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A B S T R A C T   

Piezoelectric ceramics, such as BaTiO3, have gained considerable attention in bone tissue engineering applica
tions thanks to their biocompatibility, ability to sustain a charged surface as well as improve bone cells' adhesion 
and proliferation. However, the poor processability and brittleness of these materials hinder the fabrication of 
three-dimensional scaffolds for load bearing tissue engineering applications. For the first time, this study focused 
on the fabrication and characterisation of BaTiO3 composite scaffolds by using a multi-material 3D printing 
technology. Polycaprolactone (PCL) was selected and used as dispersion phase for its low melting point, easy 
processability and wide adoption in bone tissue engineering. The proposed single-step extrusion-based strategy 
enabled a faster and solvent-free process, where raw materials in powder forms were mechanically mixed and 
subsequently fed into the 3D printing system for further processing. 

PCL, PCL/hydroxyapatite and PCL/BaTiO3 composite scaffolds were successfully produced with high level of 
consistency and an inner architecture made of seamlessly integrated layers. The inclusion of BaTiO3 ceramic 
particles (10% wt.) significantly improved the mechanical performance of the scaffolds (54 ± 0.5 MPa) compared 
to PCL/hydroxyapatite scaffolds (40.4 ± 0.1 MPa); moreover, the presence of BaTiO3 increased the dielectric 
permittivity over the entire frequency spectrum and tested temperatures. Human osteoblasts Saos-2 were seeded 
on scaffolds and cellular adhesion, proliferation, differentiation and deposition of bone-like extracellular matrix 
were evaluated. All tested scaffolds (PCL, PCL/hydroxyapatite and PCL/BaTiO3) supported cell growth and 
viability, preserving the characteristic cellular osteoblastic phenotype morphology, with PCL/BaTiO3 composite 
scaffolds exhibiting higher mineralisation (ALP activity) and deposited bone-like extracellular matrix (osteo
calcin and collagen I). 

The single-step multi-material additive manufacturing technology used for the fabrication of electroactive 
PCL/BaTiO3 composite scaffolds holds great promise for sustainability (reduced material waste and 
manufacturing costs) and it importantly suggests PCL/BaTiO3 scaffolds as promising candidates for load bearing 
bone tissue engineering applications to solve unmet clinical needs.   

1. Introduction 

Unlike in other tissues, most of bone injuries are able to heal spon
taneously, thanks to the self-regeneration ability of human bone and 
without the need for further treatment [1,2]. However, in complex 
conditions such as critical size bone defects, or in cases where the 
regenerative process is compromised (i.e. atrophic non-unions, avas
cular necrosis and osteoporosis), additional reconstructive intervention 

is necessary. To overcome the shortcomings of traditional strategies (i.e. 
autografts, allografts and xenografts), tissue engineering emerged as a 
promising approach for the management of bone defects [3–6]. Over the 
past decades, the development of tissue-like substitutes, able to support 
bone healing in critical conditions, has been the main research focus 
within the field [2]. 

Inspired by the composition of native bone, which is primarily made 
up of collagen fibrils and hydroxyapatite (HA) crystals, the use of 
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composite materials has received great attention towards the develop
ment of bone tissue engineering scaffolds. Typical composite bio
materials fit to this purpose are polymeric matrix (e.g. polycaprolactone 
(PCL), polylactic acid (PLA)) filled with bioactive ceramic particles, 
including tricalcium phosphate (TCP), HA and its doped forms [7–10]. 
With this strategy, the already excellent characteristics of polymers to 
reproduce bone tissue features, such as biodegradability, processability 
and mechanical properties, are further improved with the inclusion of 
the bioactive ceramic phase to better mimic natural bone composition 
[7–10]. 

Moreover, electrical effects have been recently shown to play an 
important role in bone growth, remodelling and fracture healing [11]. 
Natural bone exhibits an electrical potential in response to mechanical 
stimuli due to its inherent piezoelectric property [12], manufacturing 
strategies to obtain composite scaffolds including bioactive materials 
capable of mimicking such property would pose a step stone to restore 
critical size bone defects. Among piezoelectric ceramics (i.e. lithium 
niobate, potassium sodium niobate and lithium-doped potassium so
dium niobate), barium titanate (BaTiO3) represents the most investi
gated lead-free piezoceramic [13]. In addition to its good 
biocompatibility and intrinsic capacity to sustain a charged surface, 
BaTiO3 has shown great ability to improve bone cells' adhesion and 
proliferation [12,14]. 

In a study by Li et al., the incorporation of BaTiO3 nanoparticles into 
randomly oriented poly-(l-lactic acid) (PLLA) electrospun scaffolds 
enhanced the osteogenic differentiation of bone marrow mesenchymal 
stem cells (MSCs) [15]. Etherami et al. found that the piezoelectric effect 
of highly porous BaTiO3 scaffolds, produced through the conventional 
foam replication method and then coated with gelatine/HA, greatly 
improved the proliferation, differentiation, and extracellular matrix 
deposition of osteoblast-like cells [16]. Also, BaTiO3 particles filled into 
a PCL/calcium sulfate whisker (15 wt%) matrix were used to prepare 
ternary composites. Even though the piezoelectric coefficient of the 
ternary composite decreased in comparison to the PCL/BaTiO3, the 
presence of the calcium sulfate whisker contributed to enhance by 50% 
the flexural strength of the resulting composite and in the range of 
human cancellous bone [17]. 

Despite the combination of polymers and ceramics has contributed to 
address many of the limitations deriving from the use of single-phase 
biomaterials, scaffolds produced by conventional technologies still suf
fer from several shortcomings. Mainly they lack adequate control in 
terms of porosity and pore sizes, as well as mechanical properties and 
material composition throughout the structure. Also, they are inherently 

incapable to mimic complex architectures and with highly level of 
reproducibility for patient-specific applications [18,19]. Additionally, 
conventional biomanufacturing (i.e. solution electrospinning, freeze- 
drying, solvent casting) for the processing of composite materials 
often involves the use of organic solvents, whose inherent harmful ef
fects further challenge their subsequent biological performances 
[15,17]. 

