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A B S T R A C T   

Bone healing is a complex process orchestrated by various factors, such as mechanical, chemical and electrical 
cues. Creating synthetic biomaterials that combine several of these factors leading to tailored and controlled 
tissue regeneration, is the goal of scientists worldwide. Among those factors is piezoelectricity which creates a 
physiological electrical microenvironment that plays an important role in stimulating bone cells and fostering 
bone regeneration. However, only a limited number of studies have addressed the potential of combining 
piezoelectric biomaterials with state-of-the-art fabrication methods to fabricate tailored scaffolds for bone tissue 
engineering. Here, we present an approach that takes advantage of modern additive manufacturing techniques to 
create macroporous biomaterial scaffolds based on a piezoelectric and bioactive ceramic-crystallised glass 
composite. Using binder jetting, scaffolds made of barium titanate and 45S5 bioactive glass are fabricated and 
extensively characterised with respect to their physical and functional properties. The 3D-printed ceramic- 
crystallised glass composite scaffolds show both suitable mechanical strength and bioactive behaviour, as rep-
resented by the accumulation of bone-like calcium phosphate on the surface. Piezoelectric scaffolds that mimic or 
even surpass bone with piezoelectric constants ranging from 1 to 21 pC/N are achieved, depending on the 
composition of the composite. Using MC3T3-E1 osteoblast precursor cells, the scaffolds show high cyto-
compatibility coupled with cell attachment and proliferation, rendering the barium titanate/45S5 ceramic- 
crystallised glass composites promising candidates for bone tissue engineering.   

1. Introduction 

The last few years have seen an increased interest in bioactive and 
smart biomaterials for hard tissue repair and regeneration. Several 
complex material systems have been developed by tailoring physical, 
chemical and biological properties to maintain control over cellular 
behaviour and functional tissue regeneration. Biomaterials are consid-
ered smart if they can respond to external or internal stimuli or if they 
possess the ability to actively stimulate or trigger effects on tissue or 
cells. The stimuli can vary, ranging from reactions to pH changes, 
temperature changes, the response to mechanical stimuli or ion 

exchange [1,2]. Bioactive glasses are one of the best-known and most 
extensively researched examples of bioactive materials. The research 
field of bioactive glasses was established in 1969 b y Prof. Larry Hench, 
who developed a glass composition of 46.1 mol.% SiO2, 24.4 mol.% 
Na2O, 26.9 mol.% CaO and 2.6 mol.% P2O5 (later called 45S5 Bio-
glass™) which created a solid bond to the bone after a short implanta-
tion time [3,4]. The rapid and strong bonding in the implant-bone 
interface is caused by the formation of a hydroxycarbonated apatite 
(HCA) layer on the surface of the glass when in contact with body fluids, 
induced by the dissolution of the glass and the release of ions such as 
calcium and phosphate ions into the interface. However, it is not only 
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the formation of an HCA layer that characterises BGs in their effect. BG, 
especially when provided with various dopants (e.g. Ag+, Cu2+, Zn2+, 
Sr2+, Mg2+), can trigger several beneficial biological reactions through 
ion release. Osteogenic [5–9], angiogenic [8–12], antibacterial [9, 
13–15] and anti-inflammatory [9,16–18] properties have been demon-
strated by several authors. Through targeted chemical adaptation, 
therapeutic effects can be induced, such as the inhibition of osteoporosis 
or the promotion of wound healing [9,19]. Although BG has proven its 
beneficial properties in various applications and has been processed in a 
wide variety of forms, e.g. through molding techniques, as 3D-printed 
ceramic scaffolds [20] or in the form of polymer-BG composites or BG 
fillers in hydrogels [21], they have not yet been able to replace autol-
ogous bone replacement as the gold standard. 

Another interesting, smart biomaterial class that plays an increasing 
role in bone tissue engineering (BTE), are piezoelectric biomaterials 
[22–25]. Piezoelectric materials generate charges due to small de-
formations induced by load. The deformation of the material causes an 
asymmetric shift of dipoles or ions in the crystal lattice and a change in 
the overall electrical polarisation which generates piezoelectricity [26]. 
This piezoelectricity is also generated by biological tissues and seems 
essential in tissue development and regeneration. We already know the 
importance of bioelectricity in the organism in the context of neuronal 
signal transmission or in cardiology. But it also plays a vital role in bone 
and bone remodelling [27–30]. Recently, Kreller et al. showed the 
possibility of using biomaterials and bioelectrically stimulation to 
induce a cellular response to improve bone regeneration and affect bone 
remodelling processes [31]. Piezoelectricity in bone is achieved by 
collagen’s highly ordered triple helix structure which exhibits an 
inherent polarisation. Since bone is a composite of densely packed 
collagen fibrils and hydroxyapatite, deformation or shearing of the 
collagen fibrils leads to piezoelectricity [22,32]. The collagen represents 
the main piezoelectric component in the bone, even though Tofail et al. 
demonstrated piezoelectric properties in sintered hydroxyapatite using 
piezo force microscopy [33]. However, the biological effects of piezo-
electricity and bioelectricity orchestrating bone remodelling and 
regeneration continue to be discussed in the scientific community. The 
basic idea is that load induces deformation in the bone and generates an 
electric field due to the piezoelectric properties, which leads to an 
accumulation of ions, macromolecules and cells that then promote bone 
remodelling [23,24,32]. However, this theory seems to apply to dry 
bone mainly. In moist bone or bone in physiological environments, the 
piezoelectric effect cannot explain stress-generated potentials exclu-
sively. Instead, streaming potentials, meaning potentials generated by 
the flow of ion-rich intestinal fluids, seem to play an important role and 
interact with the piezoelectric effect. In particular, a complex interplay 
of the streaming potential and piezoelectricity coupled via the zeta po-
tential is being discussed. An increase in the surface charge density due 
to strain increases the zeta potential, thus intensifying the streaming 
potential and fostering bone regeneration and remodelling [22,34]. It is, 
therefore, reasonable to transfer the piezoelectric properties of bone to 
engineered biomaterials and thus, facilitate bone regeneration in a 
biomimicry approach. Recent studies have explored the use of lead-free 
piezoelectric ceramics such as barium titanate (BaTiO3) [35–42], 
lithium niobate (LN) [43–45], lithium potassium sodium niobate 
(LNKN) [23,46,47] and potassium sodium niobate (KNN) [48,49] 
showing enhanced protein adsorption on charged surfaces and increased 
cell proliferation and metabolic activity. Therefore, combining a 
piezoelectric ceramic which causes autonomous stimulation of bone 
cells through bioelectric cues with a classical bioactive material that 
leads to rapid biomineralisation in the interface is quite promising. 
Recently, a research group led by Saeidi et al. demonstrated the bene-
ficial properties of a freeze-casted BaTiO3/BG composite scaffold with 
high cytocompatibility and high cell viability of up to 98% compared to 
the control group [50]. In another approach by Zhao et al. the combi-
nation of a poly (vinylidene fluoride) (PVDF) membrane with 
electro-spun collagen fibres with incorporated microscale BG particles 

showed promising bone regenerative results both in vitro and in vivo 
[51]. The increased bone healing is attributed to the increased accu-
mulation of calcium ions on the polarised surface of the PVDF mem-
brane. The authors found that the high concentration of Ca2+

simultaneously leads to increased activity of the calcium-sensing re-
ceptor of the osteoblasts and thus, further promotes osteogenesis [51, 
52]. However, combining piezoelectric and bioactive materials with 
modern manufacturing methods such as 3D printing has not yet been 
studied. 

