their 
mechanical properties to resemble those of native bone. Another 
approach involves ceramic matrix composites, as shown in [25], where 
bioactive silicate (13− 93) glass-based scaffolds were fabricated with Ti 
fibers as reinforcement, thanks to which an increase in toughness (70%) 
and flexural strength (40%) was observed. Moreover, co-axial DIW 
represents a promising approach for fabricating core–shell structures for 

biomedical applications as well as for sensors, electronic devices, bat
teries, and automotive components [26,27]. Several approaches for 
implementing the co-extrusion process have been reported in the liter
ature. The co-extrusion system adopted in the present study, previously 
reported in [28], consists of two detachable concentric conical channels 
specifically designed to facilitate ink flow. Unlike the configuration 
described in [29], characterized by perpendicular cylindrical channels, 
the present set-up employs conical channels intersecting at approxi
mately 45◦, while, differently from the approach proposed in [30], the 
core–shell architecture is generated directly during the extrusion pro
cess rather than being predefined within the syringe.

The use of nozzles with concentric channels can be exploited to 
fabricate lattices made of hollow struts, as reported in [31]. Ca7Si2

P2O16-based scaffolds with multi-oriented hollow channels, exhibiting a 
compressive strength of up to 5 MPa, improve cell adhesion and promote 
new bone formation, demonstrating their suitability for 
non-load-bearing bone substitutes. In [29], the enhancement of the 
mechanical properties of porous alumina-based structures by 
co-extruding a dense core with an outer porous shell is investigated. The 
results indicate that compressive strength is significantly improved in 
components with porosity below 30%, while at higher porosity the 
contribution of the dense core is not evident. In [28,30], steel core and 
alumina shell were co-extruded, highlighting the effect of core-shell 
interface adhesion and core over shell diameter ratio on the mechani
cal response of the produced composites.

This research group recently reported on the production of 316L- 
CaTiSiO5 (sphene) core-shell scaffolds by co-extrusion DIW technolo
gies, where the ductile 316L core offers a mechanical support without 
directly interacting with body fluids (thanks to the bioactive shell), thus 
enhancing bioactivity, preventing dissolution of alloying elements and 
improving load bearing functionality [32]. CaTiSiO5 is a calcium tita
nate silicate exhibiting good chemical stability and well-established 
biocompatibility, as demonstrated by both in vitro and in vivo studies 
[33,34]. Sphene interaction with cells favors their adhesion and prolif
eration, thereby proving its suitability for biomedical applications. In 
our previous work, we showed good control of the 3D printing tech
nology; however, the synthesis route for sphene production led to severe 
oxidation of the 316 L core, due to the CO2 generated during the syn
thesis of sphene. In this work, we propose a CO2-free approach for the 
synthesis of sphene starting from CaSiO3 and TiO2 precursors, with the 
aim of preserving the 316L ductility without compromising the shell 
bioactivity. The effect of the proposed synthesis route was studied in 
terms of microstructural, mechanical, and in-vitro biological properties 
on full and core-shell scaffolds. In particular, the bioactivity of the 
fabricated samples was evaluated in vitro in Simulated Body Fluid (SBF) 
[35], and the ionic release from the materials was monitored over time. 
Moreover, the cytotoxicity of the scaffolds was successfully assessed on 
murine fibroblast cultures in accordance with the ISO 10993–5 and 
10993–12 guidelines.

2. Materials and methods

The choice of using 316L as the core material for the bio-scaffolds 
produced in this work was driven by the results of preliminary tests 
performed on the well accepted Ti6Al4V. Due to the high reactivity of 
this Ti alloy toward oxygen and carbon, severe embrittlement was 
observed after sintering and co-sintering with CaTiSiO5 using the 
available experimental set-up. Nevertheless, potential issues related to 
nickel ion release and long-term biocompatibility should be carefully 
considered when employing 316L stainless steel in biomedical com
posite structures. In this regard, preliminary cytotoxicity tests were 
performed on the developed composite scaffolds, and the corresponding 
results are reported in the dedicated results section. Furthermore, ion- 
release tests were also conducted to specifically assess nickel release 
and to exclude the possibility that the samples released this element in 
significant amounts.

Table 1 
Printing technology, total porosity, compressive strength of bioceramics and 
bioglasses based scaffolds.

Material Printing 
technology

Porosity 
[%]

Compressive 
strength [MPa]

Ref

HA DIW 67.8 ± 2.9 
73.7 ± 0.5

3.8 ± 1.0 
3.5 ± 0.6

[6,7]

DLP 60 
80 ± 2

3.3 ± 0.3 
1.6 ± 0.8

[8,9]

β-TCP DIW 60 2.6 ± 0.1 [10]
DLP 73.5 ± 0.05 1.4 ± 0.2 [11]
DLP 65 

75
1.3 ± 0.2 
0.7 ± 0.1

[12]

HA/ β-TCP 
(50–50 wt%)

DIW 72.4 ± 2.1 3.6 ± 0.6 [13]

CaSiO3 DIW 65 3.6 ± 0.1 [14]
Sphene 

CaTiSiO5

DIW 65 ± 1 
75 ± 1

9.3 ± 2.2 
4.0 ± 0.8

[15, 
16]

Bioglass 45S5 DIW 74 ± 2 5.0 ± 1.0 [17]
DLP > 70 1.7 ± 0.1 [18]

Sr-doped 
13–93 glass

DLP 63 5.8 ± 0.6 [19]
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2.1. Inks formulation

2.1.1. 316L ink
The gas-atomized 316L powders (d10 < 4.1 µm, d50 < 6.8 µm, d90 <

10.2 µm) were purchased from Metalpine GmbH (Graz, Austria). A 
polymeric water-based binder was prepared by dissolving polyvinyl 
alcohol (PVA) (Mw = 9000–10.000 g⋅mol− 1, 80% hydrolyzed, Sigma- 
Aldrich, Steinheim, Germany, named as PVALMW, Low Molecular 
Weight PVA) and polyethylene glycol (PEG) (Mn = 950–1000 g⋅mol− 1, 
Sigma-Aldrich, Steinheim, Germany) in distilled water, using the 
following weight ratios: PVALMW:PEG:H2O = 18.75:16.25:65. The 
metallic powders were mixed with the binder and a poly(ethyleneimine) 
(PEI) solution (Mn = 1800 g⋅mol− 1, 50 wt% in H2O, Sigma-Aldrich, 
Steinheim, Germany), added at 1 wt% with respect to the total pow
der weight, following the same procedure previously described in [32]. 
The composition of the optimized ink is reported in Table 2.

2.1.2. Sphene ink
Wollastonite powders (CaSiO₃, kindly supplied by Silca Italia Srl, 

Scorzè, Venice, Italy) were ground in a ball mill using an agate jar and 
distilled water (31.4 wt% CaSiO₃, 68.6 wt% H₂O). Milling was per
formed in six cycles of 15 min each at 400 rpm. The resulting slurry was 
dried overnight at 60 ◦C to ensure complete water evaporation, after 
which the powders were manually ground with a mortar. The final 
particle size distribution, measured using a laser granulometer (Mas
tersizer 2000, Malvern Panalytical, Worcestershire, UK), was charac
terized by d10< 2.6 µm, d50< 11.1 µm, d₉₀ < 34.8 µm.

