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Recent studies confirm the piezoelectricity of human bone, sparking interest in biocompatible and biodegradable
piezoelectric scaffold development. These scaffolds mimic native bone by matching its mechanical properties and
piezoelectric behaviour i.e., generating local electrical stimulation under mechanical stress, or generating me-
chanical response under external electrical stimulation, thereby modulating cellular activity, accelerating cell
proliferation and differentiation, ultimately speeding up the regeneration process. Although polymer-based
piezoelectric materials offer high reproducibility for 3D scaffolds, their piezoelectric performance falls short of
ceramic alternatives. While lead zirconate titanate (PZT) exhibits excellent piezoelectric properties, the haz-
ardous nature of lead limits biomedical applications. Consequently, this research proposes novel lead-free Bi;,
oNaj oTiOs-based (BNT) piezoelectric materials, namely, direct piezoelectric ceramics (DPC) (>50 % ds3
enhancement compared to undoped BNT) and converse piezoelectric ceramics (CPC) (>200 % Spax enhancement
compared to undoped BNT), with properties optimized for bone tissue engineering (BTE). 3D BTE scaffolds are
designed and fabricated considering biocompatible and biodegradable polycaprolactone (PCL) incorporating
DPC and CPC as functional fillers. Comparative evaluations against hydroxyapatite (HA), a well-accepted bio-
ceramic for clinical applications, are conducted for surface, mechanical, and biological properties. Results proved
the incorporation of both DPC and CPC promotes the mechanical properties (88.6 % enhancement compared to
neat PCL) and cell proliferation rate (46.3 % improvement compared to HA). Notably, hybrid scaffolds
combining both PCL/DPC and PCL/CPC in a cascade manner also outperformed PCL/HA (by 7.4 %) in osteogenic
differentiation, indicating promising potential for future studies.

1. Introduction

Current advancements in bone tissue engineering (BTE) have led to
the rapid development of synthetic polymeric scaffolds fabricated by
additive manufacturing (AM). These scaffolds are biocompatible and
biodegradable, have adequate mechanical properties for critical-sized
bone loss regions, being capable of accommodating various types of
stimuli, and thus are clinically capable of modulating the process of bone
regeneration following scaffold implantation [1,2]. Benefiting from the
unique advantage of AM: mass-personalisation, these scaffolds can also
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be tailored to fit the specific needs of each patient [3]. External electrical
stimulation, endogenous electrical fields, and bioelectrical signals are
pivotal in regulating cellular behaviour and contributing to bone
regeneration [4,5]. Therefore, among the various types of BTE scaffolds,
electroactive scaffolds present unique advantages. This is achieved by
either imparting the scaffold with electrical conductivity or piezoelectric
property, thus transmitting electrical signals and enhancing the physi-
ological electrical environment to promote bone regeneration [6,7].
Electrically conductive materials, such as conductive polymers (e.g.,
polypyrrole, polyaniline), carbon-based materials (e.g., graphene,
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carbon nanotubes), and metallic nanoparticles, have been employed in
scaffold development to enhance the electrical signalling and thus
support osteogenic activity [8-10]. However, these materials typically
only function as passive conductors, requiring external power sources
and offering limited dynamic interaction with the surrounding tissue
[11]. Compared with electrically conductive scaffolds that only guide
electrical stimulation, the piezoelectric ones present unique piezoelec-
tricity mimicking the natural bone tissue. Generally, they present two-
way stimulation generation functions [12]: Direct piezoelectric effect
in which scaffold materials generate electrical signals in response to the
mechanical stimulation during daily movement. Converse piezoelectric
effect in which scaffold materials generate mechanical responses
through the application of ex vivo electrical stimulation (from a clini-
cian). The research on applying piezoelectric biomaterials to BTE scaf-
folds has shown an emerging trend. Ceramic-based piezoelectric
materials, which benefited from superior piezoelectric properties, have
been extensively explored as materials for producing scaffolds [13].
Lead zirconate titanate (PZT) ceramics, as commercial piezoelectric
materials, have excellent piezoelectric properties with the direct
piezoelectric coefficient (ds3) as high as ~ 500 pC/N, but are chal-
lenging to use in any tissue engineering applications due to the cyto-
toxicity of Pb/PbO [14]. Thus, lead-free piezoelectric ceramics such as
zinc oxide (ZnO), barium titanate (BT), potassium-sodium niobate
(KNN), lithium sodium-potassium niobate (LNKN) have been investi-
gated as promising replacements for PZT [13].