The design, architecture, porosity and fabrication methods are all 
crucial features that, together with biomaterial physico-chemical prop
erties, contribute to the successful performance of a scaffold for bone 
tissue engineering, particularly in load bearing applications [20,21]. 
Additive manufacturing (AM) techniques, including binder jetting and 
fused deposition modelling (FDM), enable the design and fabrication of 
patient-specific substitutes with precise structural configurations 
[22–24] with higher degree of porosity and pore interconnectivity than 
conventional technologies [18,19]. Moreover, in the last decade AM 
technologies have greatly contributed to the design of bone tissue 
scaffolds with integrated and tailorable functionalities (including 
biochemical, electrical and mechanical) [25]. Recent studies have 
explored the development of composite scaffolds containing specific 
micro/nano-fillers, and which allow scaffolds to become bioactive 
[26,27], perform a specific function in response to an external stimulus 
(i.e. heat, light, magnetic field or pH) as well as change their shape or 
colour [28–31]. 

Although great achievements have been attained, the challenges in 
the processing of ceramic-based materials are still greatly hampering the 
manufacturing of 3D composite scaffolds with functional properties. In a 
recent study by Polley et al., BaTiO3/HA composite scaffolds have been 
produced via binder jetting 3D printing. Although a good degree of 
customisation was achieved, along with a highly interconnected porous 
structure (open porosity = 50%), and piezoelectric properties compa
rable to human bone, due to their inherent brittleness the composite 
scaffolds showed very limited ability to withstand mechanical loadings 
(compressive strength of 150 ± 120 kPa) [32]. 

Furthermore, the processing and formulation of the raw materials 
often increase the complexity of the product development cycle as well 
as the manufacturing costs. Scaffolds produced by binder jetting 
generally require a final sintering step, which is necessary to consolidate 
the mechanical integrity of the printed structure. Whereas, FDM tech
nologies require the additional extrusion step to produce a composite 
filament, which is then used to produce 3D scaffolds [33]. Lately, several 
studies, including some of the authors, have demonstrated the advan
tages in using multi-material extrusion-based AM technology as 

Fig. 1. Manufacturing of polymeric and composite scaffolds: A) Schematic representation of the extrusion-based additive manufacturing process; B) CAD model of 
the scaffold 3D volume and corresponding cross section (scale bar = 1 mm);C) representative image of the final 3D printed PCL (left), PCL/HA (centre) and PCL/ 
BaTiO3 (right) scaffolds. 
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emergent manufacturing approach for the production of composites 
scaffolds [9,34–37]. Although, to the best of our knowledge, only 
limited research has been conducted so far to exploit this environmen
tally friendly and versatile strategy for the manufacture of biodegrad
able composites based on piezoelectric materials. 

Given the existing evidence that piezoelectric characteristics of 
BaTiO3 have positive effects on natural bone formation pathways 
[12,14], and to enable its wider adoption in load bearing tissue engi
neering applications, in this study we focused on the fabrication, char
acterisation and biological validation of composite PCL scaffolds 
incorporating BaTiO3 particles. PCL was selected as polymeric matrix 
material due to its thermoelastic behaviour, low melting point and ease 
of processing, remarkable mechanical strength, biocompatibility, as well 
as being an FDA approved biodegradable polymer. The physico- 
chemical, mechanical and electrical properties of the additively manu
factured PCL/BaTiO3 scaffolds were assessed and compared against pure 
PCL and PCL/HA. The addition of BaTiO3 ceramic particles increased 
both the mechanical performance and the dielectric permittivity, with 
decreased dielectric loss in the composite scaffolds. 

All tested scaffolds supported the adhesion of human osteoblasts (i.e. 
Saos-2), with increased proliferation and extracellular matrix deposition 
in both PCL/HA and PCL/BaTiO3 scaffolds up to 28 days. In particular, 
after incubation with mineralisation media, calcium phosphate and 
osteocalcin deposition were observed in both composite scaffolds; the 
increased deposition of collagen I in PCL/BaTiO3 scaffolds may suggests 
this configuration as more suitable in load bearing bone tissue engi
neering applications. 

2. Materials and methods 

2.1. Design and manufacturing of 3D scaffolds 

PCL powder (Mw = 40,000–50,000, Mn = 45,000 and particle size 
<600 μm) was purchased from Polyscience Europe (Germany), BaTiO3 
powder (D90 = 4.0 μm) was purchased from Ferro Ltd. (UK), and sin
tered HA was supplied by the Biomaterials Innovation and Development 
Centre of Riga Technical University (Riga, Latvia) and produced as re
ported in [9]. 

Scaffold manufacturing (Fig. 1A) was performed as previously 
described [9,34]. For composite scaffolds, the powder-based materials 
were homogeneously mixed with 10% wt. ceramic content, as reported 
in Table 1. The powder was placed into heated metal cartridges and 
extruded following optimised parameters through a blunt tip needle 
(0.4 mm inner diameter) and by using a commercial 3D Bioplotter 
extrusion system (EnvisionTEC, Germany). 3D porous cylindrical 
models (3 and 6 mm height, 7 mm diameter) were designed in Solid 
Edge™ 3D software, then the Computer-aided design (CAD) model was 
uploaded into Perfactory Software Suite (EnvisionTEC, Germany) and 
sliced to obtain 420 μm slicing thickness (Fig. 1B). Cylindrical specimens 
were printed continuously, with a spacing of 0.8 mm between strands 
and an offset between each layer equal to half of the strands' distance 
(Fig. 1C). 

2.2. Physicochemical characterisation and mechanical properties 
evaluation 

2.2.1. Attenuated total reflectance Fourier transform infrared spectroscopy 
(ATR-FTIR) 

The composition of raw materials was analysed via Attenuated Total 
Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) using 
a Nicolet iS5 (Thermo Scientific, UK) system, equipped with an iD5 ATR 
diamond crystal window. FTIR spectra were recorded in the range of 
400–4000 cm− 1. 