The CaSiO₃ powders were subsequently blended with TiO₂ nano
powders (anatase phase, d₉₉ < 330.5 nm, Inframat Advanced Materials, 
Manchester, CT 06042 USA) in a centrifugal mixer (Hauschild Speed
mixer) operated for 5 min at 300 rpm. The precursor powders were 
weighed to obtain a 1:1 molar ratio between CaSiO₃ and TiO₂, thus 
ensuring the proper synthesis of sphene (CaTiSiO5) during the thermal 
treatment. The ink formulation was prepared by dispersing the mixed 
powders in a polymeric binder, with the addition of PEI at 1 wt% relative 
to the total powder mass, and glycerol (Prolabo, Fontenay-sous-Bois, 
France) at 3.5 wt% relative to the total powder mass. The polymeric 
binder possessed the same composition as the one described above for 
316L ink, except for the type of PVA used. Specifically, 25 wt% of the 
total PVA (Sigma-Aldrich, Steinheim, Germany) had a molecular weight 
(Mn) of 85000–124000 g⋅mol− 1 (denoted as PVAHMW, HMW, High 
Molecular Weight PVA), whereas the remaining 75 wt% corresponded to 
PVALMW, as defined in 2.1.1. Powders were incorporated through four 
successive additions, each followed by mixing in a Thinky mixer for 
2 min at 2000 rpm. The viscosity of the ink was adjusted by adding 
distilled water at 5.5 wt% relative to the total powder content. The 
prepared ink was then transferred to a syringe and subjected to a 
defoaming step in the Thinky mixer for 4 min at 2200 rpm. The final 
composition of the ink, expressed in weight percentages, is reported in 
Table 3.

2.2. Rheological characterization of the inks

Rheological analyses were conducted on the formulated inks to 
identify the parameters relevant for assessing their suitability for DIW 
printing. Optimization of the co-extrusion process requires accurate 
control of the flow behavior of both inks to maintain the continuity of 
the inner core while providing an outer shell capable of preserving the 

shape and preventing structural collapse. Measurements were per
formed using a plate–plate rheometer (d = 40 mm, Netzsch, Kinexus, 
Selb, Germany), with distilled water used as the solvent trap. Amplitude 
sweep tests in stress-controlled mode were performed to evaluate the 
variation of the storage (G′) and loss (G″) moduli as a function of applied 
shear stress. The yield stress was determined as the stress corresponding 
to 95% of G′, while the crossover stress was identified at the intersection 
of G′ and G″. The applied shear stress ranges varied depending on the ink: 
from 0.1 Pa to 100 Pa for the 316L steel-based ink, and from 1 Pa to 
5000 Pa for the CaTiSiO5-based ink. The frequency was set at 0.5 Hz. 
Thixotropy measurements were then carried out to determine the re
covery time of the mixtures. The test consisted of three phases: (i) 30 s at 
0.1 Pa, (ii) 30 s at 100 Pa, and (iii) 600 s at 0.1 Pa. During the first phase, 
the mixture, subjected to a small stress (0.1 Pa), exhibited a solid-like 
viscosity; under higher stress (100 Pa), the ink flows like a liquid, 
showing low viscosity. When a lower stress (0.1 Pa) is applied again, the 
structure starts to rebuild; the time required to recover the initial vis
cosity was defined as the recovery time.

Additional information regarding the rheological characterization of 
the inks is provided in Section S1 of the Supplementary Information.

2.3. 3D-printing of core-shell structures

The co-extrusion of the inks was performed using a WASP 2040 Clay 
printer (WASP, Massa Lombarda-Ravenna, Italy) equipped with a 
custom-designed core–shell nozzle consisting of two concentric channels 
with a conical geometry. The inks were extruded through the nozzle 
under pressure, which varied depending on the mixture and the channel 
through which it flowed. The core ink was formulated to allow modu
lation of the extrusion as a function of the applied printing pressure, 
thereby enabling control over the size of the metallic core. In this case, a 
pressure of 0.5 MPa was used to maximize the volume occupied by the 
steel filament. For the shell ink, which must provide structural support 
and prevent collapse of the core during printing, extrusion was carried 
out by applying a minimum pressure of 0.45–0.5 MPa. The fabricated 
geometries included filaments and scaffolds composed of solid, shell, 
and core–shell struts. Sphene-based and composite filaments were pro
duced by extruding the inks through the nozzle and cutting them once 
the desired length was reached (~30 mm), then avoiding the flattening 
effect due to adhesion to the printing surface. 316L solid filaments were 
instead printed as a grid, since free extrusion from the nozzle was not 
feasible due to collapse under their own weight. This grid configuration 
also allowed to avoid bending during sintering. An overview of the 
produced structures, and their corresponding dimensions and printing 
parameters is reported in Fig. 1.

2.4. Thermal debinding and sintering

Preliminary studies on CaSiO3 and TiO2 reactivity toward sphene 
formation were performed on a.r. powders and reported on Section S2 of 
the Supplementary Information. Thermal treatment was selected based 
on the results of thermogravimetric and differential thermal analyses 
(TGA-DTA differential scanning calorimetry 3 star System, Mettler 
Toledo, Milano, Italy) conducted on small drops of dried inks (10 ◦C/ 
min under Argon up to 1400 ◦C). The heating profile consisted of a ramp 
at 1 ◦C⋅min− 1 from room temperature to 550 ◦C, followed by a 1 h dwell 
at 550 ◦C to ensure complete removal of the organic content. The tem
perature was then increased at a rate of 1 ◦C⋅min− 1 up to the maximum 
sintering temperature of 1240 ◦C, which was maintained for 1 h. The 
cooling phase was performed at a rate of 3 ◦C⋅min− 1 down to 250 ◦C and 
then continued naturally to room temperature. Oxygen content in the 
sintering atmosphere was not monitored. Although 1300 ◦C is consid
ered optimal for sphene synthesis [16] (more details available in section 
S2 of the Supplementary Information), co-sintering with steel requires a 
compromise, since higher temperatures may promote steel oxidation, 
whereas lower temperatures can result in incomplete sphene formation 

Table 2 
316L ink composition expressed in terms of weight percentages.

[wt 
%]

PVALMW[wt 
%]

PEG [wt 
%]

H2O [wt 
%]

PEI [wt 
%]

316L 
ink

90.7 1.6 1.4 5.4 0.9
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and the presence of secondary phases such as perovskite [32]. Applying 
the same conditions also allowed the investigation of the influence of 
different CaTiSiO₅ precursors on the final properties.

2.5. Microstructural and mechanical characterization

The fabricated samples were weighed and measured with a digital 
caliper both before and after the heat treatment, to assess mass loss and 
dimensional shrinkage. Once sintered, a porosity analysis of the samples 
was conducted. The samples were impregnated with distilled water for 
18 min [37], and the apparent porosity was measured using the Archi
medes' method. Closed porosity was then determined by comparing bulk 
density (mass over total volume of samples), apparent density, and 
theoretical density. The theoretical density of both 316L and CaTiSiO5 
solid samples was measured by a He-pycnometer (UltraPyc 3000, Anton 
Paar, Graz, Austria), and values were 7.94 g/cm³ and 3.49 g/cm³ , 
respectively. In the case of core–shell samples, the theoretical density 
was calculated according to the rule of mixtures, based on the relative 
amounts of steel and sphene measured from cross-section images 
captured using a stereo optical microscope (AxioCamERc 5 s Microscope 
Camera, Carl Zeiss Microscopy, US) and processed using ImageJ soft
ware. The total porosity was finally calculated as the sum of the 
apparent and the closed porosities.