In this study, we combine the advantages of piezoelectric (BaTiO3) 
and bioactive (45S5® Bioglass) biomaterials in an additive 
manufacturing process to achieve functional, 3D biomaterials for bone 
regeneration. We show dense specimens and scaffolds with defined pore 
sizes can be produced using a binder jetting process. Through subse-
quent thermal post-treatment, we achieve dense composite materials 
with mechanical properties in the range of physiological spongy bone 
[53–55]. In this case, bioactive glass serves not only as a bioactive 
mediator but also as a matrix stabilising component: by adding bioactive 
glass, we significantly improved the mechanical properties of 3D-bind-
er-jetted BaTiO3 scaffolds compared to previously published BaTiO3--
hydroxyapatite (BaTiO3/HA) composites [40]. Afterwards, we assessed 
the piezoelectric and bioactive properties of the fabricated scaffolds. 
Finally, we investigated cell adhesion and cytocompatibility of the 
materials toward MC3T3-E1 murine pre-osteoblast cells. As a result, the 
bioactive and piezoelectric multi-functional composite materials shown 
in this study advance the field of composite biomaterials for bone 
regeneration by offering scaffolds for piezoelectric and bioactive stim-
ulation of bone cells. 

2. Materials and methods 

2.1. Material and fabrication 

To produce a printable powder mixture, BaTiO3 powder (d50: 3,0 μm, 
Sigma-Aldrich/Merck KGaA, Darmstadt, Germany), 45S5 bioactive glass 
powder (d50: 4.0 ± 1.0 μm, composition: 45 wt% SiO2− 24.5 wt% 
CaO− 24.5 wt% Na2O− 6 wt% P2O5, Schott Vitryxx™, Schott AG, Ger-
many) and an additional SiO2-based flowing agent (Aerosil R8200™) 
were mixed with Polyethylenmethacrylate (PEMA, DEGACRYL™, Evo-
nik Industries, Essen, Germany) in a jar rolling mill WTR 295 W/R 
(Welte Mahltechnik GmbH, Ransbach-Baumbach, Germany). The pow-
ders were dried and sieved in advance to avoid any agglomerations. The 
exact composition of the powder mixtures is shown in Table 1. Cylin-
drical samples, dense and with interconnected macropores, as published 
previously, were designed using CAD software (SolidWorks, Dassault 
systems, Waltham, USA) [40]. The powder mixture was 3D-printed on a 
Voxeljet VX500 binder-jet printer (Voxeljet AG, Friedberg, Germany) 
with a layer thickness of 100 μm and a printing resolution of 250 dpi. In 
brief, the printer deposits a binder fluid (SOLUPOR, Voxeljet AG, 
Friedberg, Germany) in a layer-by-layer process according to the *.STL 
file, and partially dissolves the polymeric phase. The binder consists of a 
solvent mixture using hexane-1-ol, 2-ethylhexyl acetate, and hexyl ac-
etate, as published in previous protocols [40,56]. After a waiting period 
of 24 h to ensure that the solvent evaporated, they were removed from 
the powder bed. Samples were stored for at least 24 h in a drying cabinet 
(Heraeus T6060, Hanau, Germany) at 40 ◦C for complete curing. 

Table 1 
Powder mixture compositions used for 3D printing.   

BaTiO3 BG (45S5) SiO2 PEMA 

BaTiO3/5%BG 81.8 wt% 5 wt% 1.5 wt% 11.7 wt% 
BaTiO3/15%BG 73.2 wt% 15 wt% 1.3 wt% 10.5 wt%  
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2.2. Post-processing 

Finding a suitable process window for sintering BaTiO3/BG com-
posites is critical in producing final scaffolds. BaTiO3 is conventionally 
sintered at high temperatures around 1300 ◦C [37,57–60]. At these 
temperatures, BG is already present as a melt and generally loses its 
bioactive properties (degree of crystallinity increases) due to excessive 
heat treatment [61,62]. We have relied closely on existing literature on 
the sintering of BaTiO3 and BaTiO3 composites to determine the sin-
tering curve used here and on our own research and experiments [40, 
63]. After drying, the samples were thermally post-processed for 1 h at 
300 ◦C and 2 h at 500 ◦C in a furnace to remove the polymer matrix. The 
post-processed specimens were then sintered in a furnace under an 
ambient atmosphere to obtain dense ceramic-crystallised glass com-
posites. The sintering curves are visualised in Fig. 1. 

2.3. Morphological and microstructural characterisation 

To determine the shrinkage after sintering, the samples were 
measured with a digital calliper (conforms to DIN 682) before and after 
thermal post-processing (n = 5 per group). The density and porosity of 
the sintered samples (n = 5 per group) were determined with the 
Archimedes’ principle using a specially equipped precision scale 
(LA230s, Sartorius AG, Göttingen, Germany). Scanning electron micro-
scopy (SEM, Merlin VP compact, Carl Zeiss AG, Jena, Germany) and 
electron dispersive X-ray spectroscopy (XFlash 6/30 Co., Bruker, Berlin, 
Germany) were used to assess the microstructure and chemical 
composition. X-ray diffraction (XRD) powder patterns were recorded on 
a Panalytical X’Pert θ/2θ -diffractometer equipped with an Xcelerator 
detector using automatic divergence slits and Cu kα1/α2 radiation (40 
kV, 40 mA; λ = 0.15406 nm, 0.154443 nm). Cu beta-radiation was 
excluded using a nickel filter foil. Measurements were performed with 
0.086◦s− 1, respectively. Finely pestled samples were mounted on silicon 
zero background holders. After data collection, obtained intensities 
were converted from automatic to fixed divergence slits (0.25◦) for 
further analysis. Peak positions and profiles were fitted with the Pseudo- 
Voigt function using the HighScore Plus software package (Panalytical). 
Phase identification was done by using the PDF-2 database of the In-
ternational Center of Diffraction Data (ICDD). 

2.4. Mechanical characterisation 

Compression tests on cylindrical samples (n = 5 per group) were 
performed using a uniaxial testing machine (Zwick Roell Z5.0, Zwick-
Roell GmbH, Ulm, Germany) with a 5 kN load cell and a crosshead speed 
of 0.5 mm min− 1. Prior to the compression test, the top and bottom 
surfaces of the scaffolds were ground to achieve optimal testing condi-
tions in a uniaxial testing state. The Young’s modulus was calculated 
between 1.5% and 2% strain. 

2.5. Poling and piezoelectric characterisation 

The fabricated cylindrical samples were polarised in a strong elec-
trical field. The polarisation setup consists of a sample holder with silver 
(Ag) electrodes on both sides that were connected to a high voltage 
power supply (HNCs 10,000–180 pos., Heinzinger, Rosenheim, Ger-
many). The sample holder was placed in a heated silicon oil bath 
(ELBESIL, L. Böwing GmbH, Hochheim) to prevent any sparks and to 
polarise the scaffolds shortly below the Curie temperature (120 ◦C). The 
samples were polarised applying a field strength of 1.25 kV/mm for 30 
min. The piezoelectric constant d33 was measured with the Berlincourt 
method [64] using a d33 piezometer (PM300, PIEZOTEST, Singapore). 
For the piezoelectric assessment n = 5 samplers per group were used. 