Ceramic-based scaffold tends to present high piezoelectricity [15], it
is possible to electrically stimulate osteoblasts in a biomimetic manner
during cyclic mechanical loading. However, drawbacks such as me-
chanical brittleness, difficulty, and low reproducibility in
manufacturing, low biocompatibility, and biodegradability have limited
their development in BTE applications [16,17]. Thus, considering
biocompatible and biodegradable polymeric material as the scaffold
base material and using ceramic-based piezoelectric material as func-
tional fillers appears to be a promising route to tackle the challenges.
Polycaprolactone (PCL) is an ideal base material for BTE scaffold
fabrication due to its ease of processing, desirable biocompatibility, and
biodegradability [18-20]. Research on utilising AM for the fabrication
of porous polymer/piezoelectric ceramic material scaffolds is limited.
Among the few available studies, Salehi Sadati et al. developed PCL BTE
scaffolds containing BT and HA nanoparticles, which showed promising
piezoelectricity and biocompatibility [21]. Similarly, Mancuso et al. also
developed PCL/HA and PCL/BT scaffolds and compared their perfor-
mance with the neat PCL scaffold. The results showed that the addition
of HA and BT conferred the scaffold with improved mechanical and
biological properties [22]. However, the feasibility of combining two
types of ceramic-based piezoelectric materials that present direct and
converse piezoelectric effects into a single scaffold, in a controllable
manner, still needs further investigation. This is due to the lack of un-
derstanding of both material development (increasing piezoelectric
ceramic biocompatibility without compromising piezoelectric perfor-
mance) and fabrication technology (accurate and selective multi-
material printing). Some recent research explored a variety of electro-
spun scaffolds incorporating piezoelectric polymer with bioceramic, but
they present significant limitations in terms of mechanical performance
(due to material blending and manufacturing strategy) and biodegrad-
ability [9,23]. These studies also overlooked in vivo analysis, haven’t
systematically studied the effect of direct and/or converse piezoelectric
effect on BTE applications, let alone the exploration of combining both.

A promising strategy is the precise, filament-by-filament and layer-
by-layer deposition of direct and converse piezoelectric materials
separately within the single BTE scaffold, enabled by material-extrusion
AM. It minimises the unwanted ceramic dosing, reduces the total
amount of non-biodegradable ceramic materials, and increases the
biodegradability while allowing the zonal functionality control. This
paper presents the first attempt at a combined investigation of devel-
oping two lead-free ceramic-based piezoelectric materials and applying
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them to the AM fabrication of the next-generation BTE scaffolds,
considering different loading levels and controllable porous 3D struc-
tures. The designed scaffold considers both a single piezoelectric mate-
rial and direct-converse piezoelectric combinations. Comprehensively,
mechanical, chemical, morphological, surface, and in vitro biological
properties were characterised through a series of experimental valida-
tions. Through the comparison with PCL and PCL/HA scaffold, the
performance in mechanical and biological perspectives was highlighted,
and the feasibility for future in vivo research was also evaluated.

2. Materials and methods
2.1. Piezoelectric ceramics synthesis and characterisation

A series of (1-x) Biy/oNaj 2TiO3-xKNbO3 (x = 0.01-0.09) piezoelec-
tric ceramics was synthesized via solid-state reaction. Briefly, high-
purity powders (> 99 %) of NapCOs, BiOs, TiO3, K2CO3, and NboOs
were weighed stoichiometrically, ball-milled (Megapot, Pilamec Ltd.)
for 24 h, dried, and calcined at 900 °C for 2 h. After a second 24-hour
ball-milling, the powders were dried, with binder added (10 wt.%
PVA) before pressing into 10 mm diameter pellets. To minimise volati-
lisation of Bi, Na, and K elements, pressed pellets were embedded in the
powder of the same composition and sintered at 1140-1200 °C for 3h in
the air with a binder burnout stage at 550 °C for 3 h. The resulting
piezoelectric ceramics, designated as direct piezoelectric ceramics (DPC)
and converse piezoelectric ceramics (CPC), exhibited ~ 20-25 % vol-
ume shrinkage with relative density > 93 %. Samples were ground to
0.5 mm thickness and electroded with silver paste (Sunchemical, UK),
fired at 550 °C for 2 h prior to electrical measurements.