To confirm the correct synthesis of sphene from the selected pre
cursors, X-ray Diffraction analyses (XRD) were conducted on the 
crushed powders of sintered sphene components (Bruker D8 Advance 
diffractometer, Bruker, Karlsruhe, Germany) with Cu-Kα radiation (λ =
1.541874 Å), over a 2θ range of 10◦–70◦, with a step size of 0.05◦. Phase 
identification was conducted using the Match! program package (Crystal 
Impact GbR, Bonn, Germany) and was supported by data from PDF− 2 
database (ICDD-International Centre for Diffraction Data, Newtown 
Square, PA, USA). The morphology of the samples was investigated, as 
well as the quality of the metal–ceramic interface; to this end, sintered 
filaments and scaffolds were embedded in resin, and their cross-sections 
were subsequently polished and analyzed by scanning electron micro
scopy (SEM) (Quanta FEI, Eindhoven, The Netherlands) coupled with 

energy-dispersive X-ray spectroscopy (EDS) (Thermo Scientific, 
UltraDry).

Further analyses were performed to assess the mechanical behavior 
of the sintered components. The sintered filaments were subjected to 
four-point bending tests performed at a crosshead speed of 0.5 mm/min 
(Quasar 25, 25000 N maximum load, Galdabini S.p.a., Cardano al 
Campo, Italy). The flexural strength was determined using the following 
equation: 

σnominal =
4FLD

π(D4 − D4
core)

(1) 

where F is the applied load, L is the length between the two lower 
contact points, D is the outer diameter of the filament and Dcore is the 
diameter of the inner metallic core. The compressive strength, calcu
lated as the ratio between the applied load and the cross-sectional area, 
was evaluated through compression tests performed on the scaffolds at a 
crosshead speed of 0.5 mm/min. At least 5 specimens were fabricated 
and tested for each test condition and sample type. To prevent slipping 
phenomena between the specimens and the compression plates, a thin 
layer of parafilm was placed on the top and bottom surfaces of the 
samples. From the recorded load-displacement curves, engineering 
stress-strain curves were derived, from which the compressive strength 
(for brittle samples) or the yield stress (for ductile samples), the elastic 
modulus (determined as the slope of the linear elastic region of the 
stress-strain curve [38]), and strain energy density (calculated as the 
area under the stress-strain curve [38]) were derived.

2.6. Evaluation of the in vitro bioactivity in SBF

The bioactivity of the samples was tested in vitro in SBF, an acellular 
solution mimicking human plasma. SBF was prepared following the 
protocol by Kokubo et al. [39]. The pH was adjusted to 7.4 using HCl or 
NaOH. Scaffolds (5 mm x 5 mm x 5 mm in the case of mono-material 
lattices, 8 mm x 8 mm x 10 mm in the case of composite lattices) were 
immersed in SBF at a weight-to-volume ratio of 10 mg/mL and incu
bated at 37 ◦C. The solution was periodically refreshed, as recommended 

Table 3 
CaTiSiO5 ink composition expressed in terms of weight percentages.

CaSiO3 [wt%] TiO2 [wt%] PVALMW [wt%] PVAHMW [wt%] PEG [wt%] H2O [wt%] PEI [wt%] Glycerol [wt%]

CaTiSiO5 ink 40.1 27.5 3.6 1.2 4.2 20.4 0.7 3.7

Fig. 1. Illustration of the fabricated geometries and printing parameters. The reference study previously conducted on 316L solid scaffolds is reported in [36].
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in the literature, to roughly simulate physiological fluid turnover, and its 
pH was measured at each change. Samples were collected after 1, 3, and 
7 days, rinsed with bidistilled water, and dried at room temperature. 
Sample morphology was examined using two SEMs (FEI Co., Eindhoven, 
The Netherlands): a Quanta 2000 environmental SEM (ESEM) and a 
Nova NanoSEM 450 field-emission gun SEM (FEG-SEM), the latter 
providing higher resolution for detailed surface observations. Surface 
composition was further analyzed by EDS (Inca, Oxford Instruments, 
Abingdon, UK). The possible formation of hydroxyapatite on the sample 
surfaces was analyzed by micro-Raman spectroscopy using a LabRAM 
system (Horiba Jobin-Yvon, Villeneuve d’Ascq, France). The measure
ments were carried out with a 532 nm diode laser, while the Raman 
signal was dispersed through an 1800 lines/mm grating monochromator 
and detected by a CCD sensor. Spectra were collected using a 50 × Ultra 
Long Working Distance (ULWD) objective, with an acquisition protocol 
consisting of five accumulations of 30 s each.

2.7. Measurement of ion release

Ionic release from the scaffolds was evaluated in vitro by dissolution 
in SBF. For each test, the samples were immersed in SBF at a solid-to- 
liquid ratio of 10 mg/mL and incubated at 37 ◦C under static condi
tions. After 1, 3, and 7 days of immersion, the suspensions were filtered 
through 0.45 µm-pore membranes to remove residual nanoparticles. The 
filtrates were analyzed using triple-quadrupole inductively coupled 
plasma mass spectrometry (iCAP TQ ICP-MS; Thermo Fisher Scientific, 
Bremen, Germany). Scandium was used as an internal standard to 
minimize non-spectral interferences and ensure accurate quantification. 
Calibration curves were prepared using certified ionic standards, and 
diluted solutions were analyzed in triplicate. Ion concentrations are 
reported as mean ± standard deviation values.

2.8. Cytotoxicity tests

For the preparation of eluates, the produced scaffolds were incubated 
in Dulbecco Modified Eagle Medium (DMEM) (Thermo Fisher Scientific, 
MA, USA) at 37 ◦C for 16 h, according to the ISO 10993–12 guidelines 
[40]. Eluates were sterilized using 0.22 µm filters. The Balb/3T3 em
bryonic mouse fibroblast cell line (American Type Culture Collection, 
ATCC) was used as a standard model for cytotoxicity testing. Cells were 
seeded at a density of 104 cells/well in 96-well plates (Falcon, NY, USA) 
and cultured in DMEM supplemented with 10% fetal bovine serum, 1% 
penicillin-streptomycin and 1% non-essential amino acids (Thermo 
Fisher Scientific). After 24 h, the culture medium was replaced with 
eluates at different concentrations (i.e., 100%, 50%, 25% and 12.5%). 
Cells cultured in culture medium with or without 0.1% sodium dodecyl 
sulphate (SDS, Merck-Life Science) served as the positive and negative 
controls, respectively. After 24 h, cytotoxicity was assessed with the 
MTT assay as recommended in [41], as already described [42]. Two 

independent experiments were performed, each with six technical rep
licates, and the values are reported as mean ± standard deviation.

3. Results and discussion

3.1. Rheological characterization and 3D-printing phase

The results of the rheological analyses conducted on 316 L and 
CaTiSiO5 inks are reported in Fig. 2 and Table 4.