2.6. Bioactivity testing 

To investigate the bioactivity of BaTiO3/BG composite scaffolds, 
simulated body fluid (SBF) was produced according to (Kokubo) and ISO 
23317 [65]. 3D-printed discs with a diameter of d = 5 mm and h = 2 mm 
height were fabricated with n = 3 samples per group. The samples were 
placed in SBF according to previously published protocols [55], and 
placed on a shaking incubator (Heidolph Unimax 1010, Heidolph In-
struments GmbH & CO. KG, Germany) at 37 ◦C and 90 rpm. SBF was 
changed every two days. Samples were removed after 7, 14, 21, and 28 
days of immersion in SBF. The samples were rinsed with ultrapure water 
and dried under a fume hood at room temperature (22 ◦C, RT). Subse-
quently, the scaffolds were analysed by Fourier-transform infrared 
spectroscopy (FTIR) and SEM/EDS analyses as described elsewhere 
[55]. In brief, FTIR (IRAffinity-1S, Shimadzu Europa GmbH) absorbance 
spectra were recorded for the BaTiO3/BG composite scaffolds before 
incubation in SBF and after each incubation time point. SEM (Auriga 
Crossbeam, Carl Zeiss Microscopy GmbH, Germany) and EDS (X-MaxN, 
Oxford Instruments) were used to assess the surface morphology as well 
as to determine the elemental surface composition of the BaTiO3/BG 
scaffolds, respectively. 

2.7. Cell culture studies 

2.7.1. Cell culture and maintenance 
Mouse calvaria pre-osteoblast cells (MC3T3-E1, Sigma Aldrich, 

Germany) were cultured in alpha-modified minimum essential medium 
(α-MEM) (Gibco®, Life Technologies™, Germany), supplemented with 
10% (v/v) fetal bovine serum (FBS), 1% (v/v) penicillin/streptomycin 
(all Sigma-Aldrich, Germany) and 1% (v/v) L-Glutamine (Thermo Fisher 
Scientific Inc., USA). Cells were passaged in T75 cell culture flasks 
(Sarstedt, Germany) and maintained at 37 ◦C, 95% air, 5% CO2 hu-
midified atmosphere in an incubator (Galaxy® 170 R, Eppendorf AG, 
Germany). Trypsin/EDTA (Sigma Aldrich, Germany) was used for cell 
detachment, while cell counting was performed via the trypan blue 

Fig. 1. Sintering curves for the respective composites BaTiO3/5% BG and BaTiO3/15%BG. Both were sintered with a conventional furnace in air.  
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exclusion method using Neubauer chambers (Paul Marienfeld GmbH & 
Co. KG). 

To assess the cytocompatibility of 3D-printed BaTiO3/BG and 
BaTiO3/HA (as a benchmark, previously published [40]) scaffolds, 
100.000 cells/ml MC3T3-E1 were seeded on 3D-printed cell culture 
discs (1 ml/scaffold) in 24-well cell culture plates. The samples were 
cultured for 24 h to assess initial cell attachment and in vitro cyto-
compatibility. Tissue culture polystyrene (TCPS) substrates served as an 
additional control to the 3D-printed BaTiO3/BG discs. To assess pH 
change due to potential BG dissolution from the scaffolds, the cell cul-
ture medium (5 ml, n = 4 scaffolds) was removed 24 h after cell seeding, 
and the pH was recorded. 

2.8. LIVE/DEAD staining 

Cell viability was determined by performing a LIVE/DEAD staining 
assay as described previously [55]. After 7 days, cells were stained using 
calcein acetoxymethyl ester (Calcein AM, LIVE) (InvitrogenTM, Molec-
ular probes by Life technologiesTM, USA) and propidium iodide (PI, 
DEAD) (InvitrogenTM, Molecular probes by Life technologiesTM, USA), 
to indicate viable and dead/apoptotic cells, respectively. BaTiO3/BG 
samples were washed with phosphate-buffered saline (DPBS, Thermo 
Fisher, USA) and incubated with 1 ml of DPBS stock solution containing 
4 μl/ml Calcein AM and 5 μl/ml PI for 45min. Samples were washed 
(DPBS) and fixed using 500 μl of fixation solution (0.1 M PIPES 
(Piperazine-N,N′- bis(2-ethanesulfonic acid), Merck, Germany), 1 mM 
EGTA (Ethylene glycol tetraacetic acid, Merck, Germany), 4% (w/v) 
polyethyleneglycol, 3.7% (w/v) paraformaldehyde (all Sigma Aldrich, 
Germany) in Hank’s balanced salt solution (HBSS)). 

2.9. Multiphoton fluorescence microscopy 

After 7 days of incubation, samples of BaTiO3/5%BG and TCPS 
control (n = 3) were washed using HBSS and fixed using 4% formal-
dehyde solution (in HBSS) for 5 min. The cells were permeabilised (0.1% 
TritonX-100 for 5 min) and washed twice using HBSS. Subsequently, the 
cells were stained using 5 and 1 μl/ml of Rhodamine-phalloidin F-Actin/ 
4′,6-Diamidino-2-phenylindol (DAPI) (both Life Technologies, Thermo 
Fisher, USA), in HBSS, for 1 h and 5 min, respectively. The samples were 
imaged using a multiphoton microscope (TriMScope II, LaVision BioTec, 
Bielefeld, Germany) equipped with a HC FLUOTAR L 25x/0.95 W VISIR 
objective (Leica Microsystems GmbH, Germany). DAPI was excited 
using a mode-locked ps-pulsed Ti:Sa laser (Chameleon Vision II, 
Coherent, Santa Clara, USA) at 810 nm. The sample fluorescence was 
recorded using the following single bandpass filters: 450/30 nm (DAPI), 
525/50 nm (Calcein-AM), and 620/60 nm (Rhodamine-Phalloidine), all 
Chroma Technology group (Acal BFi Germany GmbH, Germany). 
Different photomultiplier tubes (PMT) were used for each channel. 
Every image had a field-of-view of 409.6 x 409.6 μm2. The imaging 
depth was adapted according to sample roughness (TCPS, flat; 3D- 
printed BaTiO3/5% BG, rough), in order to capture all cells in the 
field-of-view. Maximum intensity z-projections were made for a quali-
tative assessment. Cell number and density were quantified using 
ImageJ (ImageJ software package, Fiji, ImageJ 1.52i). For the analysis, 
n = 6 samples of BaTiO3/BG composite and n = 3 samples of positive 
TCPS controls were used. 

2.10. Cell material interaction 

The interaction of MC3T3-E1 cells with BaTiO3/BG scaffold surfaces 
was assessed using SEM. Briefly, cells were fixed after 7 days of incu-
bation on the samples and transferred to two SEM-fixation solutions 
[66] for 1 h, respectively. The samples were then dehydrated using an 
ethanol series by subsequent incubation in 30%, 50%, 70%, 75%, 80%, 
85%, 90%, 95% and 99% EtOH/H2O solutions for 10 min each. Prior to 
imaging, the samples were dried using a critical point drier (EM 

CPD300, Leica, Wetzlar, Germany). SEM images were recorded using an 
Auriga CrossBeam SEM (Carl Zeiss, Oberkochen, Germany). 