Polarisation-electric field (P-E) and strain-electric field (S-E) loops
were measured using an aixACCT TF 2000E ferroelectric tester at a
frequency of 1 Hz. Microstructural analysis was performed using scan-
ning electron microscopy (Philips XL30, Netherlands) after grinding and
polishing. The average grain size was determined using the linear
intercept method.

2.2. Scaffold design and fabrication

The synthesized DPC and CPC pellets were crushed into ceramic
powders using vibration milling (Megapot, Pilamec Ltd., UK) for 48 h
and sieved. The obtained agglomerate size is around 8-10 pm as
examined via SEM. PCL (Capa 6500, Ingevity, UK) in the form of 3 mm
pellets and hydroxyapatite (HA, Sigma-Aldrich, UK) in the form of <
200 nm particle size nano powder were purchased from the suppliers.
PCL-based composite materials containing different concentrations of
HA, DPC, or CPC were prepared by a physical melt mixing process
(material compositions detailed in Table 1). In summary, the PCL pellets
were first heated to 150 °C, with the desired concentration of different
materials added and mixed for 30 min to achieve uniform dispersion.
Upon cooling to room temperature, the blended materials were then
separated into smaller pellets ready for printing. Scaffold fabrication
was conducted using a screw-assisted material extrusion additive
manufacturing system (3DDiscovery, RegenHU, Switzerland). The
fabrication parameters (Table 1) were optimized, allowing for constant
control over the topological structure close to the design and high
reproducibility. All scaffolds were printed as 12 layers with dimensions
of 32.00 x 32.00 x 3.24 mm. The hybrid scaffolds (abbreviated as PCL/
DPC/CPC) were fabricated by first printing DPC for 6 layers and then
CPC for another 6 layers. All printed scaffolds were tested by thermog-
ravimetric analysis (TGA) to evaluate that both types of functional fillers
were effectively incorporated and uniformly dispersed into the polymer
matrix at the intended concentrations (as shown in Table 1 and Fig. S1).
TGA was carried out on a Q500 instrument (TA Instruments, USA) using
approximately 6 + 1 mg of sample per run. All measurements were
conducted under Ny atmosphere with a flow rate of 90 mL/min. The
temperature was ramped from 30 °C to 560 °C at a constant rate of
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Table 1
Scaffold design, material composition and processing parameters.
Scaffold Abbreviation ~ Designed Actual Processing
type material functional filler parameters
composition concentration
validated by
TGA
Standard PCL/HA-2.5 PCL contains 2.71 £ 0.27 wt. Nozzle
scaffold 2.5 wt.% HA % diameter: 330
PCL/HA-5 PCL contains 4.92 £+ 0.14 wt. pm
5 wt.% HA % Melting and
PCL/DPC-2.5  PCL contains 2.51 4+ 0.10 wt. printing
2.5wt.% DPC % temperature:
PCL/DPC-5 PCL contains 5.00 + 0.20 wt. 90 °C
5 wt.% DPC % Deposition
PCL/CPC-2.5 PCL contains 2.51 £+ 0.08 wt. velocity: 11.8
2.5 wt.% CPC % mm/s
PCL/CPC-5 PCL contains 4.98 + 0.18 wt. Screw rotation
5 wt.% CPC % velocity: 10.8
Hybrid PCL/DPC/ 6 layers PCL 2.51 £ 0.10 wt. rpm
scaffold ~ CPC-2.5 contains 2.5 % DPC Fibre
wt.% DPC + diameter: 330
+ 2.51 + 0.08 wt. pm
6 layers PCL % CPC Fibre lay-up
contains 2.5 pattern: 0°/
wt.% CPC 90°
PCL/DPC/ 6 layers PCL 5.00 £ 0.20 wt. Layer count:
CPC-5 contains % DPC 12 layers
5 wt.% DPC + Slice thickness:
+ 4.98 + 0.18 wt. 220 pm
6 layers PCL % CPC

contains
5 wt.% CPC

* PCL stands for polycaprolactone; HA stands for hydroxyapatite; Direct piezo-
electric ceramics (DPC) stands for 0.98BNT-0.02KN and converse piezoelectric
ceramics (CPC) stands for 0.93BNT-0.07KN.