The rheological properties of the two formulated inks were tuned to 
meet the printability requirements of core-shell structures. The 316L- 
based ink exhibits its LVR region up to 2 Pa, after which the yielding 
of the structure starts. This very low yield stress allows good control over 
the extrusion of the steel core, thereby maximizing its content in the 
composite printed structures by applying a high printing pressure 
(0.5 MPa). On the other hand, the CaTiSiO5-based ink shows higher 
rheological characteristics, exhibiting an LVR region up to around 
1000 Pa. This behaviour can be attributed to the use of glycerol in the 
formulation, whose action as a plasticizer is well known and provides 
the ink with a high degree of plasticity, while also enhancing the surface 
quality of the extruded struts, making them smoother [43,44]. Thanks to 
its high yield stress, this ink is ideal for extrusion through the shell 
channel, as it ensures good shape fidelity and structural support, pre
venting collapse even in multi-layer structures. The inks’ recovery times 
also confirm their suitability for the extrusion channel. The 316L-based 
ink exhibits a recovery time exceeding 160 s, indicating that the 
reconstruction of its internal structure after extrusion is slow. However, 
this phenomenon does not represent an issue thanks to the faster re
covery of the shell ink, which shows a recovery time of approximately 
100 s and, therefore, allows the metallic core to be contained while 
maintaining the target shape.

Additional information regarding the rheological characterization of 
the inks (flow curves) and the control of the co-extrusion process 
(including the dimensional control of the extruded composite struts and 
the area occupied by the metallic core) is provided in Section S1 of the 
Supplementary Information. Video S1 shows how the printing process 
takes place.

Supplementary material related to this article can be found online at 
doi:10.1016/j.jeurceramsoc.2026.118595.

Fig. 2. Results of rheological analyses performed on 316L and CaTiSiO5 inks.

Table 4 
Rheological properties of optimized inks.

Ink η0 [Pa s] σY [Pa] σF [Pa] tREC [s]

316L 3.1 × 104 2.9 4.9 164
CaTiSiO5 1.9 × 105 600 1294 101
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3.2. Thermal debinding and sintering

The results of TGA-DTA analyses are reported in Fig. 3.
The mass loss of the 316L ink is 4% (Fig. 3a), corresponding to the 

polymer content of the ink. However, after 600 ◦C an abnormal weight 
increase is observed, due to oxygen infiltration into the instrument and 
the resulting oxidation of the metal. For the CaTiSiO5 precursors ink, the 
mass loss is 16% (Fig. 3a) higher than the organic content of the mixture 
(around 13.4%). As reported in Fig. 4, the CaSiO3 powders used in this 
work also contain secondary phases, such as CaCO3 (that decomposes to 
CaO and CO2 at T > 600◦C) and SiO2 that reacts with CaO to give CaSiO3 
at 800◦C− 900◦C. The higher weight loss can then be attributed to the 
CO2 release (~2 wt%) as well as to residual non-evaporated water for 
T < 100◦C.

From the derivative curves reported in Fig. 3b, two peaks can be 
identified for the 316L ink, one at 270 ◦C and one at 400 ◦C, which are 
related to the decomposition of PEG and PVA contained in the binder, as 
previously reported in [36]. For the CaTiSiO5 ink, three main peaks can 
be identified. The first one, at 200 ◦C, is associated with the decompo
sition of glycerol [45], while the second at 290 ◦C and the third at 380 ◦C 
can be attributed to the decomposition of the binder (PEG and PVA). A 
small peak between 600 ◦C and 700◦C and the broader peak extending 
between 700◦C and 1000◦C can be attributed to CaCO3 decomposition, 
being the tested sample a bulk drop of ink. As expected, no weight loss is 
associated with the reaction between wollastonite and titania to produce 
sphene.

The mass loss, geometric shrinkage, and total porosity of the sintered 
filaments and scaffolds are reported in Table 5 and Table 6.

The mass loss of the 316L ink is 4%, consistent with the results of 
TGA. The CaTiSiO5 components (both solid and shell filaments and 
scaffolds) exhibit a higher mass loss, ranging from 18% to 19%, 
compared to 16% from TGA, likely due to residual solvent trapped in 
dried components before sintering. For the composite filaments and 
scaffolds, the measured mass loss is intermediate between that of mono- 
material steel and sphene components. The steel and sphene contents, 
described by the parameter Vr (defined as the core-volume-to-total 
volume ratio), are estimated by analyzing cross-section images using 
the software ImageJ. Based on the estimated volume fractions of steel 
and sphene (Vr = 24% for filaments and Vr = 16% for scaffolds), the 
expected mass losses are 14.6% for filaments and 15.7% for scaffolds. 
The mismatch between these values and the experimental results is 
likely due to imprecisions in the Vr estimation method, which assumes 
cylindrical struts and constant core-to-shell volume ratios.

Solid 316L filaments exhibit an isotropic shrinkage in both longitu
dinal and radial directions, since they were printed and sintered as a 
grid. This shape affected their contraction, comparable to that observed 

in [36], where specimens made of connected struts exhibited isotropic 
shrinkages. In contrast, both solid and shell CaTiSiO₅-based filaments, as 
well as the 316L-CaTiSiO₅ composite filaments, display a more pro
nounced shrinkage along the radial direction with respect to the longi
tudinal one, since they are not constrained by the grid and can freely 
shrink. Scaffold shrinkage in the x-y plane is isotropic, while along the z 
direction a higher contraction is detected due to the weight. 316L solid 
filaments exhibit lower porosity compared to CaTiSiO₅ solid and shell 
filaments, whilst composite filaments are characterized by an interme
diate porosity value. Similarly, solid and shell CaTiSiO₅ scaffolds possess 
higher porosity than composite lattices. This trend is consistent with the 
316L-CaTiSiO₅ architecture: the coexistence of a dense metallic core 
(~24 vol%) and a porous ceramic shell (~76 vol%) results in a total 
porosity that lies between that of the single materials.

3.3. Microstructural and morphological characterization

The results of XRD analyses performed on the sphene precursors and 
on the crushed sintered powders are reported in Fig. 4. The as-received 
wollastonite has minor amounts of CaCO3 and SiO2 likely due to the 
natural carbonatation reaction of the silicate. The TiO2 nanopowders 
confirm anatase as the only phase. After sintering, the main peaks of the 
as-received wollastonite disappear, while significant variations in rela
tive peak intensities are observed, indicating the occurrence of the ex
pected phase transformation during thermal treatment. Wollastonite 
(CaSiO₃) is a single-chain silicate composed of SiO₄ tetrahedra, in which 
calcium occupies interstitial octahedral sites and is coordinated by six 
oxygen atoms [46]. The reaction between wollastonite and titania pro
ceeds in the solid state starting at approximately 1100 ◦C [47]. In fact, 
the spectrum, corresponding to the sintered powders at 1240 ◦C in 
Fig. 4, clearly shows sphene (CaTiSiO5) as the main phase. Perovskite 
CaTiO3 is also detected as a secondary phase, consistent with what has 
been reported in [16], together with pseudowollastonite Ca₃(Si₃O₉). 
Above 1125 ◦C, wollastonite undergoes a phase transition to pseudo
wollastonite, which exhibits a layered structure composed of alternating 
sheets of Si₃O₉ tri-tetrahedral rings and layers of distorted Ca-octahedra 
[48]. This suggests that, as the phase transition progressed, part of the 
wollastonite bypassed reaction with titania and subsequently stabilized 
as pseudowollastonite. The detection of rutile TiO2 is also consistent 
with the presence of unreacted titania remaining in the system.