2.11. Extracellular lactate dehydrogenase release assay (LDH) 

To assess the potential cytotoxicity of BaTiO3/BG scaffolds, extra-
cellular LDH release was determined from cell culture supernatants 
using the TOX7 in vitro toxicity kit (Sigma-Aldrich). Aliquots of 500 μl 
were removed from MC3T3-E1 cells cultured for 24 h on TCPS, BaTiO3/ 
HA, BaTiO3/5%BG, and BaTiO3/15%BG samples (n = 6), and frozen at 
− 21 ◦C until further use. All samples were treated according to the 
manufacturer’s instructions and as described in previous studies [67]. 
Briefly, samples were thawed on the day of analysis and 140 μl of the 
supernatants were transferred into UV–vis cuvettes (path length: 10 mm, 
Sarstedt, Germany). LDH master-mix solution (60 μl) containing equal 
amounts of substrate solution, LDH cofactor solution, and dye solution 
were added to the cuvettes and incubated at RT for 30 min in the dark. 
The samples were diluted using 700 μl UPW, and the absorption was 
immediately measured (λ = 490 nm, 690 nm) using a UV–vis spectro-
photometer (NanoDrop One, ThermoFisher, USA) in cuvette mode. 

2.12. PicoGreen proliferation assay 

Cells were grown for seven days on TCPS, BaTiO3/HA, BaTiO3/5% 
BG, and BaTiO3/15%BG samples. Cells grown BaTiO3 composites (n =
6) and TCPS controls were washed using HBSS and frozen at − 80 ◦C to 
facilitate cell lysis and DNA release. On the day of the experiment, 
samples were thawed and washed using 1 ml of 1 × TE PicoGreen assay 
buffer solution (Quant-iT PicoGreen ds- DNA Assay-Kit, Invitrogen, Life 
Technologies, ThermoFisher, USA). Equal amounts of Quant-iT Pico-
Green working solution and sample (50/50) were mixed and incubated 
for 3 min at RT without light. The relative fluorescence (RFU) was 
recorded using a CFX connect spectrofluorometer (Bio-Rad, Germany). 
LambdaDNA assay standard served as the calibration curve (R2 = 0.99). 
DsDNA data for all samples were normalised to cells grown on TCPS for 
24 h as a control. 

2.13. Statistical analysis 

All statistical analyses were performed using GraphPad Prism v9.1.0 
software. Data were checked for normal distribution using Shapiro-Wilk 
tests. Normally distributed data were subjected to unpaired Student t- 
tests (Fig. 7b) for pair-wise comparisons or one-way ANOVA tests 
(Fig. 7c, e). Non-normally distributed data (Fig. 7d) was analysed using 
the Mann-Whitney test. p < 0.05 was considered as statistically signif-
icant differences between groups. 

3. Results and discussion 

3.1. Scaffold fabrication and morphology 

Fig. 2 shows the fabrication route we used to produce bioactive and 
piezoelectric scaffolds. The first important step was the selection of the 
starting materials and preparing a homogeneous and flowable powder 
blend. For the piezoelectric components, we chose BaTiO3 which is lead- 
free and has already shown its suitability as a biomaterial in several 
publications [32,35,39]. As a bioactive component, we used 45S5 Bio-
glass which, despite the possibility of improved bioactive glasses, is still 
the typical benchmark material in the context of classical bioactivity 
[68]. As previously described, both were mixed with polyethylene 
methacrylate (PEMA) to form a flowable blend [40,69,70]. Fig. 2B and C 
show SEM images for both powder blends BaTiO3/BG5% and 
BaTiO3/BG15%. The supplementary material section shows represen-
tative SEM images of the individual base materials (Fig. S1). The 
apparent difference in particle size shows microscopic BaTiO3 particles 
(d50 3 μm) and much larger BG flakes (d50 20 μm). In addition, the EDS 

C. Polley et al.                                                                                                                                                                                                                                   



Materials Today Bio 21 (2023) 100719

5

element mappings show the distribution of the elements in colour, with 
silicon shown in red, as it is the primary component in the BG, and 
barium shown in green (corresponding spectra are shown in Figs. S2 and 
S3). The powder blend prepared in this way was deposited in homoge-
neous layers by the 3D printer, and scaffolds were successfully produced 
using a binder jetting process. In the binder jetting process, the polymer 

component of the powder blend is dissolved by a solvent applied based 
on the sliced CAD file, and the ceramic particles are firmly integrated 
into the polymer matrix during evaporation. Fig. 2,D shows exemplary 
green parts of the BaTiO3/5%BG composited fabricated via binder 
jetting. We produced dense solid cylinders and interconnected porous 
scaffolds with a pore size of about 1 mm. After printing, it was necessary 

Fig. 2. Processing route for piezoelectric and bioactive BaTiO3/BG scaffolds and 3D-printed results. A) Schematic illustration (B–C) SEM powder analysis of 
both compositions containing 5% (B) and 15% (C) BG (scale bar = 20 μm). (D) Green parts printed via Binder Jetting based on the BaTiO3/5%BG composition (scale 
bar = 10 mm). (E) Post-processed cylindrical samples of the BaTiO3/5%BG (left) and BaTiO3/15%BG (right) composite (scale bar = 10 mm). (F) Front view of a 
BaTiO3/5%BG scaffold and (G) top view of a BaTiO3/15%BG scaffold (scale bar = 5 mm). (H) Morphological and physical properties of 3D-printed BaTiO3/BG 
composites. Data are shown as mean ± SD (n = 5). (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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to thermally post-process and sinter the fabricated scaffolds (Fig. 1, A III) 
to obtain a ceramic-crystallised glass composite. However, thermal 
post-treatment is critical, as the starting materials show very different 
sintering behaviour. BaTiO3 conventionally sinters in a temperature 
range around 1300◦ [71,72], while BG (45S5) already passes two glass 
transition temperatures (Tg1, Tg2) at 550 ◦C and 850 ◦C and two melting 
temperatures at 1190 ◦C and 1230 ◦C [61,73]. Fig. 1, E shows two 
printed and thermally post-treated cylindrical samples of the 
BaTiO3/5%BG composite on the left and the BaTiO3/15%BG composite 
on the right. Both samples show a very similar appearance, with only 
slight differences in terms of shrinkage and a slight colour difference 
(Fig. 2, H). Notably, the samples of the BaTiO3/15% BG group could not 
be sintered at 1320 ◦C due to the high content of BG and were therefore, 
sintered just below the first melting temperature of 45S5 BG at 1150 ◦C. 
The macroporous scaffolds were also successfully sintered and are 
shown in Fig. 2, F (BaTiO3/5%BG) and G (BaTiO3/15%BG). Noticeably, 

the scaffolds are not completely accurate in shape after sintering and are 
expanding at the base. Since the glass transition temperatures were 
exceeded during sintering, which is associated with a strong reduction in 
the viscosity of the BG, as well as the melting point of the BG for the 
BaTiO3/5%BG, the microstructure is strongly influenced by viscous flow 
[61,74]. The scaffolds are largely able to compensate for this, but pre-
sumably do not remain accurate in shape as a result. In this context, BG 
also acts as a sintering aid, allowing the sintering process to occur earlier 
at lower temperatures and providing greater compaction. However, the 
pores of the scaffolds remain free and interconnected, which is essential 
in terms of osteo-conduction and vascularisation [75]. 