10 °C/min. The ceramic content within the composites was estimated by
evaluating the mass loss observed during thermal degradation.

2.3. Scaffold surface hydrophilicity characterization

KRUSS DSA 100 (KRUSS Instruments, Germany) drop shape analyser
system was utilized to assess the scaffold’s surface hydrophilicity. Prior
to each measurement, the 32.00 x 32.00 x 3.24 mm scaffold was rinsed
with deionized water and dried at room temperature for 24 h. 1.7 pL of
deionized (DI) water was dropped onto the surface of the scaffolds by a
micro liquid dispenser (Hamilton, USA) with the needle located
approximately 5 mm above the surface. All measurements were con-
ducted at room temperature. The droplet deposition process was
recorded, and the water contact angle (WCA) was determined from the
image captured after the droplet stabilized (within approximately 5 s),
utilizing the Drop Shape Analysis (KRUSS Instruments, Germany) soft-
ware with the sessile drop method.

2.4. Scaffold mechanical characterization

Uniaxial mechanical compression tests were performed to evaluate
all produced scaffolds’ compressive modulus and strength. Specimens
were prepared as blocks measuring 3.00 x 3.00 x 3.24 mm according to
the ASTM D1621-16 standard [24]. The INSTRON 3344 singl-column
table frame system (Norwood, USA), equipped with a 100 N load cell,
was utilized. All experiments were conducted in dry conditions,
considering the 0.5 mm/min compression rate and 0.2 mm/mm (20 %)
strain limit. The force (F) and the corresponding displacement values
were registered and converted into engineering stress (¢) and strain (g).
The compressive strength and compressive modulus were subsequently
analysed following the methodology outlined by Fiedler et al. [25].
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2.5. In vitro biological characterization

2.5.1. Cell culture

Human adipose-derived stem cells (hADSCs, StemPro®, Invitrogen,
USA) at passages 8-9 were selected for all in vitro biological evaluations.
Cells were cultivated in T75 flasks (Sigma-Aldrich, UK) using MesenPRO
RS™ basal medium (Invitrogen, USA) till 80 % confluency. Prior to cell
seeding, all scaffold samples were cut to the appropriate size (7.00 x
8.00 x 3.24 mm) fit 48-well plates (Corning, USA), sterilized with 70 %
ethanol, rinsed with phosphate-buffered saline (PBS, Sigma-Aldrich,
UK), and left to air-dry overnight. Approximately 2.0 x 10* hADSCs
were then seeded onto each sample. The cultures were maintained under
standard conditions (37 °C, 5 % CO», and 95 % humidity), with the
culture medium being refreshed every two days throughout the in vitro
biological assessment.

2.5.2. Cell proliferation

Alamar Blue assay was utilized to assess cell cytotoxicity, prolifera-
tion, and viability status on scaffolds at days 1, 3, 5, and 7 post-seeding,
using resazurin sodium salt (Invitrogen, USA). At each time point, the
cell-seeded scaffolds were transferred to a new 48-well plate, with each
well receiving 400 pL of culture medium containing 0.001 % (w/v)
resazurin sodium salt. Following a 4-hour incubation period, 150 pL of
medium was transferred to a 96-well plate and analysed using a TECAN
Infinite 200 plate reader (Ey/E; = 540/590 nm, Tecan Group Ltd.,
Switzerland).