2.2.2. Thermogravimetric analysis (TGA) 
In order to assess the ceramic content in the extruded filaments after 

printing as well as their thermal behaviour upon heating, thermogra
vimetric analysis (TGA) was performed. The analyses were performed in 
nitrogen atmosphere by using a TGA2 METTLER TOLEDO™ instrument 
with a resolution of 1 μg and weighing accuracy of 0.005%. All the 
samples (PCL, PCL/HA and PCL/BaTiO3), with an initial weight of ~15 
mg, were tested in the range of temperature between 50 and 600 ◦C at a 
heating rate of 10 ◦C/min. 

2.2.3. Imaging: scanning electron microscopy (SEM) and micro–computed 
tomography (micro-CT) 

The microstructure of the printed composite scaffolds and the 
dimension of the printed strands was measured using images acquired 
by Scanning Electron Microscopy (Hitachi FE-SEM SU5000) at voltage 
of 3.0 kV and working distance between 5 and 8 mm. In addition to this, 
the 3D architecture of the scaffolds and the distribution of the bio
ceramic phases were evaluated by using a micro–Computed Tomogra
phy (micro-CT) scanner (Skyscan 1275, Bruker, Belgium) equipped with 
a source voltage of 40 kV and a current of 250 μA, setting the pixel 
detector resolution to 10 μm. All the scaffolds were scanned with a 49 ms 
exposure in a 360 scan with 0.2◦ increment to improve image quality 
and reduce noise. For image reconstruction, the Bruker NRecon Soft
ware (Bruker, Belgium) was used with 15% beam hardening reduction 
and no ring artefact reduction. The overall porosity of the scaffolds was 
calculated theoretically from the CAD design as reported by Moroni 
et al. [38], and also experimentally through the actual dimensions of the 
specimens (n = 3) measured from the 2D sections, and by using the 
Brucker CTAn software. 

2.2.4. Mechanical properties 
The mechanical properties of the scaffolds were measured via uni

axial compressive tests. For this purpose, cylindrical samples were 
printed with diameter of 7 mm and thickness of 6 mm (a total of 12 
layers). Tests were performed using a universal testing machine (Instron 
5500S, Instron, UK) equipped with a 500 N load cell. The uniaxial 
testing was conducted at a constant loading rate of 0.5 mm/min and 
maximum loading of 490 N. All the specimens (n = 5) were subjected to 
a preload of 2 N before starting of the test. All tests were performed on 
dry samples at room temperature. The modulus was calculated from the 
linear range of the stress–strain curve for each sample. All experimental 
data are presented as mean ± standard deviation (SD). 

2.3. Dielectric and piezoelectric properties 

The electrical response of the printed composite scaffolds was 
examined through impedance spectroscopy using a 1260A Impedance/ 

Table 1 
Summary of processing conditions used to fabricate polymeric PCL scaffolds, PCL/HA and PCL/BaTiO3 composite scaffolds.  

Sample Composition (wt%) Printing temperature (◦C) Printing pressure (bar) Printing speed (mm/s) Pre/post flow (s) 

PCL 100  130  6  0.6 0.75/0.10 
PCL/HA 90/10  130  6.5  0.5 0.75/0.10 
PCL/BaTiO3 90/10  125  5.5  0.7 0.75/0.10  
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Gain-Phase Analyzer (Solartron Analytical, UK). The fabricated com
posites were tested in the frequency range from 0.1 Hz to 100 kHz at 
room temperature (RT) and 40 ◦C. A poling study was performed using a 
Corona poling set-up and the effect of time, temperature, and the electric 
field strength on the poling efficiency of the composites was studied. 
Firstly, poling was performed at room temperature by varying the 
applied voltage (5 kV, 10 kV, 15 kV and 20 kV) for 5 h in each individual 
voltage. Afterwards, the composites were poled with an applied poten
tial of 20 kV at increasing applied temperatures (40 ◦C, 45 ◦C, 50 ◦C and 
55 ◦C), while held for 5 h at each individual one. The d33 values of the 
composites were recorded after each poling step using a d33 Berlincourt 
piezometer supplied by Piezotest at 97 Hz. The polarisation-electric field 
(P-E) hysteresis loops were recorded using the Sawyer-Tower circuit at 
100 Hz and room temperature with a high-voltage amplifier (Precision 
RT66C Ferroelectric Tester) supplied by Radiant Technologies. 

2.4. In vitro cell studies 

2.4.1. Cell culture 
Human bone osteosarcoma Saos-2 cell line was kindly provided by 

Dr. Olga Tsikou (The University of Manchester) and maintained in Mc
Coy's 5A media (M9309, Sigma-Aldrich, UK) supplemented with 15% v/ 
v FBS (10,500,064, Gibco, UK) and 1% v/v penicillin-streptomycin 
(P0781, Sigma-Aldrich, UK). Cells were cultured in standard cell cul
ture conditions (37 ◦C, 5% CO2), passaged when reached confluency and 
kept at a cell density of 3 × 105 cells/cm2. Prior use, Saos-2 were tested 
Mycoplamsa negative by Mycoalert mycoplasma detection kit (Lonza, 
UK). All the experiments were performed with Saos-2 from passage 11 to 
passage 20, then cells were discarded. 

2.4.2. Scaffold cell seeding and mineralisation protocol 
Scaffolds were sterilised prior to cell seeding as previously described 

[9]. All the following steps were performed in a class II biological safety 
cabinet. Briefly, scaffolds were immersed in 70% v/v ethanol (aq.) and 
incubated for 20 min at RT; scaffolds were washed three times with 1×
PBS. The scaffolds were placed in a non-TC treated sterile 48 well plate 
and further exposed to UV-C light for 30 min each side. After steri
lisation, 2 × 105 Saos-2 cells were suspended in 50 μL volume of com
plete media and gently pipetted on the top of each scaffold. Scaffolds 
were incubated for 30 min (37 ◦C, 5% CO2) allowing cell adhesion, then 
a volume of 400 μL of complete media was gently pipetted in each well 
covering the whole scaffold. Cell culture media was replaced after 4 
days, and after 7 days of culture (37 ◦C, 5% CO2), the culture media was 
changed to Osteoblast mineralisation media (C-27020, PromoCell) to 
induce mineralisation and changed thereafter every 4 days and until the 
end point (i.e. day 28). 