Fig. 5 shows the polished cross-sections of sintered filaments and 
scaffolds. The polished cross-section of the steel filament (Fig. 5a) shows 
a very compact matrix with the presence of residual porosity, likely 
related to the degradation of the organic content. The cross-sections of 
the solid and shell CaTiSiO5 filaments (Figs. 5b and 5c respectively) 
exhibit a highly porous morphology, where two distinct pore 

Fig. 3. Results of TGA-DTA analyses conducted on the dried inks.
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populations are identified through image analysis. The first consists of 

small, nearly circular pores with diameters generally below 10 µm, ho
mogeneously distributed across the sample surface. The second popu
lation is characterized by larger pores with a more irregular 
morphology, exhibiting average dimensions of approximately 80 µm 
and occasionally reaching up to 150 µm. Unlike the smaller pores, these 
larger voids are distributed more randomly, resulting in localized re
gions enriched in large pores alternating with areas mainly character
ized by smaller pores. This double pore size distribution may be 
attributed to binder decomposition and a partial inhomogeneity of the 
ink, even if further studies are necessary to better understand the solid 
load and binder distribution inside the ink.

The cross-section of the composite filament (Fig. 5d) highlights the 
irregular edges of the metal core, probably due to the interaction with 
the highly porous shell which induces localized concavities within the 
metallic matrix. Furthermore, the metallic core is slightly off-center with 
respect to the outer shell due to imperfect alignment of the nozzle 
channels, resulting in core misalignment. Figs. 5e and 5f, where solid 
and shell CaTiSiO5 scaffolds are reported, confirm the suitability of 
ceramic ink’s rheological properties, which allow the fabrication of 
multi-layer structures capable of shape retention, both in the case of 
solid struts and hollow struts. Fig. 5g shows the polished section of a 
316L-CaTiSiO5 scaffold, where a continuous inner metallic core can be 
observed, even if some residual porosity related to a not-optimized 
defoaming process can be detected.

EDS map analyses reveal slight differences in the steel depending on 

Fig. 4. XRD spectra of the starting precursors powders for sphene synthesis, and of the final crushed powders of sintered sphene components.

Table 5 
Mass loss, geometric shrinkage and total porosity of sintered filaments.

Filament Δm [%] ΔL [%] ΔD [%] ΔV [%] Ptot [%]

Solid 316L 4.0 ± 0.6 13.7 
± 0.9

14.2 
± 1.3

36.1 
± 1.9

12.1 
± 1.5

Solid 
CaTiSiO5

18.5 
± 0.5

8.8 ± 0.8 20.9 
± 1.1

43.0 
± 1.8

40.1 
± 1.7

Shell 
CaTiSiO5

18.3 
± 0.8

8.7 ± 1.5 20.0 
± 2.2

40.4 
± 5.7

51.5 
± 1.7

316L- 
CaTiSiO5

11.9 
± 0.4

4.9 ± 0.9 19.8 
± 2.0

38.8 
± 3.0

37.4 
± 2.0

Table 6 
Mass loss, geometric shrinkage and total porosity of sintered scaffolds.

Scaffold Δm 
[%]

ΔL1 

[%]
ΔL2 

[%]
ΔL3 

[%]
ΔV 
[%]

Ptot 

[%]

Solid 
CaTiSiO5

18.8 
± 0.3

9.5 
± 1.8

9.4 
± 1.1

15.5 
± 1.0

30.7 
± 2.0

76.4 
± 2.6

Shell 
CaTiSiO5

19.3 
± 0.1

6.5 
± 1.9

5.5 
± 2.1

14.5 
± 2.5

16.9 
± 0.8

81.0 
± 2.2

316L- 
CaTiSiO5

12.7 
± 0.6

5.0 
± 1.2

4.6 
± 0.9

13.6 
± 2.2

21.8 
± 2.4

73.2 
± 1.1
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whether it is sintered as a solid filament or together with the ceramic 
shell. In the former case (Figs. 6a and 6b), the matrix appears more 
compact, with some residual porosity and some areas exhibiting higher 
concentration of manganese and oxygen. When the steel is sintered 
together with the ceramic shell (Figs. 6c and 6d), both the closed 
porosity and the regions enriched in Mn and O are increased.

EDS analysis conducted on the cross-section of a solid CaTiSiO5 
filament highlights inhomogeneity related to the distribution of TiO₂, 
which tends to form distinct clusters clearly visible in the elemental map 
reported in Fig. 7. This tendency to aggregate can be attributed to van 
der Waals forces and capillary pressure acting during the dispersion of 
the powders in the aqueous-based polymeric binder. These forces are 
among the primary causes of heterogeneity, particularly when nano- 
sized powders are employed [49,50]. TiO₂-rich clusters, together with 
the high porosity of the structures, which may facilitate crack propa
gation, could act as local stress concentration sites and potentially 

influence the mechanical response of the material, particularly in re
gions where TiO₂ has not been fully incorporated into the sphene phase.

The synthesis reaction of sphene did not compromise the structure of 
the metallic matrix, unlike in a previous study using SiO₂, CaCO₃, and 
TiO₂ precursors [32], where CO₂ release during synthesis caused Cr and 
Mn migration to grain boundaries and the formation of non-passivating 
oxides, leading to steel embrittlement (Fig. 8a, red arrows). In the pre
sent work (Fig. 8b), the use of CaSiO₃ and TiO₂ precursors enabled 
sphene formation without CO₂ release, as wollastonite (CaSiO₃) replaced 
SiO2 and CaCO₃, whose decomposition would otherwise generate CO₂. 
The EDS maps in Fig. 8a confirm the presence of Cr, Mn, and O at grain 
boundaries, highlighting the detrimental effect of CO₂ on sintering 
quality and the resulting brittleness of the composite struts. Conversely, 
in the present case, the sintering process yielded a compact steel matrix, 
where Cr and Mn, as well as all the other elements, are homogeneously 
distributed.

Fig. 5. SEM images of polished cross-sections of sintered samples: a–d) filaments (100 ×): solid 316L, solid CaTiSiO5, shell CaTiSiO5, and 316L–CaTiSiO5 respec
tively; e–g) scaffolds (25 ×): solid CaTiSiO5, shell CaTiSiO5, and 316L–CaTiSiO5 respectively.