2.5.3. Osteogenic differentiation

In order to understand the hADSc osteogenic differentiation result on
scaffolds, the enzymatic activity of Alkaline Phosphatase (ALP) was
assessed using the SensoLYTE® pNPP Alkaline Phosphatase assay kit
(AnaSpec, USA). The calcium deposition process was evaluated using
Alizarin Red-S (ARS, Sigma-Aldrich, UK) staining. Generally, all cell-
seeded scaffolds were first cultured in proliferation medium (Mesen-
PRO RS™ basal medium) for 7 days, changed to osteogenic differenti-
ation medium (StemPro™ Osteogenesis Differentiation Kit), and
continued the culture work for the additional 3, 7, and 14 days before
each evaluation. The differentiation time points are noted as 7 + 3, 7 +
7, and 7 + 14 days. For ALP, at each time point, the cultured scaffolds
were first rinsed with PBS and assay buffer, transferred to 15 mL
centrifuge tubes containing 0.8 mL of assay buffer supplemented with
0.2 % (v/v) Triton X-100 (Sigma-Aldrich, UK). After vertexing for 1 min,
sonication for 2 min, storing at —80 °C for 15 min, and finally thawing at
ambient temperature, all samples were centrifuged at 2500g for 10 min
at 4 °C. To assess protein phosphatase activity, 50 pL of top supernatants
were extracted from each tube and mixed with 50 pL of p-nitrophenyl
phosphate. After incubating at room temperature for 1 h, a stop solution
was added to each well, and the absorbance was measured at 405 nm
using a TECAN Infinite 200 plate reader. For ARS, at each time point,
scaffolds underwent a series of steps: washing and immersion in a 10 %
neutral formaldehyde solution (Sigma-Aldrich, UK) for 15 min, rinsing
with DI water, application of 0.2 % (w/v) ARS staining dye, and incu-
bation at ambient temperature for 40 min. Subsequently, the scaffolds
were washed with DI water, treated with 0.8 mL of 10 % acetic acid, and
transferred into 15 mL centrifuge tubes. The scaffolds were incubated for
30 min with mild vibration, then heated to 85 °C for 10 min, followed by
a 5 min cooling period on ice. Following centrifugation at 2500g for 15
min, 400 pL of supernatant was collected and mixed with 150 pL of 10 %
ammonium hydroxide to adjust the pH to 4.1-4.5. The absorbance at
405 nm was measured using a TECAN Infinite 200 plate reader.

2.5.4. Bioimaging

Both confocal microscopy and SEM imaging were employed to
further assess cell qualitative adhesion, spreading, proliferation, and
differentiation status. The cell-seeded scaffolds were fixed at the time
points day 3 and day 7 for proliferation, and day 7 + 7 and day 7 + 14 for
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differentiation. Briefly, samples containing cells were fixed using a 10 %
paraformaldehyde solution (Sigma-Aldrich, UK) for 40 min, rinsed three
times with phosphate-buffered saline (PBS), and subsequently immersed
in PBS with 0.1 % Triton X-100 (Sigma-Aldrich, UK) for 7 min. After
twice PBS rinses, the samples were treated with PBS containing 7 % fetal
bovine serum (FBS, Sigma-Aldrich, UK) and incubated for 30 min at
ambient temperature. Thereafter, cellular actin was stained with Alexa
Fluor™ 594 Phalloidin (Invitrogen, USA) at a 1:400 dilution for 45 min
in the dark, as recommended by the manufacturer. Following two
further PBS rinses, cell nuclei were stained with 4',6-Diamidino-2-phe-
nylindole dihydrochloride (DAPI) (Invitrogen, USA) at the recom-
mended concentration (1:800). A Leica SP8 LIGHTNING confocal
microscope (Leica, Germany) was utilized to capture confocal images.

For SEM analysis, all cell-seeded scaffold samples were initially
treated with a 10 % glutaraldehyde solution (Sigma-Aldrich, UK) for 45
min at ambient temperature, followed by a PBS rinse. The samples were
then dehydrated using a graded ethanol series (50 %, 70 %, 80 %, 90 %,
and 100 %), with each step lasting 10 min. Subsequently, they were
sequentially immersed in a solution composed of 50 % ethanol and 50 %
hexamethyldisilazane (HMDS, Sigma-Aldrich, UK), followed by pure
HMDS and finally air-dried to ensure complete HMDS removal. Prior to
imaging, a 6 nm layer of gold-palladium (80:20) was sputter-coated
onto the samples using a Q150T ES sputter coater (Quorum Technolo-
gies, UK). Imaging was performed using a TESCAN MIRA3 system
(TESCAN, Czech) at an accelerating voltage of 2 kV. Additionally, En-
ergy Dispersive X-ray Spectroscopy (EDX) was conducted with the same
system at 15 kV, and the data were analysed using AZtec software
(Oxford Instrument, UK).