4. Microstructure 

The microstructural composition of ceramic-crystallised glass com-
posites substantially influences the mechanical, dielectric and bioactive 

Fig. 3. Microstructural properties of thermal post-processed BaTiO3/BG composites. (A) Representative SEM images with coupled EDS element mappings. (B) 
Powder X-ray diffraction pattern of utilised untreated BaTiO3 (a), BaTiO3/5%BG (sintered at 1320 ◦C; b) and BaTiO3/15%BG (sintered at 1150 ◦C; c), respectively, 
and reference Bragg peak positions of identified main phases (cubic BaTiO3 ICDD pdf 01-089-2475, tetragonal BaTiO3 ICDD pdf 01-074-7965, Ba2Ti(SiO4)2 05- 
00-0075). 
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properties and is significantly affected by the necessary thermal post- 
treatment. Fig. 3, A shows SEM images of both composites after the 
respective thermal post-treatment. Both composites offer a highly 
compacted surface, corresponding to the porosity shown in Fig. 1, H. 
Only the BaTiO3/15% BG composite sintered at 1150 ◦C still shows 
intergranular porosity and indicates that the sintering process of the 
BaTiO3 is not finished. Nevertheless, with 6.9%, the bulk porosity is low, 
and the microstructure is largely densified. From the literature, it is 
known that 45S5 BG already undergoes rapid densification from the first 
Tg1 (550 ◦C) due to the reduction of the viscosity of the glass and the 
onset of viscous flow. This process continues until about 600 ◦C when 
glass-in-glass separation and crystallisation processes are initiated and 
prevent further densification. From Tg2 onwards, the remaining amor-
phous phases reach a viscosity low enough again to allow viscous flow or 
even liquid phase sintering, thus causing further densification of the BG 
and the composite [61,74]. We assume that the densification process of 
the BG plays a decisive role in the sintering process of the composite, 
especially for the higher BG loading of 15%. The intergranular pores that 
the BaTiO3/15% BG composite still showed, are no longer present in the 
BaTiO3/5% BG composite sintered at 1320 ◦C. Here, the sintering pro-
cess of the BaTiO3 particles seems to be completed. The EDS maps show 
portions of BG, especially Si, Na and Ca, on the surface of both com-
posites (corresponding spectra are shown in Figs. S4 and S5). In both 
composites, the BG particles present in the starting material (Fig. 2 B, C) 
have lost their shape, which supports the assumption of viscous flow of 
the BG within the composite. However, the premises described in the 
literature refer to the sintering of pure 45S5 BG and already define de-
pendencies on factors such as particle size, heating rates and holding 
times. These also apply to the composites presented here, including the 
presence of BaTiO3 as a ceramic phase which interacts with the BG, e.g. 
through the exchange of second-order ions, significantly influencing the 
sintering process and the degree of crystallisation of the resulting 
ceramic-crystallised glass composite. 

Powder X-ray diffraction has been applied to gain information about 
crystal phase and their potential change within the sample. For BaTiO3, 
two crystalline polymorphs of cubic and tetragonal symmetry can be 
identified. The tetragonal phase, typically characterised by a sharp 
double peak at 45◦ 2theta, is the phase of interest for achieving desired 
ferroelectric and piezoelectric properties [76,77]. Obtained diffraction 
data of processed and sintered BaTiO3/BG composite samples and pure 
BaTiO3 are summarised in Fig. 3, B. Supporting information regarding 
the raw materials and the Miller indices and interplanar spacing of the 
major identified phases in the final composites can be found in Fig. S7 
and Tables 1–3 of the supplementary information file. BaTiO3 can still be 
identified from both datasets independent of the amount of BG added 
and treatment temperature. Notable additional phases were identified, 
where Ba2TiSi2O8 (Fresnoite) is the most prominent one. This 
glass-ceramic phase which exhibits piezoelectric properties, is formed to 
a greater extent in BaTiO3/BG15% compared to BaTiO3/BG5% but 
shows no ferroelectric properties and cannot be polarised by an external 
electric field [78]. Besides, some low-intensity peaks remain unex-
plained in the BaTiO3/BG15% diffraction pattern if BaTiO3 and Ba2Ti-
Si2O8 are considered. These Bragg peaks (Fig. S6) can finally be assigned 
to the presence of CaTiO3 and Na6Ca3Si6O18 (Combeite). As well as for 
Ba2TiSi2O8, the presence of CaTiO3 can be explained by the reaction of 
BaTiO3 with BG, whereas Na6Ca3Si6O18 might result from the crystal-
lisation of the latter. This clearly illustrated that BG undergoes structural 
changes from the amorphous to the crystalline state if it was treated at 
high temperatures. In particular, temperatures above Tg2 (850 ◦C) 
induce the formation of crystalline sodium-calcium-silicate phases and 
lead to high densification of the matrix [73,79]. Recently, 
pseudo-piezoelectric properties for CaTiO3 were described as well as the 
application as possible bone substitute material or implant coating 
[80–82]. 

4.1. Mechanical properties 

We performed compression tests to assess the mechanical properties 
of the fabricated composites. The stress-strain curves for both ceramic- 
crystallised glass composites are presented in Fig. 4A and B. The 
curves for both composites show a similar shape but differ with respect 
to the time of fracture. The BaTiO3/5%BG fails significantly earlier at 
lower compressive strength than the BaTiO3/15%BG composite (Fig. 4, 
C). In fact, the BaTiO3/5%BG composite exhibited an average 
compressive strength of 23.8 ± 4.8 MPa, and the composite with a 
higher BG content of 15% reached a compressive strength of 56.4 ± 7.6 
MPa. The Young’s moduli of both composites are very comparable, with 
7.7 ± 0.9 MPa and 8.8 ± 0.5 MPa for the BaTiO3/5%BG and the BaTiO3/ 
15%BG composites, respectively (Fig. 4, D). It is known that bioactive 
glasses can be used to enhance the mechanical properties of bioceramics 
such as HA and beta-TCP. Goller et al. achieved an average compressive 
strength of 83 MPa with a content of 5–10 wt% 45S5 in a BG/HA 
composite sintered between 1200 and 1300 ◦C [83]. Adding 5 wt% more 
BG to the composite increased the compressive strength of about 20 
MPa, but this was dependent on the sintering temperature and could 
only be demonstrated for 1200 ◦C. For 1300 ◦C sintered samples, an 
opposite effect occurred as decomposition of the HA occurred, and un-
wanted reactions between the HA and the BG arose [83,84]. Similar 
results can be seen in the composites shown here. Increased BG content 
and sintering at lower temperatures increase compressive strength to 30 
MPa. The higher proportion of BG in the BaTiO3/BG15% composite and 
the use of lower sintering temperatures which lead to significantly more 
crystalline phases, appears to be the reason for the increase in 
compressive strength. Saeidi et al. showed comparable results for 
freeze-casted BaTiO3/BG composites with 10 and 25 wt% BG loading, 
where the compressive strength increased similarly with the BG content 
[50]. Due to the very high porosity of 77%, Saeidi et al. achieved a 
compressive strength of 16 MPa with the BaTiO3/BG composite with 25 
wt% BG content. Shokrollahi et al. fabricated freeze-casted BaTiO3/A-
kermanite (Ca2MgSi2O7) scaffolds with comparable compressive 
strength values around 20 MPa without observing a considerable rein-
forcement of the composites due to an increase in the akermanite con-
tent [85]. The mechanical properties presented by us are in a similar 
range to those presented by other groups working with BaTiO3--
composites and in a range that is very similar to cancellous bone, making 
the scaffolds appealing for use in BTE, at least from a mechanical point 
of view. Compared to our first scaffold generation based on BaTiO3/HA, 
we significantly increased the mechanical values by using BG instead of 
HA as a partner for BaTiO3 [40]. 