2.4.3. Proliferation assay 
Cell proliferation was quantified by Alamar blue assay using Deep 

blue cell viability reagent (424,702, BioLegend, UK). Briefly, at each 
time point, cell culture media was removed from each well and replaced 
with a 400 μL volume of 10% v/v deep blue viability reagent in complete 
media. Cells were incubated for 2 h (37 ◦C, 5% CO2), then a volume of 
200 μL was transferred to a 96 well plate and the fluorescence was 
measured using a plate reader (Ex 530–570 nm/Em 590–620 nm, 
Synergy-2, Biotek, UK). After each time point, a 400 μL volume of 
complete fresh media was added to each well, avoiding any interference 
in future readings. Of note and prior to each measurement, the scaffolds 
were transferred to a new sterile well plate to measure proliferation of 
cells on the scaffold only. Experiments were performed in triplicate for 
each time point and type of scaffold tested and repeated for biological 
duplicate. For each scaffold and time point, data are presented as mean 
± SD (n = 2, N = 3). 

2.4.4. Alkaline phosphatase activity (ALP) assay 
At selected time points, cells were fixed with 4% v/v formaldehyde 

solution (1004968350, Sigma-Aldrich UK) for 10 min followed by 
washes with 1× PBS. The cells were then permeabilised with a solution 
of 0.1% v/v Triton-X in 1× PBS for 15 min and finally washed three 
times with 1× PBS . Cellular alkaline phosphatase activity (ALP) was 
quantified for each type of scaffold tested (n = 3) using ALP Dieth
anolamine activity kit (AP0100, Sigma-Aldrich, UK) following manu
facturer's instructions. Briefly, after permeabilization, a 1 mL volume of 
ALP reaction buffer was added to the scaffolds. A 0.67 M pNPP substrate 
solution was prepared in ultrapure water and a 1 μL volume of this so
lution was added to the scaffolds, previously immersed in ALP buffer. 
Scaffolds were incubated for 15 min at 37 ◦C. The enzymatic activity was 
immediately measured with absorbance readings at 405 nm (Synergy-2 
plat reader, Biotek, UK). Readings were converted to units/mL using a 
calibration curve obtained by measuring known amounts of ALP enzyme 
(U/mL) using the same method previously described and in the range of 
0.15 U/mL and 10 U/mL. Finally, ALP activity was normalised to cell 
number, with each U/mL values divided by the cell proliferation reading 
(Alamar blue) measured for the corresponding scaffolds. For each scaf
fold and time point, data are presented as mean ± SD (n = 2, N = 3). 

2.4.5. Alizarin-red staining and deposited calcium quantification 
To quantify calcium deposition, scaffolds were fixed with 4% v/v 

formaldehyde solution at selected time points (day 21, day 28, n = 2, N 
= 3). After fixation, scaffolds were washed with ultrapure water and 
then incubated with Alizarin-red staining solution (TMS-008-C, Sigma- 
Aldrich, UK) for 15 min at room temperature on a plate shaker. Excess 
stain was removed by additional washes (n = 3) with ultrapure water, 
then scaffolds were washed with acetone (n = 1) and left to dry at room 
temperature. To quantify the reacted and deposited alizarin stain on the 
scaffolds, a 2 mL volume of 0.2 M NaOH:MeOH (1:1) solution was added 
to dissolve the stain for each scaffold, then a volume of 200 μL was 
transferred to another well-plate and measured by absorbance reading 
at 405 nm (Synergy-2 plate reader, Biotek, UK). A calibration curve 
obtained from known concentration of Alizarin red stain (mM) in 0.2 M 
NaOH:MeOH was used to calculate the deposited calcium. For each 
scaffold and time point, data are presented as mean ± SD (n = 2, N = 3). 

2.4.6. Immunofluorescence staining and image acquisition 
The morphology of Saos-2 cells on scaffolds was analysed by 

immunofluorescence staining using DAPI (Thermofisher, UK) and Alexa 
Fluor™ 488 Phalloidin (A12379, Thermofisher, UK) for nucleus and F- 
actin, respectively. Briefly, each scaffold was fixed with 4% v/v para
formaldehyde for 10 min and permeabilised with 0.1% Triton-X for 10 
min at RT. After washes the scaffolds were incubated with a mix of DAPI 
(1 μg/mL) and Phalloidin (1:80) in 1× PBS for 30 min at RT and in the 
dark. Samples were washed three times with 1× PBS and stored 
immersed in 1× PBS at 4 ◦C in the dark. 

Collagen I and osteocalcin immunofluorescence staining were per
formed on the scaffolds to detect any deposition of extracellular matrix 
after 28 days of culture. For this staining, scaffolds were fixed with 4% v/ 
v paraformaldehyde for 5 min at RT, washed three times with 1× PBS 
and then incubated with blocking buffer (1% w/v BSA in 1× PBS) for 1 h 
at RT to avoid non-specific antibody binding. Scaffolds were washed 
with 1× PBS, and then incubated with Osteocalcin monoclonal antibody 
(1:500 dilution in 1× PBS, MA1-82975, Thermofisher, UK) and 
Collagen-I polyclonal antibody (1:250 dilution in 1× PBS, PA5-95137, 
Thermofisher, UK) overnight (16 h) at 4 ◦C. After three washes with 
blocking buffer, samples were incubated with a solution of secondary 
antibodies Goat anti-rabbit 488 (1:2000 dilution in 1× PBS, A-11008, 
Thermofisher, UK) and Goat anti-mouse 594 (1:2000 dilution in 1× PBS, 
A-11005, Thermofisher, UK) for 30 min at RT following manufacturers 
instruction. Samples were washed three times with blocking buffer and 
stored immersed in 1× PBS at 4 ◦C in the dark. 