Fig. 6. SEM and EDS map analyses of: a) sintered solid 316L filament (2000x), b) sintered 316L filament with an outer CaTiSiO5 shell (2000x).
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In Fig. 8a [32] perfect adhesion at the steel-ceramic interface was 
reached, whereas in Fig. 8b (present study), the bonding between 316L 
and CaTiSiO5 is partial and characterized by a thin interfacial gap of 
irregular thickness measuring less than 10 µm. However, the rough 
morphology of the ceramic shell provides effective contact points with 
the metal core, thereby facilitating physical bonding between the pha
ses. The lack of a more compact interface can be attributed to a lower 
shrinkage of the ceramic shell when CaSiO₃ and TiO₂ are used as pre
cursors. The effect of the precursors on the volumetric shrinkage of the 
shell ink and on its compatibility with the steel ink was investigated 
through a systematic study of the inks' volumetric contraction. Ac
cording to the literature [51], achieving good interfacial adhesion in 
sintered core–shell structures requires the presence of a compressive 
stress acting from the shell toward the core. To assess shrinkage 
compatibility between the inks, cubic specimens were fabricated by 
casting the inks into cubic molds, and their volumetric shrinkage after 
sintering was evaluated. The obtained results are reported below and 
compared with previously published data. In the previous study, the 
volumetric shrinkage of 316L (ΔV = 30.6 ± 1.1%) was slightly lower 
than that of CaTiSiO₅ (ΔV = 33.7 ± 1.8%), resulting in a compressive 
stress exerted by the shell on the core and leading to the formation of a 
well-adhered interface. In the present study, however, the shell ink ex
hibits a significantly lower volumetric shrinkage (ΔV = 26.2 ± 1.9%) 
than the 316L core ink (ΔV = 33.8 ± 0.7%). This reversed shrinkage 
relationship is likely responsible for the weaker adhesion observed at the 
metal–ceramic interface.

3.4. Mechanical characterization

The results of four-point bending tests conducted on filaments are 
reported in Fig. 9 and in Table 7.

The solid and shell CaTiSiO5 filaments show a brittle behavior, with 
Young’s modulus and maximum strength being slightly lower in the case 
of shell struts, because of the increased porosity related to the presence 
of the empty inner channel. The 316L solid filament shows its typical 
ductility, while the bending Young’s modulus (~77 GPa) is lower than 
literature values (~130–140 GPa [52]), likely due to the presence of 
residual porosity; the maximum strength (797 MPa) is in accordance 
with literature data [52–54].

The composite 316L-CaTiSiO5 filaments exhibit an intermediate 
behaviour between that of a ceramic and a metal. Their maximum 
flexural strength is about twice that of ceramic filaments, while the 
Young’s modulus is comparable to that of shell struts (~30 GPa). The 
contribution of the metallic core becomes more evident when consid
ering the deformability of the composite filaments: their strain energy 
density is two orders of magnitude higher than that of the ceramic struts. 
In the insets included in Fig. 9a, the brittle fracture mode of the pure 
ceramic phase can be observed, whereas the insets in Fig. 9b show how 
the 316L solid filament preserves its ductility, as does the 316L-CaTiSiO5 
composite, which, however, exhibits brittle fracture of the shell (the 
fracture modes are documented in video S2). These results provide a first 
indication that embrittlement of the 316L core can be prevented under 
the adopted processing conditions. Using CaCO3 as CaO source for 
CaTiSiO5, as reported in [32], the 316L-CaTiSiO5 core-shell filament 

Fig. 7. SEM and EDS map analysis of the polished cross-section of a sintered CaTiSiO5 solid filament (200x).

Fig. 8. SEM and EDS map analyses of 316L-CaTiSiO5 metal-ceramic interface after sintering in the case of: a) previous work conducted using SiO2, CaCO3 and TiO2 as 
precursors for sphene synthesis (5000x) – Reproduced from a previous publication by the authors [32], with permission. b) Actual work using CaSiO3 and TiO2 as 
precursors for sphene synthesis (1000x).
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exhibited a brittle behaviour, with an average bending strength of 
65.7 MPa with a broad deviation from the average.

Supplementary material related to this article can be found online at 
doi:10.1016/j.jeurceramsoc.2026.118595.

The curves and the results obtained from the compression tests 
performed on solid, shell CaTiSiO5 and composite scaffolds are reported 
in Fig. 10a and Table 8.

The results obtained for mono-material ceramic lattices are compa
rable; the influence of the empty struts is negligible, as illustrated in 
Fig. 10a, where the dark blue and light blue curves are almost over
lapping. The composite scaffolds exhibited higher Young’s modulus and 
compressive strength, confirming the positive contribution of the inner 
metallic core, whose presence allows loads exceeding more than twice 
those achievable with scaffolds made of ceramic. Moreover, their 
compressive strength matches the values of cancellous bone (2–12 MPa) 
[1]. The strain energy density, which is similar for solid and shell CaT
iSiO5 scaffolds, is four times higher in the composite lattices, showing 
good agreement with the typical values of cancellous bone, usually 
ranging from 1 MJ/m3 up to 7 MJ/m3 [24]. Compared to our previous 
study [32] the strain energy density is 34.7% higher, thus confirming 
that the work performed by the core-shell composite during 

Fig. 9. Stress-strain curves of four-point bending tests performed on sintered filaments; a) CaTiSiO5 full and shell filaments; b) 316L full and 316L-CaTiSO5 core- 
shell filaments.

Table 7 
Maximum nominal strength σmax (corresponding to the maximum stress reached 
for metallic filaments, and to the failure stress for ceramic and composite fila
ments), bending modulus E (equal to the slope of the first linear part of the stress- 
strain curve) and strain energy density (area enclosed by the stress-strain curve) 
of sintered filaments.

Filament σmax [MPa] E [GPa] Strain Energy Density [MJ/m3]

Solid 316L 797 ± 68 77 ± 14 18.000 ± 3.810
Solid CaTiSiO5 36 ± 7 47 ± 6 0.014 ± 0.005
Shell CaTiSiO5 32 ± 5 33 ± 7 0.014 ± 0.003
316L-CaTiSiO5 76 ± 20 30 ± 5 2.260 ± 0.470

Fig. 10. a) average stress-strain compression curves of sintered scaffolds fabricated in this work and in the previous study [32]; b) comparison of scaffolds 
compressive strength produced using: hydroxyapatite [6,7], HA-β-TCP [13], CaSiO3 [14], CaTiSiO5 [15,16], Bioglass® 45S5 [17], 316L-CaTiSiO5 [32], CaTiSiO5 and 
316L-CaTiSiO5 of the current study; c) fracture events captured during the tests and corresponding points on stress-strain curves; d) average force-displacement 
compression curves of 316L-CaTiSiO5 scaffolds fabricated in the present study and in the previous study [32], and e) corresponding specific adsorbed energy and 
strain energy density.
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compression occurs predominantly in the plastic region. The analysis of 
the failure mode of the shell CaTiSiO5 and core-shell 316L-CaTiSiO5 
scaffolds (Fig. 10c) shows that in the case of shell CaTiSiO5 scaffolds, 
vertical cracks occur within the struts, whereas for 316L-CaTiSiO5 
scaffolds, progressive densification is observed, with oblique cracks 
occurring in the shell (Video S3).

Supplementary material related to this article can be found online at 
doi:10.1016/j.jeurceramsoc.2026.118595.

Fig. 10b presents a comparison between the compressive strength 
values reported in the literature and those obtained in the present study. 
Solid CaTiSiO₅ scaffolds exhibit slightly lower, yet comparable, 
compressive strength and higher porosity compared to other bioceramic 
and bioactive glass scaffolds. In contrast, 316L–CaTiSiO₅ scaffolds, when 

compared with bioceramic scaffolds of similar porosity, display signifi
cantly higher compressive strength, which can be attributed to the 
presence of the metallic core. Compared to our previous study [32], the 
samples investigated here exhibit a higher porosity (73% vs. 67%), 
resulting in a lower compressive strength and a lower variance, thereby 
confirming the improved consistency and quality of the proposed syn
thesis process.