4.2. Piezoelectricity 

We assessed the piezoelectric properties by using the Berlincourt 
method exposing the polarised scaffolds to a cyclic load and measured 
the piezoelectric constant d33 and the capacitance of the scaffolds 
(Fig. 5A and B). The BaTiO3/5%BG composites exhibited an average 
piezoelectric constant d33 of 21.2 ± 3.1 pC/N and a capacitance of 5.0 
± 0.5 pF, whereas the BaTiO3/15%BG composites exhibited a d33 of 1.2 
± 0.6 pC/N and a capacitance of 3.8 ± 0.6 pF. As expected, the increase 
in the BG content leads to a significant reduction of the ferroelectric and 
piezoelectric properties of the composite [37,50,85]. Saeidi et al. have 
also shown piezoelectric properties of similar magnitude for BaTiO3/BG 
composites and found a decrease in the charge constant d33 with an 
increase in BG content. Nevertheless, they were able to measure a d33 of 
24 pC/N up to a BG load of 25 wt% [50]. Shokrollahi et al. reported d33 
values in the range of 0.5–4 pC/N for BaTiO3-akermanite composites, 
likewise decreasing with the increase of the non-piezoelectric phase 
fraction. Even small amounts of non-piezoelectric phase significantly 
change the microstructure of the BaTiO3 composites, causing a pro-
nounced degradation of the piezoelectric properties compared to pure 
BaTiO3 ceramics [85]. One reason for this is the change in the 
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composition of the material and the formation of a ceramic-crystallised 
glass composite. For instance, the XRD in Fig. 2, B shows the formation 
of different silicate phases due to the high temperature during the sin-
tering process. The barium-titanium silicates formed, among other 
things, are potentially piezoelectric but not ferroelectric. This means 
that their dipoles do not align in the polarisation process, so they only 

contribute to directional piezoelectricity to a limited extent [78]. In 
addition, especially for the higher loaded BaTiO3/BG15% composite, 
the tetragonal crystal structure which is necessary for the piezoelectric 
properties of BaTiO3, seems to degrade, which is evident from the lack of 
a characteristic double peak at 2theta 45◦ [76]. Furthermore, due to the 
material inhomogeneity (pores) and the different resulting 

Fig. 4. Mechanical properties of 3D-printed BaTiO3/BG composites. (A-B) Qualitative stress-strain diagrams from compression tests of BaTiO3/5%BG (A) and 
BaTiO3/15%BG (B). (C-D) Compressive strength and elastic modulus of 3D-printed BaTiO3/5%BG (C) and BaTiO3/15%BG (D). Data are shown as mean ± SD (n = 5). 

Fig. 5. Piezoelectric properties of 3D-printed BaTiO3/BG composites. (A) Piezoelectric constant d33, (B) Capacitance. Data are shown as mean ± SD (n = 5).  
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permittivities, a uniform polarisation field is not established in the 
scaffolds, which can lead to an inhomogeneous remanent polarisation 
and thus, low piezoelectricity [86]. Overall, the results are in a range in 
the order of magnitude of natural bone tissue or even higher, making the 
scaffolds suitable candidates in a bone mimicking tissue engineering 
approach [87,88]. Tang et al. presented very promising results with a 

composite of BaTiO3/HA with a d33 of around 2.7 pC/N, which showed 
significantly increased alkaline phospatase (ALP) activity compared to 
pure BaTiO3 and HA after 7 days of dynamic loading [37]. 

Fig. 6. Bioactivity assessment of BaTiO3/BG composites. (A) SEM images of BaTiO3/BG composites after 28 days of immersion in SBF showing cauliflower-like 
apatite formation on the surface of the BaTiO3/15%BG composite. (B) EDS spectra on the surface of the BaTiO3/15%BG composite. 

C. Polley et al.                                                                                                                                                                                                                                   



Materials Today Bio 21 (2023) 100719

10

4.3. Bioactivity 

Having established the fabrication route for BaTiO3/BG composites, 
and after characterisation of the major physical properties of the scaf-
folds, we became interested in the bioactive potential of the scaffolds. To 
investigate bioactivity, we incubated scaffolds of both composites for 28 
days in SBF and characterised their ability to form an HCA layer [65]. An 
apparent change in the surface morphology became visible in the 
BaTiO3/15%BG composite, where a cauliflower-like morphology 
developed after 28 d, indicating calcium phosphate species on the sur-
face (Fig. 6, A) [55,89]. The BaTiO3/5% BG scaffolds however, did not 
display this behaviour. On the surface of the BaTiO3/5%BG scaffolds, 
particles resembling calcium phosphates are sporadically visible. The 
prominent formation of the characteristic cauliflower-like morphology 
is presumably attributed to the increased BG load and the lower sin-
tering temperature. The EDS analysis confirms the presence of Ca and P 
on the surface, in addition to the prominent peaks for O, Si and Ba 
(Fig. 6, B). 

We performed FTIR spectroscopy to assess further the formation of 
calcium phosphates on the surface of the scaffolds (Fig. 7). The spectra 
were recorded after 0 d, 7 d, 14 d, 21 d and 28 d of immersion in SBF. 
The BaTiO3/15%BG composite shows more explicit indications of the 
formation of HCA in the spectra than the BaTiO3/5%BG composite. 
From about 14 days, mid-infrared vibrations associated with P043−

appear, represented by a bending vibration around 500 cm− 1 wave-
length and an asymmetric stretch vibration at about 1000 cm− 1 [90,91]. 

However, the characteristic PO4
3− vibrations at 560 cm− 1 and 604 cm− 1 

were not detected in either composite even after 28 days in SBF [91]. A 
further indication of the formation of an HCA layer is the distinct 
detection of asymmetric CO3

2− bend vibrations which increase consid-
erably within the 28 days in SBF for the BaTiO3/15%BG composite [91, 
92]. The lower BG-loaded BaTiO3/5%BG composite shows a reduced 
bioactive potential compared to the BaTiO3/15%BG composite. The 
PO4

3− bending vibrations at 500 cm− 1 are only visible to a lesser extent, 
and the asymmetric stretch vibrations at 1000 cm− 1 are absent. The 
CO3

2− bend vibration is likewise reduced compared to the BaTiO3/15% 
BG composite. The results support the insights gained from the SEM. 
Both composites show bioactive potential, albeit limited according to 
the BG content. 