Images of scaffolds were acquired using the fluorescent inverted 
microscope (Leica DMI6000, Leica Microsystems, UK) coupled with a 
5.5 Neo sCMOS camera (Andor, UK). The μManager software (v.1.46, 
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Vale Lab, UCSF, USA) was used to control both microscope and camera, 
as well as to capture images. For acquisitions, a dry 10× objective (PL 
10×/0.3 PH1, Leica), a dry 20× objective (PL 20×/0.5 PH2, Leica) and a 
dry 63× objective (PL 63×/0.9 PH2, Leica) with filter cubes (A4, I3 and 
N2.1) was used. All images were post-processed to remove background 
noise using ImageJ v1.49p. 

2.5. Statistical analysis 

For the mechanical analysis, differences between groups were 
determined by using a Paired t-test using a level of statistical significance 
(p) < 0.05. All experimental data are presented as mean ± SD. 

For all cellular experiments, data are presented as average of at least 
three (n = 3) independent experiments ± SD, unless otherwise stated. 
One-way analysis of variance (ANOVA) with Brown-Forsythe and Welsh 
was performed using GraphPad Prism v9.1.0, as to analyse the signifi
cant differences among results for cell proliferation, ALP and Alizarin 
Red quantification. Probabilities were set at four different significance 
levels: p < 0.05 (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). 

Paired t-test was used to compare same scaffolds at different time 
points for Alizarin Red stain quantification. The p-values obtained are 
mentioned under the representative figure. 

3. Results and discussion 

3.1. Physicochemical and mechanical characterisation 

ATR-FTIR analysis was performed on raw materials in order to 
confirm the presence of HA and BaTiO3 inorganic phases into the mixed 
PCL-based powders. As reported in Fig. 2, both the PCL/HA and PCL/ 
BaTiO3 spectra showed the characteristic bands of PCL(Fig. 2, black 
line); specifically the C–H stretching (2943 and 2865 cm − 1), the C––O 
carbonyl group at 1720 cm − 1, the CH2 deformation band 1165–1468 
cm− 1, the backbone C–O and C–C stretching of the crystalline phase 
1293 cm− 1, and the C–O–C symmetric and asymmetric band at 1239 
cm− 1, 1164 cm− 1, 1107 cm− 1, 1047 cm− 1 were detected [39]. More
over, in the PCL/HA spectra (Fig. 2, red line) the characteristic peaks of 
pure HA were observed as: the O–H and (PO4)3 groups and respectively 
at 560, 600 and 1041 cm− 1 [40]. The PCL/BaTiO3 spectra (Fig. 2, blue 
line) showed the Ti–O stretching vibration peak at 559 cm− 1 and the 
distinctive shape of BaTiO3 spectrum (Fig. 2, green line), which 
confirmed the presence of this phase into the PCL/BaTiO3 composite 
material [41]. Although the inorganic phases were incorporated at 

Fig. 2. FTIR spectra comparing PCL (black), HA powder (orange), BaTiO3 
powder (green), PCL/HA composite powder (red) and PCL/BaTiO3 composite 
powder (blue). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 3. Thermal characterisation of the samples after extrusion: (A) TGA thermograms and the zoom of the selected area indicating the remaining mass in each 
sample, and (B) TGA first derivative curves of PCL (black), PCL/HA (red) and PCL/BaTiO3 (blue). (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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Fig. 4. SEM morphological evaluation of the 3D printed scaffolds at different magnifications showing strands and surface. Images acquired with the Backscattered 
Electron (BSE) mode evidenced the presence of HA (red arrows) and BaTiO3 (blue arrows) particles. All images were captured using a top-view scan. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Micro-CT reconstruction of PCL (A–C), PCL/HA (D–F) and PCL/BaTiO3 (G–I) scaffolds. Cross sections (A–B, D–E, G–H) evidence the high-fidelity of printed 
scaffold towards the CAD model. All scaffolds show circular printed strand, homogeneous across the XY plane. Top view (C, F, I) showing the cylindrical shape of all 
scaffolds, as well as alignment of printed layers. 
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smaller amount (10% wt.) within the composite material, it was possible 
to detect their distinctive peaks via FTIR analysis. 

TGA analysis was performed to evaluate the behaviour upon heating 
of the extruded materials and the amount of bioceramics incorporated 
within them (Fig. 3). Single step degradation and a pronounced mass 
loss was observed for all the samples (Fig. 3A). According to the analysis, 
a structural decomposition started at temperature above 250 ◦C, thus 
confirming the stability of all the compositions during the printing 
process. Both composite materials shown a slightly higher temperature 
requirement for degradation in comparison to pure PCL, with the 50% of 
the weight loss occurring at 385 ◦C, 395 ◦C and 405 ◦C for the PCL, PCL/ 
HA and PCL/BaTiO3 respectively. After 550 ◦C the remaining mass in 
the composite samples was relatively constant and content close to the 
theoretical value of 10% wt. (10.05 ± 1.3% wt. for PCL/HA and 12.5 ±
1.9% wt. for PCL/BaTiO3 scaffolds). Also, as shown by the TGA first 
derivatives curves (Fig. 3B) the presence of the inorganic phases 
contributed to a slight shift in the maximum peaks towards higher 
temperatures, indicating the effect of the bioceramic particles in 
delaying the materials' degradation rate [42]. 

Scaffold morphology is known to greatly affect in vitro cell behav
iour, with pore size, pores interconnectivity and surface characteristics, 
playing the most important role in promoting cell–scaffold interactions 
such as cell adhesion and migration, as well as proliferation [22,43]. 
SEM observations of the 3D printed scaffolds at low magnification 
(Fig. 4) showed the shifted pattern design and the resulting inter
connected macro-porosity, matching the CAD design across all the 
scaffolds and proving the suitability of the printing process. A uniform 
strand diameter was measured across all groups, with an average strand 
diameter approximately 31 μm bigger than the theoretical target value 
(400 μm). This behaviour, observed across all the materials used in this 
study, is typical of viscoelastic polymer-based biomaterial inks, and due 
to its expansion upon extrusion from the nozzle [44]. At higher 
magnification (1000×) it was possible to appreciate the presence of 
uniformly distributed micro-pores on all the scaffolds. Moreover, no 
agglomeration or clumping of the ceramic particles was detected in any 
of the high-magnification images of the composite-based samples, sup
porting good mixing of the two materials prior printing. 