The composite scaffolds produced in the present study exhibit higher 
specific absorbed energy [55] and strain energy density values 
compared to those fabricated previously, where the contribution of the 
metallic core was impaired by oxidation (Fig. 10d and 10e).

The role of residual stresses generated during the synthesis and sin
tering process upon cooling is a key aspect in composite materials, 
especially in the presence of a mismatch in the coefficient of thermal 
expansion between the two materials used as the matrix and reinforce
ment (shell and core in this study, respectively). In addition, when 
extrusion-based AM technologies are used, linear and volumetric 
shrinkage are key issues, as shown in [28] where linear shrinkage was 
affected by the 3D printing strategy. Studies are ongoing to better clarify 
this issue.

3.5. Assessment of in vitro bioactivity and cytotoxicity test

The bioactivity of the produced scaffolds was tested in vitro by 
immersing them in SBF for periods ranging from 1 to 7 days. In parallel, 
the pH of the solution was monitored as an indicator of the intensity of 
ionic-exchange processes between the samples and the medium, and the 
release of selected ions was quantified by ICP-MS TQ. The SBF solution 
was prepared according to the original Kokubo protocol, later 

Table 8 
Maximum nominal strength σmax (corresponding to the maximum stress reached 
before the change in the slope of the curve), compression modulus E, strain 
energy density, and specific absorbed energy of sintered scaffolds.

Scaffold σmax 

[MPa]
E 
[MPa]

Strain Energy 
Density [MJ/ 
m3]

Specific Absorbed 
Energy [J/g]

Solid 
CaTiSiO5

2.8 
± 0.7

13.1 
± 2.8

1.29 ± 0.36 1.00 ± 0.18

Shell 
CaTiSiO5

2.3 
± 0.7

16.6 
± 3.8

0.89 ± 0.27 1.01 ± 0.23

316L- 
CaTiSiO5

7.3 
± 0.8

60.8 
± 13.3

5.53 ± 0.61 2.92 ± 0.49

316L- 
CaTiSiO5 

[31]

12.7 
± 4.9

69.8 
± 20

3.61 ± 1.44 1.70 ± 0.79

Fig. 11. SEM images of the surface of samples CaTiSiO5 (a, b) and 316L-CaTiSiO5 (d–f) before immersion in SBF. Images (a) and (c) were acquired at a magnification 
of 400 × , whereas images (b) and (d) were acquired at 1600 × .
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formalized in the ISO 23317:2025 standard for the initial screening of 
apatite-forming ability of bone-contacting implant materials [56]. 
Although the ISO standard provides a more formalized procedure, the 
Kokubo method is still widely adopted for preliminary bioactivity 
screening, and the experimental conditions used in this study are 
consistent with those prescribed by the standard.

For comparison purposes, SEM micrographs of the as-prepared 
samples prior to SBF immersion are reported in Fig. 11, in order to 
highlight the surface morphology of the control specimens before the 
bioactivity tests. SEM observations of the CaTiSiO5 scaffolds (Fig. 11a, 
b) revealed a highly porous and heterogeneous surface morphology, 
characterized by the presence of interconnected macro- and micropores 
distributed throughout the structure. Such porosity is considered 
particularly favorable for biomedical applications, as it may promote 
fluid penetration, ion exchange, and subsequent cell colonization. A 
comparable morphology was also observed in the 316L-CaTiSiO5 sam
ples (Fig. 11c, d), indicating that the presence of the metallic core did 
not significantly alter the surface architecture of the ceramic compo
nent. At higher magnification, both systems exhibited a rough and 
irregular surface texture, which is expected to increase the specific 
surface area available for interaction with the physiological environ
ment. Overall, the developed scaffolds displayed morphological features 
potentially suitable for bone tissue engineering applications, combining 
an interconnected porous structure with a surface topography favorable 
for biological interactions and ion-mediated bioactive processes.

Fig. 12 shows SEM images of the sample surfaces after 7 days of 
immersion in SBF. A clear difference in reactivity is observed between 
CaTiSiO5 and 316L-CaTiSiO5 scaffolds. While the former appears almost 
completely covered by globular precipitates with the typical 
cauliflower-like morphology of in vitro-formed HA, the 316L-CaTiSiO5 
scaffolds exhibit only sparse and fine precipitates, locally detectable and 
mainly visible at higher magnification. In the CaTiSiO5 samples, the 
deposited layer appears relatively homogeneous over large surface 
areas, suggesting a more intense ionic exchange with the surrounding 
medium and a higher nucleation rate of calcium-phosphate phases. The 
EDS analysis reported in Fig. 12d confirms the calcium–phosphate na
ture of the precipitates, whose composition suggests a possible evolution 

toward HA. The EDS spectrum reported in Fig. 12d yielded a Ca/P 
atomic ratio of approximately 1.61, close to the stoichiometric value of 
HA (1.67). Nevertheless, this value should be considered only as a semi- 
quantitative indication, since the technique is inherently local and 
subject to variability related to the heterogeneous and globular 
morphology of the precipitated layer, as well as to possible contributions 
from the underlying substrate. Therefore, although the measured Ca/P 
ratio is compatible with the formation of HA-like calcium–phosphate 
phases, a precise stoichiometric assignment cannot be inferred from EDS 
analysis alone.

In contrast, the lower amount of precipitates observed on the 316L- 
CaTiSiO5 scaffolds indicates a reduced surface reactivity under the 
adopted test conditions. The precipitation process appears more limited 
and less homogeneous than in the mono-material CaTiSiO5 scaffolds, 
suggesting a delayed formation of calcium–phosphate phases on the 
composite structures. This different behavior is further supported by the 
EDS analyses performed on the surface of the 316L-CaTiSiO5 samples, 
which in several regions – as shown in the example reported in Fig. 12h – 
revealed only elements attributable to sphene, with no detectable cal
cium–phosphate phases. These findings suggest that, after 7 days of 
immersion, the precipitation process on the 316L-based scaffolds re
mains at an early stage and is not yet sufficiently developed to form a 
continuous mineralized layer.

SEM observations performed after shorter immersion times 
confirmed the slower evolution of the mineralization process. After 3 
days of immersion, only limited calcium-phosphate precipitation was 
detected on CaTiSiO5 scaffolds, while almost no surface deposits were 
observed on 316L-CaTiSiO5 samples. The corresponding SEM and EDS 
analyses are provided in the Supplementary Material (Figures S5 and 
S6). At 1 day of immersion, no appreciable signs of surface mineraliza
tion were detected for either sample type.