4.4. Cytocompatibility 

An essential requirement for biomaterials is to be non-toxic and to 

promote cell growth. We have, therefore, intensively investigated 
cytocompatibility and cell-material interaction for the 3D-printed 
BaTiO3/BG composites and benchmarked them against our previous 
piezoelectric composite of BaTiO3/HA [40]. For this purpose, we 
cultured scaffolds with MC3T3-E1 pre-osteoblasts for a period of 7 d. 
The results are shown in Fig. 8. After 7 d in cell culture, high growth of 
cells up to confluence is visible for BaTiO3/5%BG composition, similar 
to the TCPS positive control (Fig. 8, A). On the BaTiO3/HA composite, 
the cell layer is not as dense, and the BaTiO3/15%BG composite shows 
signs of cytotoxicity due to a barely pronounced cell layer and a round 
cytoskeleton of the cells. The image-based quantification (Fig. 8, B) of 
the cell number confirms this. It reveals a significantly increased cell 
number of the BaTiO3/5%BG composite compared to the BaTiO3/HA 
composite of the first generation. The number of cells growing on the 
BaTiO3/5%BG composite was similar to that on the TCPS pos. Control, 
with no significant differences. As an indicator for cell death, we used an 
LDH assay and quantified the extracellular LDH level (Fig. 8, C). The 
LDH level was significantly increased on BaTiO3/15%BG samples, again 
indicating the cytotoxicity of the composition. We hypothesise that the 
cytotoxic effect of the BaTiO3/15%BG composite is due to a strong burst 
release of hydroxide ions (OH− ) from the ceramic-crystallised glass 
matrix, raising the pH value to a cytotoxic range. A measurement of the 
pH in the cell cultures showed a significant increase for the 
BaTiO3/15BG composites compared to the scaffolds (Fig. 8, E). Such 
behaviour is known for BG scaffolds and can be countered with the 
preconditioning of the scaffolds. Therefore, it does not necessarily 
exclude the applicability of the higher-loaded composite as a potential 
biomaterial [93]. To assess the proliferation of the cells, we determined 
the relative DNA content using a PicoGreen QuantiT dsDNA assay. This 
corresponds with the image analysis and confirms a significantly higher 
dsDNA content on the BaTiO3/5%BG scaffolds compared to the 
BaTiO3/HA scaffolds, indicating a substantially enhanced proliferation 
of MC3T3 cells on the ceramic-crystallised glass composite. The SEM 
Image analysis (Fig. 8, F) of cells grown on BaTiO3/5% BG, after 7 days 
of incubation, indicates a good cell-material and cell-cell interaction (F2, 
F3) with filopodia visible on the material granules from printing. The 
cells grow on the material, and its roughness originates from 3D printing 
(F3). Moreover, the cells grow into the micropores (F1) and partially 
bridge them, forming a cell layer on top (F4). A 3D render (Fig. 8, G) of 
the cell layer from confocal microscopy confirms the density of the layer 
and shows how much the cells can bridge the microporosity. To study 
the interaction of the cells with the material and the cell layer in more 
detail, we subsequently used two-photon microscopy (Fig. 8, H). The 

Fig. 7. FTIR of 3D-printed BaTiO3/BG-composite scaffolds after incubation in SBF. A) FTIR spectrum for BaTiO3/5%BG over 28d in SBF with minor PO4
3−

bending vibrations and C03
2− bending vibrations. B) FTIR spectrum for BaTiO3/15%BG with more pronounced bending vibrations for P04

3− and C03
2− compared to the 

5%BG composite and an additional asymmetric stretch vibration at 1000 cm− 1 which can also be assigned to PO4
3− . 
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cells on the BaTiO3/5% BG grow directly on the surface and form a 
levitating cell layer where the cells bridge microporosities (H′). Such a 
double-layered cell film explains why the relative DNA content 
increased compared to the TCPS pos. Control which only shows a 
monolayer (H″). This shows the potential of the BaTiO3/BG composite 
and the 3D printing approach to specifically influence cell growth on 
and into the scaffolds by hierarchically built structures with designed 
macro and microporosity. Saeidi et al. also demonstrated a high cyto-
compatibility of freeze-cast BaTiO3/BG composites of up to 98% using 
human mesenchymal stem cells (hMSCs) [50]. In contrast to our data, 
the cytocompatibility could be significantly increased with the increase 
in the BG fraction. The authors do not describe any signs of adverse shifts 
in pH due to ion release. However, they washed the scaffolds three times 
with PBS and presumably preconditioned them. Overall, the in vitro 
results show that especially the BaTiO3/5%BG composite, although with 
limited performance in the SBF test, is an excellent candidate as a ma-
terial for BTE. It is also the material combination with a higher piezo-
electric charge constant d33, which makes it an ideal choice for use in the 
combined approach as a responsive piezoelectric and bioactive material. 
However, other material combinations, especially in the range between 
5 wt% and 15 wt% BG loading, should be considered in future studies. 
Finding a sweet spot that allows a better balance between piezoelectric 
properties, biomechanics, and bioactivity might be possible in this 
range. A load of 15 wt% BG should not be exceeded, as it would sacrifice 
the piezoelectric properties of the composite and, therefore, the possi-
bility of further stimulating cells electrically. 

5. Conclusion 

In conclusion, we demonstrate the fabrication of piezoelectric and 
bioactive BaTiO3/BG composite scaffolds by binder jetting for use in 
BTE. Starting with the description of the entire process line for the 
fabrication of the scaffolds, we provide a comprehensive characterisa-
tion of essential physical and functional parameters which are critical in 
its use as a biomaterial. The study can be summarised with the following 
main points:  

I) We demonstrate, for the first time, the 3D printing of BaTiO3/BG 
ceramic-crystallised glass composites for biomaterial application.  

II) The manufactured specimens and scaffolds are easy to handle and 
show the necessary compressive strength to be a suitable bone 
substitute material in non-load-bearing applications.  

III) The prepared BaTiO3/BG composites show ferroelectric and 
piezoelectric behaviour. The generated piezoelectric charge 
constant d33 is of the same order of magnitude or higher than that 
of natural bone and strongly depends on the load of BG.  

IV) An increased content of BG in the composite (BaTiO3/15%BG) 
combined with a lower sintering temperature results in a pro-
nounced HCA layer formation during SBF testing. Due to a lower 
BG content in the BaTiO3/5%BG ceramic-crystallised glass com-
posite, the HCA layer formation is limited compared to an 
increased load of BG.  

V) The in vitro experiments also indicate a dependence on BG load. In 
particular, the scaffolds based on the BaTiO3/5%BG composite 

show great potential in the in vitro experiment with no signs of 
cytotoxicity and strong proliferation of MC3T3 cells. BaTiO3/ 
15%BG scaffolds showed cytotoxic behaviour due to burst ion 
release and an increase in pH value. However, this could be 
counteracted with preconditioning, but this was not investigated 
in this study.  

VI) We were able to identify limits for the use of BG in a piezoelectric 
and bioactive composite based on BaTiO3 and outline a possible 
field of conflict between individual properties, in particular 
bioactivity and piezoelectricity (Fig. 9). 

6. Limitations and outlook 

The study presented here was conceptualised as the first study 
exploiting the potential of piezoelectric and bioactive 3D-printed scaf-
folds for bone applications. The main objective was to establish a 3D 
printing process for piezoelectric and bioactive materials and to inves-
tigate the limitations of our material and fabrication process, especially 
in terms of BG loading, trying to match bioactivity with piezoelectric 
properties, as it is known that non-piezoelectric phases actively limit the 
piezoelectric properties. Therefore, we focused on low and high BG 
loading to find the limits of our material and process. For the material 
and process presented here, we were able to render a field of conflict 
when designing piezoelectric and bioactive 3D printed scaffolds iden-
tifying a lower and upper limit of BG load for the composites developed 
(Fig. 9). However, we have not yet investigated BG loadings between the 
loadings presented here, but these offer the potential to further improve 
the targeted properties of the material. Nevertheless, the BG content 
should be kept moderate. Otherwise, the piezoelectric properties and, 
thus, the possibility to electrically stimulate bone cells are lost. We will 
perform follow-up studies to investigate compositions between 5% and 
15% BG load to tailor the material further and fine-tune the material- 
and process properties. Furthermore, we aim to examine the potential of 
scaffolds for BTE in more depth and are planning dynamic cell culture 
studies under targeted mechanical loading and active triggering of the 
piezoelectric effect. In addition, the chorioallantoic membrane (CAM) 
assay and in vivo studies in small animals are planned to investigate the 
biocompatibility and bioactivity of the presented composites in detail. 
An important focus will be to explore the potential release of Ba2+− ions 
from the BaTiO3/BG composite matrix over a prolonged period of time 
in cell culture or in vivo to investigate possible long-term toxic effects 
and possible inflammatory response of the tissue [94,95]. Furthermore, 
we anticipate significant potential in the further development of the 
process. We aspire to transfer the material into much more complex 
structures, such as triple periodic minimal surface (TPMS) designs and 
integrate the structural properties described by numerous authors 
[96–98]. Taken together, we envision combining piezoelectric and 
bioactive materials with modern additive manufacturing techniques to 
create customised biomaterials with a tailored and controllable biolog-
ical response. 
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[90] H. Aguiar, J. Serra, P. González, B. León, Structural study of sol-gel silicate glasses 
by IR and Raman spectroscopies, J. Non-Cryst. Solids 355 (2009) 475–480, https:// 
doi.org/10.1016/j.jnoncrysol.2009.01.010. 