Micro-CT analysis was performed to evaluate the overall scaffolds' 
architecture, as well as the inner structure of the 3D printed scaffolds. As 
shown in Fig. 5, the micro-CT reconstructions of all scaffolds evidenced a 
uniform geometry and a consistent structural integrity along with a high 
fidelity to the CAD model dimensions. Regular pore size and defined 
circular cross-sections of the printed filament was observed in the cross- 
sectional reconstructions across all the groups (Figs. 5B, 5E, 5H). From 
these datasets, it is also evidenced the uniform distribution of the 
ceramic phase in the PCL matrix for the composite-based scaffolds, 
further supporting the appropriate mixing step of the raw materials 
[45]. Experimental data derived from the micro-CT reconstructions also 
supported the assessment of the 3D scaffolds' porosity. 

As shown in Fig. 6A all the printed samples displayed similar porosity 
values, which were found between 35% and 45%, as expected theoret
ically (41.6%) and within the range of porosity of human cancellous 
bone [46]. Notably, no statistical difference was observed across sam
ples. Obtained results prove the suitability of the extrusion-based 
approach towards the manufacturing of composite scaffolds with high
ly interconnected structures and reproducible architectures. 

Mechanical performances represent a key requirement for bone 
scaffolds, particularly in load bearing applications, as they need to 
match the host tissue mechanical characteristics and withstand physi
ological forces imposed on the structure [6,20,43]. In this study, the 
mechanical properties of the scaffolds were measured using cylindrical 
samples (diameter 7 mm, thickness 6 mm) tested under uniaxial 
compressive loading to investigate the role of the bioceramic phase 
included in the polymeric matrix. Fig. 6B shows representative stress- 
strain curves of PCL (black), PCL/HA (red) and PCL/BaTiO3 (blue) 
scaffolds. All the tested scaffolds showed a stress-strain response 

Fig. 6. A) Porosity values derived from micro-CT scans of the 3D scaffolds (n =
3) and theoretical porosity (green dotted line; results are presented as mean ±
SD. B) Example of engineering stress-strain curves of PCL (black), PCL/HA (red) 
and PCL/BaTiO3 (blue). All samples were compressed approximately until 40% 
strain. C) Compressive Modulus of each scaffold. The compressive modulus was 
calculated in the 0–10% strain interval; results represent mean ± SD (n = 5), p 
< 0.05 (*). (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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characterised by an initial linear elastic region up to 10% compression 
strain, followed by densification and the eventual rupture of the samples 
at approx. 40% strain. As shown in Fig. 6C the inclusion of BaTiO3 
particles into the polymeric matrix led to a composite structure with 
significantly improved mechanical performance when compared to pure 
PCL and PCL/HA composite scaffolds. This outcome might be attributed 
to the particles acting as strain absorbers within the polymeric matrix 
[47,48]. According to the published literature focusing on 3D printed 
scaffolds, in addition to the design features (including shape, size pore 
size and strand dimension), it is reported that physicochemical proper
ties play a crucial role towards their mechanical performance 
[19,46,49]. While several studies have reported that the incorporation 
of inorganic fillers (up to 10% wt.) improves composite scaffold me
chanical properties [50,51], there are as much demonstrating their 
adverse effect [9,36]. Considering the characteristics of the scaffolds 
produced in this study and with reference to the reproducibility in terms 
of strand dimensions, the high fidelity to the CAD model and the similar 
porosity values across all the groups, it is likely that the increased 
compressive modulus measured in the PCL/BaTiO3 scaffolds is the result 
of the actual material composition, irrespective of the geometrical fea
tures. In particular, the higher density of BaTiO3 (6 g/cm3) in compar
ison to HA powder (~3 g/cm3) could be responsible for the higher 
compressive modulus. Our results suggest that the inclusion of 10% wt. 
of BaTiO3 particles enhanced the mechanical properties of the PCL/ 
BaTiO3 composite scaffolds, fabricated for the first time via a single-step 
additive manufacturing technology and in comparison to ceramic-based 
composites manufactured using binder jetting 3D printing [32]. 

3.2. Electroactive properties 

Fig. 7A–C present the room temperature dielectric permittivity, AC 
conductivity and dielectric loss plots of the printed composite scaffolds 
as a function of frequency. Fig. 7D–F show the dielectric permittivity, AC 

conductivity and dielectric loss at 40 ◦C, respectively. The dielectric 
properties are investigated at RT and 40 ◦C as the poling study has been 
performed at these two temperatures. As observed in Fig. 7A and D, the 
inclusion of both HA and BaTiO3 particles increase the relative permit
tivity with respect to pristine PCL scaffolds, with PCL/BaTiO3 scaffolds 
showing the highest permittivity values over the entire frequency 
spectrum at both tested temperatures. This is in agreement with the 
reported dielectric behaviour of PCL/BaTiO3 composites [52]. 

Relative permittivity values of all scaffolds at both RT and 40 ◦C 
increase with decrease of the applied frequency as the dipoles attain 
sufficient time to reorientate in the direction of the electric field [53]. A 
strong electrode polarisation is observed at low frequencies, which re
duces with increasing frequencies as expected for dielectric polymers 
and particulate composites [54]. However, at RT, the increase of PCL/ 
HA's permittivity values do not follow the same trend as PCL and PCL/ 
BaTiO3 samples, PCL/HA exhibits lower slope in the low frequency re
gion (f < 10 Hz) than the other two types of samples leading in lower 
values of permittivity than pristine PCL. This is likely due to a strong 
adhesion between the HA particles and the polymer chain leading to 
immobilization of the macromolecular chain or even entanglement 
which in turn reduces the dielectric response of the polymer to the 
applied electric field, thus decreasing the permittivity [55,56]. The 
BaTiO3 particles on the other hand do not show this adverse effect and 
effectively increase the dielectric permittivity of PCL even at the rela
tively low weight fractions used in this study. 