Further analysis of the calcium area on differentiated samples was
conducted on the obtained SEM images. The images were processed by
the MATLAB (MathWorks, USA) code created through the image pro-
cessing toolbox. When extracting objects from binary images, only
circularity values higher than 0.51 were considered as calcium area, and
calcium within the scaffolds was captured via area filtering. The
extracted calcium shape was then processed by MATLAB code to
calculate the corresponding area. The MATLAB code was attached as
supplementary material Code S1.
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2.6. Data analysis

All investigations were conducted with at least three scientific rep-
licates, and the experimental data were provided as the mean value and
standard deviation. The data analysis was first carried out using Shapiro-
Wilk and Levene’s tests through OriginLab (OriginLab Corporation,
USA) and followed by one-way analysis of variance (one-way ANOVA)
with post hoc Tukey’s test. Statistical significance was determined at
levels of * p < 0.05, ** p < 0.01, and *** p < 0.001.

3. Results and discussions
3.1. Development on the piezoelectric ceramics

3.1.1. Direct piezoelectric ceramics (DPC) characterization

Previous studies have demonstrated the electric field and
temperature-induced phase transition behaviour in lead-free Bi; oNa;,
2TiO3 (BNT) based solid solutions between short-range relaxor ferro-
electric (RFE) to long-range ferroelectric (FE) phase, as a key optimi-
sation strategy for direct and converse piezoelectric responses [26]. For
example, the ds3 was found to be enhanced by electric field-induced
transformation from a pseudo-cubic to a mixed phase of rhombohedral
and tetragonal in BNT-NaNbOsg solid solution [27].

The development of the DPC in this study focuses on (1-x) Bi; »Naj,
2TiO3-xKNbO3 (BNT-xKN) ceramics with x = 0.01-0.05. The single
pseudo-cubic structure was obtained for all compositions under X-ray
diffraction (XRD), as reported previously [28]. Bipolar polarisation-
electric field (P-E) loops at 60 kV cm~! of DPC were displayed in
Fig. 1(a). For compositions with x = 0.01-0.03, saturated ferroelectric-
type P-E loops were obtained with high Pp.x and Pre over 30 pC em ™},
Fig. 1(b), indicating electric field induced irreversible transformation
from nonergodic-relaxor to long-range ferroelectric phase. Increasing x
concentration to 0.04 and 0.05, constricted P-E loops were observed,
suggesting that the phase transition between the relaxor and long-range
ferroelectric phase became reversible [29]. It is also noticed that the E.
drops gradually with increasing x content from approximately 55 to 25
kV em L. The optimised ds3 value of poled piezoelectric ceramics, 125

(b) 40 50
o H40 _
£ £
o o
Q >
3 4
o o
{30 W
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Fig. 1. DPC characterization result. (a) Bipolar ferroelectric P-E hysteresis loops. The changes on the (b) polarisation and coercive field and (c) direct piezoelectric
coefficient for DPC. (d) Polished SEM cross-section of the optimal 0.98BNT-0.02KN piezoelectric ceramics.
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pC N’l, was found at the composition with x = 0.02 (Fig. 1(c)), with >
50 % enhancement compared to undoped BNT [30]. This value is similar
to other BNT-based solid solutions such as BNT-BT [30] and BNT-
NaNbOs [27], however, it is inferior to other lead-free piezoelectrics
such as Ky sNagsNbO3 [31]. The optimised direct piezoelectric perfor-
mance originates from irreversible phase transition and subsequent
domain switching behaviour, corresponding well with the previous
studies on electric field induced structural studies [28]. The average
grain size for the optimised composition was found to be 3.2 + 0.5 pym,
as shown in Fig. 1(d). 0.98BNT-0.02KN is thus considered a promising
DPC candidate with optimal ds3 and appropriate grain size for the
follow-on study.

3.1.2. Converse piezoelectric ceramics (CPC) characterization

The development of the CPC in this study focuses on (1-x) BNT-xKN
ceramics with x = 0.03-0.09. It has been reported that the reversible
phase between relaxors (with polar nano regions) and long-range/meso
ferroelectrics is a critical characteristic for optimising electrostrain
behaviour in BNT-based ceramics [32]. Such behaviour will be explored
in this study for the development of the CPC.