Raman micro-spectroscopy provided evidence that, in selected re
gions of the CaTiSiO5 samples, the calcium–phosphate precipitates 
locally evolved towards carbonated apatite after 7 days of immersion. In 
particular, Raman spectra acquired locally from globular precipitates on 
the sample surface displayed the characteristic features of carbonated 
apatite, as shown in Fig. 13. In fact, the spectrum exhibits the 

Fig. 12. SEM images of the surface of samples CaTiSiO5 (a-c) and 316L-CaTiSiO5 (e–g) after immersion in SBF for 7 days. The EDS spectra acquired from the areas 
indicated in (c) and (f) are shown in (d) and (h), respectively. Images (a) and (e) were acquired at 200 × , image (b) at 800 × , images (c) and (f) at 1600 × , and 
image (g) at 8000 × .
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characteristic phosphate bands at approximately 430–450 cm⁻¹ , 
580–610 cm⁻¹ , and the intense PO₄³ ⁻ band around 960 cm⁻¹ , together 
with the carbonate-related band near 1070 cm⁻¹ , typically associated 
with carbonated apatite [57–59]. This suggests that the surface of the 
CaTiSiO5 scaffolds is not uniformly covered by apatite after 7 days, but 
rather by calcium–phosphate deposits that, in specific localized areas, 
may undergo further maturation towards a carbonated apatite-like 
phase.

The pH trend of the SBF (Fig. 14) also confirms the higher reactivity/ 
bioactivity of CaTiSiO5 scaffolds compared with the 316L-counterparts. 
As predicted by the widely accepted model described in the literature to 
explain the bioactivity of bioactive glasses and bioceramics [60], 
ionic-exchange processes involved in the surface dissolution of the ma
terials in a physiological environment are expected to initially increase 
the pH of the solution. This phenomenon may raise biological concerns, 
since abrupt pH variations or excessively basic conditions can damage 
cells. Indeed, pH values exceeding 8.5 have been reported for certain 
materials, requiring in vitro preconditioning for several days before 
being brought into contact with cells [61]. From this standpoint, the 
scaffolds investigated in this study appear particularly promising, as the 
pH fluctuations never deviate significantly from the physiological range, 
even for the more reactive CaTiSiO5 scaffolds.

Regarding ion release, we performed analyses for 8 ions (i.e., Si, Ca, 
P, Ti, Fe, Cr, Ni, and Mn). In line with the previous observations, the data 
show a higher release of silicon and calcium from the more reactive 
sphene scaffolds (Fig. 15a, b), whose surface tends to degrade more 
rapidly in SBF. For both CaTiSiO₅ and 316L-CaTiSiO₅ samples, the 
release of calcium and silicon reaches a maximum at 3 days and then 
decreases, consistent with the hypothesis of precipitation and/or rep
recipitation from the solution in the form of calcium phosphates. 
Phosphorus was analyzed although it is not present in the scaffolds, but 

only in the SBF. As reported in the literature [62,63], a decrease in P 
concentration may indicate its interaction with calcium ions, leading to 
the formation of mineral deposits. In this study, a decrease of P was 
revealed, supporting the occurrence of calcium-phosphate complexes. 
Interestingly, the reduction in P was more marked for the CaTiSiO₅ 
compared to the 316L-CaTiSiO₅ sample. This difference may explain the 
SEM and EDS results, which showed a higher amount of mineral pre
cipitates in the CaTiSiO₅ sample (Fig. 12). As for the release of the other 
investigated metal ions, ICP-MS analyses demonstrated low levels (e.g., 
values below 1 ppm for Fe, and in the ppb range for Cr, Mn, Ti, and Ni – 
see Fig. 13), remaining within ranges typically reported as non-cytotoxic 
in the literature. Indeed, cytotoxic effects of metallic ions such as Fe, Cr, 
and Mn are generally observed at significantly higher concentrations 
(typically in the µg/mL range or above), whereas trace concentrations in 
the ppb range are widely considered biocompatible and do not impair 
cell viability. For example, as verified by Hallab et al., 0.1 mM (≈10 
ppm) was the highest non-toxic concentration for Cr, Ni, Co and 
0.001 mM for Ti in lymphocyte assays, so the ppb level releases 
observed in this study are far below this limit. Hallab et al. also found 
serum Cr and Co concentrations of 0.3–0.7 µg mL⁻¹ in hip arthroplasty 
patients were not associated with adverse cellular responses, further 
highlighting that the ppb levels we observe are non-toxic [64]. Geetha 
et al. described titanium alloys as highly biocompatible materials with 
lower cytotoxic potential than stainless steel and Co–Cr alloys. In light of 
the concentration-dependent and homeostasis-driven nature of metal 
ion toxicity, trace Ti release in the ppb range is unlikely to result in 
biologically relevant adverse effects [65]. Moreover, in their review, Lai 
et al. emphasized that the toxic effects of metal ions arise mainly from 
abnormal accumulation and loss of cellular homeostasis. Accordingly, 
the trace concentrations measured in the present study are unlikely to be 
biologically relevant in terms of toxicity [66].

On the other hand, since even minor changes in pH or ion concen
tration in the culture medium are well known to potentially induce 
cytotoxic effects, an MTT assay was performed using Balb/3T3 murine 
fibroblasts, in accordance with ISO 10993–5 and ISO 10993–12 guide
lines [40,41].

The MTT assay is based on the ability of viable cells to reduce the 
yellow tetrazolium salt (MTT) to insoluble purple formazan crystals 
through mitochondrial enzymatic activity. The amount of formazan 
produced is directly proportional to the number of metabolically active 
cells and can therefore be quantified spectrophotometrically to assess 
cell viability after exposure to the sample extracts.

The results of the test are reported in Fig. 16. The MTT assay 
demonstrated the absence of cytotoxicity in Balb/3T3 cells cultured in 
the presence of different concentrations (i.e., 100%, 50%, 25%, and 
12.5%) of eluates from both CaTiSiO₅ and 316L–CaTiSiO₅ scaffolds. As 
expected, the SDS-treated cells (positive control) displayed marked 
cytotoxicity.

Fig. 13. Typical Raman spectrum acquired from globular precipitates formed 
on the surface of CaTiSiO₅ scaffolds after 7 days in SBF.

Fig. 14. pH variation induced by the produced scaffolds in SBF.

V. Gastaldi et al.                                                                                                                                                                                                                                Journal of the European Ceramic Society 46 (2026) 118595 

13 



4. Conclusions

In this study, the fabrication of 316L-sphene (CaTiSiO5) core-shell 
structures is reported. Inks were properly formulated to ensure contin
uous flows during co-extrusion. Mono-material and composite filaments 
and scaffolds were successfully sintered, showing good structural 
integrity and no cracks. Sphene was synthesized during sintering start
ing from CaSiO3 and TiO2 as precursors, using an almost CO2-free pro
cess, thanks to which the steel microstructure was preserved from 
oxidation and showed its typical ductility. Sintered filaments and scaf
folds were mechanically characterized: composite structures showed 
improved flexural and compressive performance compared to ceramic 
components, due to the positive contribution of the inner ductile core. In 

vitro tests confirmed the formation of calcium-phosphate phases, which 
may subsequently evolve into hydroxyapatite over time, in both CaTi
SiO₅ and 316L–CaTiSiO₅ samples; however, a milder calcium phosphate 
formation was observed in the composite components. The absence of 
cytotoxicity was confirmed for all the tested samples. Overall, the 
composite samples exhibited superior mechanical properties compared 
to ceramic structures and comparable to cancellous bone, along with 
confirmed bioactivity and absence of cytotoxicity, demonstrating the 
potential of these structures to be applied as bone substitutes.
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