The measured AC conductivity at RT (Fig. 7B) and 40 ◦C (Fig. 7E) 
shows the presence of flat, dispersive, and linear regions as a function of 
frequency, in agreement with the reported behaviour for PCL in litera
ture [52]. The dielectric loss factor (tan (δ)) behaviour of the composites 
as a function of frequency measured at RT (Fig. 7C) and 40 ◦C (Fig. 7F) 
showed an increase in dielectric loss is in accordance with the increase in 
real permittivity at low frequencies. The phenomenon observed in the 
high-frequency region (f > 10,000 Hz) can be attributed to interfacial 

Fig. 7. Dielectric response of scaffolds: A) Real part of dielectric permittivity, B) AC conductivity (S/m) and C) Loss tangent (tanδ) as a function of frequency (Hz) for 
the PCL (black), PCL/HA (red) and PCL/BaTiO3 (blue) composites at RT, D) Real part of dielectric permittivity, E) AC conductivity (S/m) and F) Loss tangent (tanδ) as 
a function of frequency (Hz) for the PCL (black), PCL/HA (red) and PCL/BaTiO3 (blue) composites at 40 ◦C. (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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polarisation occurring at the interface of the crystalline and the amor
phous phase of the PCL polymer due to ionic motions [53] and it seems 
to be more intense in the composite scaffolds compared to the pristine 
PCL. This is due to the fact that in the composite scaffolds, interfaces are 
formed between polymer matrix and ceramic inclusions as well as the 
crystalline and the amorphous phase of the polymer. 

The poling study performed at RT and 40 ◦C, for up to 5 h at the 
varying electric field of 5, 10, 15 and 20 kV/mm resulted in d33 values 

lower than 0.1 pC/N, indicating the effect of low fraction of the ferro
electric phase. 

3.3. In vitro evaluation of the 3D printed scaffolds 

3.3.1. Cytocompatibility 
Saos-2 cell lines were chosen as an osteoblast model to test cyto

compatibility and osteogenic potential of polymeric and composite 

Fig. 8. A) Proliferation assay of Saos-2 cell lines 
when cultured in PCL (black), PCL/HA (red) and 
PCL/BaTiO3 (blue) scaffolds. Cell proliferation was 
measured by Alamar blue fluorescence at different 
time points and up to day 28 showing higher prolif
eration in both PCL/HA and PCL/BaTiO3 composite 
scaffolds compared to pristine PCL scaffolds at day 
28. Statistical analysis at day 28 using One-way 
ANOVA returned: PCL vs PCL/BaTiO3 p-value 
<0.001 (**),PCL vs PCL/HA p-value <0.05 (*), and 
no significance between PCL/HA vs PCL/BaTiO3. 
Data are presented as mean ± SD (n = 2, N = 3). B) 
Morphology of Saos-2 cell lines in PCL, PCL/HA and 
PCL/BaTiO3 scaffolds. Immunostained images of 
Saos − 2 cells at day 28 in tested 3D composite scaf
folds. Nucleus stained is by DAPI (blue) and actin 
stained by Phalloidin alexa fluor 488 (green) and 
imaged at different magnification using inverted mi
croscope. Scale bars 200 μm. (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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scaffolds, as these cells were previously used in in vitro models for their 
osteogenic potential and mineralisation capability mimicking human 
osteoblasts [57,58]. 

Results show steady increase in cellular proliferation from day 1 to 
day 14 in all the scaffolds tested (Alamar blue viability assay, Fig. 8A), 
with increased proliferation rate in composite scaffolds from day 14 to 
day 28. Of note, cells have higher proliferation rate in PCL/BaTiO3 
scaffolds, such slower rate of proliferation from day 7 to day 14 could be 
attributed to the change in media from normal to mineralisation 
inducing media. 

Fig. 8B shows uniform adhesion of Saos-2 cells after 28 days of cul
ture on the scaffolds' strands, with no difference observed between 
pristine PCL and composite scaffolds (PCL/HA and PCL/BaTiO3), as 
expected. Noticeably, Saos-2 cells were more uniformly adhered onto 
PCL/BaTiO3 scaffolds when compared to PCL and PCL/HA scaffolds. 

Moreover, images show similar Saos-2 cells alignment in PCL and 
PCL/BaTiO3 scaffolds, with higher cell density and distinctive alignment 
in PCL/BaTiO3 scaffolds visible at all the magnification. Morphology of 
Saos-2 cells cultured varied on different scaffolds and is better appre
ciated at higher magnifications (staining nuclei and F-actin, Fig. 8B). 
Saos-2 cells on pristine PCL and PCL/BaTiO3 scaffolds are more elon
gated with spindle-like morphologies and higher attachments to the 
scaffolds' surface; whereas Saos-2 cells on PCL/HA scaffolds are less 

aligned and with a rather circular shape. Altogether, both proliferation 
and morphology show that PCL/BaTiO3 showed higher cytocompati
bility compared to pristine PCL and PCL/HA scaffolds, and confirms, 
suggesting a more functional osteoblast phenotype as also reported in 
literature [59,60]. 

3.3.2. Osteogenic potential and mineralisation 
The osteogenic potential was tested by measuring cellular ALP ac

tivity, extracellular matrix deposition and mineralisation. Osteoblast 
culture maturation has been known to occur in three stages: first stage is 
characterised by growth, second stage by extracellular deposition of 
collagen and high ALP activity, and the third stage which marks com
plete maturation is characterised by matrix mineralisation (calcium 
phosphate and osteocalcin deposition) [61,62]. 