[91] K. Zheng, A. Solodovnyk, W. Li, O.M. Goudouri, C. Stähli, S.N. Nazhat, A. 
R. Boccaccini, Aging time and temperature effects on the structure and bioactivity 
of gel-derived 45S5 glass-ceramics, J. Am. Ceram. Soc. 98 (2015) 30–38, https:// 
doi.org/10.1111/jace.13258. 

[92] K. Lin, J. Chang, Z. Liu, Y. Zeng, R. Shen, Fabrication and characterization of 45S5 
bioglass reinforced macroporous calcium silicate bioceramics, J. Eur. Ceram. Soc. 
29 (2009) 2937–2943, https://doi.org/10.1016/j.jeurceramsoc.2009.04.025. 

[93] F.E. Ciraldo, E. Boccardi, V. Melli, F. Westhauser, A.R. Boccaccini, Tackling 
bioactive glass excessive in vitro bioreactivity: preconditioning approaches for cell 
culture tests, Acta Biomater. 75 (2018) 3–10, https://doi.org/10.1016/j. 
actbio.2018.05.019. 

[94] J.P. Ball, B.A. Mound, J.C. Nino, J.B. Allen, Biocompatible evaluation of barium 
titanate foamed ceramic structures for orthopedic applications, J. Biomed. Mater. 
Res., Part A 102 (2014) 2089–2095, https://doi.org/10.1002/jbm.a.34879. 

[95] A.K. Dubey, G. Thrivikraman, B. Basu, Absence of systemic toxicity in mouse model 
towards BaTiO3 nanoparticulate based eluate treatment, J. Mater. Sci. Mater. Med. 
26 (2015), https://doi.org/10.1007/s10856-015-5414-6. 

[96] Z. Dong, X. Zhao, Application of TPMS structure in bone regeneration, Eng. Regen. 
2 (2021) 154–162, https://doi.org/10.1016/j.engreg.2021.09.004. 

[97] C. Polley, W. Radlof, F. Hauschulz, C. Benz, M. Sander, H. Seitz, Morphological and 
mechanical characterisation of three-dimensional gyroid structures fabricated by 
electron beam melting for the use as a porous biomaterial, J. Mech. Behav. Biomed. 
Mater. (2021), 104882, https://doi.org/10.1016/j.jmbbm.2021.104882. 

[98] Z. Cai, Z. Liu, X. Hu, H. Kuang, J. Zhai, The effect of porosity on the mechanical 
properties of 3D-printed triply periodic minimal surface (TPMS) bioscaffold, Bio- 
Design Manuf. 2 (2019) 242–255, https://doi.org/10.1007/s42242-019-00054-7. 

C. Polley et al.                                                                                                                                                                                                                                   

https://doi.org/10.1002/adhm.202001876
https://doi.org/10.1002/adhm.202001876
https://doi.org/10.1002/adhm.202001876
https://doi.org/10.1002/adhm.202001876
https://doi.org/10.1002/jbm.a.36156
https://doi.org/10.18416/AMMM.2019.1909S07T03
https://doi.org/10.1515/cdbme-2016-0024
https://doi.org/10.1016/S0955-2219(02)00071-7
https://doi.org/10.1016/J.ACTAMAT.2004.02.039
https://doi.org/10.1016/J.ACTAMAT.2004.02.039
https://doi.org/10.2298/SOS1003307B
https://doi.org/10.2298/SOS1003307B
https://doi.org/10.1016/j.actbio.2008.05.019
https://doi.org/10.1016/j.actbio.2008.05.019
https://doi.org/10.1016/J.BIOMATERIALS.2005.02.002
https://doi.org/10.1016/J.BIOMATERIALS.2005.02.002
https://doi.org/10.1111/J.1551-2916.2012.05085.X
https://doi.org/10.1016/J.CERAMINT.2018.12.223
https://doi.org/10.1016/J.CERAMINT.2018.12.223
https://doi.org/10.1016/j.pmatsci.2018.05.002
https://doi.org/10.1016/j.actamat.2007.01.029
https://doi.org/10.1016/j.actamat.2007.01.029
https://doi.org/10.1016/j.mtla.2021.100998
https://doi.org/10.1016/j.mtla.2021.100998
https://doi.org/10.1016/J.CEJ.2020.124400
https://doi.org/10.3390/coatings12020139
https://doi.org/10.3390/coatings12020139
https://doi.org/10.1016/S0272-8842(02)00223-7
https://doi.org/10.1016/j.jeurceramsoc.2020.05.061
https://doi.org/10.1016/j.jeurceramsoc.2020.05.061
https://doi.org/10.1016/j.jmbbm.2017.06.024
https://doi.org/10.1016/j.scriptamat.2017.10.022
https://doi.org/10.1016/j.scriptamat.2017.10.022
https://doi.org/10.1016/0041-624X(68)90132-7
https://doi.org/10.1016/0003-9969(89)90087-3
https://doi.org/10.1007/S10439-016-1595-5/FIGURES/8
https://doi.org/10.1016/j.jnoncrysol.2009.01.010
https://doi.org/10.1016/j.jnoncrysol.2009.01.010
https://doi.org/10.1111/jace.13258
https://doi.org/10.1111/jace.13258
https://doi.org/10.1016/j.jeurceramsoc.2009.04.025
https://doi.org/10.1016/j.actbio.2018.05.019
https://doi.org/10.1016/j.actbio.2018.05.019
https://doi.org/10.1002/jbm.a.34879
https://doi.org/10.1007/s10856-015-5414-6
https://doi.org/10.1016/j.engreg.2021.09.004
https://doi.org/10.1016/j.jmbbm.2021.104882
https://doi.org/10.1007/s42242-019-00054-7

	3D printing of piezoelectric and bioactive barium titanate-bioactive glass scaffolds for bone tissue engineering
	1 Introduction
	2 Materials and methods
	2.1 Material and fabrication
	2.2 Post-processing
	2.3 Morphological and microstructural characterisation
	2.4 Mechanical characterisation
	2.5 Poling and piezoelectric characterisation
	2.6 Bioactivity testing
	2.7 Cell culture studies
	2.7.1 Cell culture and maintenance

	2.8 LIVE/DEAD staining
	2.9 Multiphoton fluorescence microscopy
	2.10 Cell material interaction
	2.11 Extracellular lactate dehydrogenase release assay (LDH)
	2.12 PicoGreen proliferation assay
	2.13 Statistical analysis

	3 Results and discussion
	3.1 Scaffold fabrication and morphology

	4 Microstructure
	4.1 Mechanical properties
	4.2 Piezoelectricity
	4.3 Bioactivity
	4.4 Cytocompatibility

	5 Conclusion
	6 Limitations and outlook
	Credit author contributions
	Ethics approval and consent to participate
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