The addition of mineralisation media induces culture maturation to 
the third stage and hence the decrease in ALP activity is observed with 
consequent increase in calcium deposition (Fig. 9). Until the addition of 
mineralisation media at day 7, ALP activity as measured by the phos
phatase activity on the pNPP substrate showed higher levels in PCL/ 
BaTiO3 scaffolds, demonstrating better osteogenic potential (Fig. 9A) 
when compared to PCL and PCL/HA scaffolds. Calcium deposition 
measured by alizarin stain and its quantification ((Fig. 9B) showed 
increasing trend from day 21 to day 28 in both composite scaffolds (i.e. 

Fig. 9. Osteogenic activity of Saos-2 cells in PCL, 
PCL/HA and PCL/BaTiO3 scaffolds. A) Alkaline 
phosphatase activity (ALP) of Saos-2 cells cultured in 
scaffolds at different time points and up to 28 days. 
The phosphatse activity was read at 405 nm. Statis
tics One-way ANOVA between PCL vs PCL/BaTiO3 
and PCL/HA vs PCL/BaTiO3 p-value <0.05 (*), no 
significance was measured at all the other time 
points. B) Images of Alizarin stain on 3D scaffolds 
after 21 and 28 days of culture to highlighting cal
cium deposition by Saos-2 cells over time. C) Quan
tification of Alizarin stain by absorbance readings at 
405 nm. Data are presented as mean ± SD (n = 2, N 
= 3). One-way ANOVA statistics is displayed in the 
figure, with significance levels p < 0.05 (*). Addi
tional statistical analysis between each scaffold and 
at different time points (paired t-test) returned p =
0.045(*) for pristine PCL scaffolds, p = 0.0107(**) for 
PCL/HA scaffolds, and p = 0.0019 (**) for PCL/ 
BaTiO3 scaffolds.   
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PCL/HA, PCL/BaTiO3), indicating that the inclusion of the bioceramic 
phases increases the level of mineralisation of Saos-2 cells on the scaf
fold [63,64]. 

Immunofluorescent staining images confirm the deposition of oste
ogenic extracellular matrix by Saos-2 cells, with the presence of 
Collagen-I (green) and osteocalcin (red) detected after 28 days of culture 
in the presence of mineralisation media (Fig. 10). Of note, scaffolds were 
fixed with PFA only and not permeabilised to stain only extracellular 
components and avoid detection of intracellular components. However, 
intracellular signal was still detected and observed in acquired images, 
and could be explained due to loss of membrane integrity during the 
fixation process as reported in other studies [65,66]. A punctuated 
extracellular staining is visible close to cells (Fig. 10), demonstrating 
that the surface characteristics of tested scaffolds preserve the osteo
blastic phenotype with deposition of bone-like extracellular matrix onto 
the scaffolds. In particular, the presence of osteocalcin deposition in
dicates culture maturation and validates mineralisation capacity of 
Saos-2 cells in all scaffolds, with no clear difference across the three 
compositions tested. Collagen I is also deposited in all the scaffolds, with 
a slight increase in signal observed in PCL/BaTiO3 composite scaffolds 
(PCL/HA < PCL ≤ PCL/BaTiO3). 

4. Conclusions 

Electroactive biomaterials have been demonstrated to play a signif
icant role on natural bone pathway. In this work, for the first time PCL/ 
BaTiO3 composite scaffolds were produced by using a single-step 
extrusion-based 3D printing technology. Scaffolds with an inter
connected structure and a high level of integrity among the inner layers 
were successfully manufactured, as demonstrated by the morphological 
analysis. Mechanical properties and porosity values were found in the 
range of human cancellous bone. Significantly, the inclusion of 10% wt. 

BaTiO3 particles into the polymeric matrix improved the mechanical 
performance of the scaffolds, and also increased dielectric permittivity 
and decreased the dielectric loss. The bioactive surface of these scaffolds 
promoted Saos-2 osteoblast cells adhesion and proliferation, with 
distinctive ALP activity and deposition of osteocalcin and collagen I. 

Overall, these results have highlighted the potential of multi- 
material additive manufacturing as promising technology towards the 
processing of composite electroactive biomaterials and their use in load 
bearing tissue engineering applications. This strategy holds great 
promise for sustainability by reducing material waste, the stages of the 
product development cycle and finally the manufacturing costs associ
ated. Initiated by this study, future work will be performed to further 
investigate the use of higher concentration of BaTiO3 particles into the 
polymeric matrix to closely mimic bone tissue properties, and the role of 
electrical stimulation on cellular response to obtain a functional bone 
tissue unit. 

CRediT authorship contribution statement 

Elena Mancuso: Conceptualization, Methodology, Investigation, 
Resources, Validation, Supervision, Writing - Review & Editing, 

Lekha Shah: Investigation, Formal analysis, Data Curation, Writing - 
Original Draft 

Swati Jindal: Investigation, Formal analysis, Data Curation, Writing - 
Original Draft 

Cecile Serenelli: Investigation, Formal analysis 
Zois Michail Tsikriteas: Investigation, Formal analysis, Data Cura

tion, Writing - Original Draft 
Hamideh Khanbareh: Methodology, Supervision, Writing - Original 

Draft 
Annalisa Tirella: Methodology, Resources, Data Curation, Valida

tion, Supervision, Writing - Review & Editing, 

Fig. 10. Collagen and osteocalcein deposition by Saos-2 cells in PCL, PCL/HA and PCL/BaTiO3 scaffolds after 28 days of culture. Fluorescent images of nucleus 
(blue), collagen I (green), and osteocalcein (red) and composite image to detect difference in extracellular matrix deposition in tested scaffolds. Scale bars: 50 μm. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

E. Mancuso et al.                                                                                                                                                                                                                               



Materials Science & Engineering C 126 (2021) 112192

12

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors would like to thank Dr. John Kelly (Ulster University, 
UK) for the support with the mechanical characterisation, Dr. Olga 
Tsikou (The University of Manchester, UK) for the provision of Saos-2 
cells, and both Dr. L̄ıga St̄ıpniece and Dr. Krist̄ıne Šalma-Ancāne (Riga 
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