Bipolar P-E and strain-field (S-E) loops of CPC at 60 kV ecm~! are
displayed in Fig. 2(a-c). For compositions with x = 0.04-0.07, con-
stricted P-E loops were obtained, indicating the occurrence of a
reversible phase transition between ergodic-relaxor and ferroelectric
phases [33]. Both Py, and P, reduce as x increases, Fig. 2(d). For x =
0.03, a ferroelectric butterfly S-E loop was observed, Fig. 2(b), yielding a
negative strain of —0.08 % and positive strain of + 0.10 %, corre-
sponding to the long-range ordered ferroelectric phase. With increasing
x concentration toward 0.07, the shape of the S-E loop has changed, with
negligible negative and enhanced positive strains. Such behaviour has
been reported previously in lead-free BNT-based compositions, where
maximum positive electrostrain (Spax) was effectively enhanced by the
reversible transformation between short-range ergodic relaxor and long-
range ferroelectric through compositional modification [34]. Here in
this study, the enhanced Sp.x (both bipolar and unipolar) of 0.33 %,
(equivalent to large-signal converse piezoelectric coefficient ds3*) of
550 pm V’l, were obtained at 0.93BNT-0.07KN, Fig. 2(b) and 2(c),
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realising a significant > 200 % enhancement compared to undoped BNT
ceramics [35]. This value is superior to most of the other lead-free
piezoelectric ceramics based on BiFeOs [36], BT [37], and
Ko.5NagsNbO3 [31]. Further increasing x content to 0.09, the electric
field is unable to induce any type of meso/long-range FE ordering, thus
an electrostrictive-like strain is observed with Syax ~ 0.05 %. 0.93BNT-
0.07KN is therefore considered a promising CPC candidate with optimal
Smax for the following investigation.

The P-E loops of piezoelectric (BNT-based) and HA ceramic-loaded
PCL scaffolds were also evaluated (Fig. S2). The Py« value was found
to be relatively low, <0.01 pC cm ™2, at an electric field of 10 kV em ™ for
the HA ceramic-loaded PCL scaffold. In contrast, Ppax was enhanced
significantly by at least 1 order of magnitude for the BNT-based piezo-
electric ceramic-loaded PCL scaffold, desirable for realising piezoelectric
activities. The polarisation of PCL/piezoelectric ceramic scaffolds has
not been reported in the current literature. However, as the ferroelectric
polarisation has a strong correlation to piezoelectric properties, the
obtained value in the study can work as an important indicator. A dss3 of
~ 3 pC/N was reported in PCL/BT composites by Liu et al., however, this
was evaluated using dense composite samples rather than porous scaf-
folds [38]. Further studies on the direct evidence of piezoelectric
properties from a PCL/piezoelectric ceramic scaffold will be conducted.

3.2. Scaffold physical characterization

3.2.1. Water contact angle (WCA)

Acellular BTE scaffold requires appropriate surface hydrophilicity to
support cell adhesion and proliferation [39]. The results of the WCA
measurements are presented in Fig. 3(a), which shows the surface
wettability of all fabricated scaffolds (values below 90° indicating hy-
drophilicity and above 90° indicating hydrophobicity). For BTE scaf-
folds, studies suggest a contact angle between 40° and 70° is optimal
[40-43]. The WCA of the standard PCL scaffold was 90.33 &+ 0.32°, but
with the addition of ceramic fillers, the WCA dropped significantly,
closer to the optimal range. The increase in hydrophilicity is also
dependent on the filler concentration. Among all groups, the addition of
5 wt.% CPC presented the most significant impact, reducing the contact
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angle to 83.17 + 1.55°, followed by 5 wt.% HA of 87.63 + 1.31° and 5
wt.% DPC of 88.47 & 0.97°. The obtained results are consistent with the
findings from other researchers. Askarzadeh et al. incorporated BT into
PVDF for the fabrication of piezoelectric scaffolds, which exhibited a
reduced water contact angle compared to neat PVDF scaffolds [23].
Similarly, Zimina et al. investigated PLA/HA scaffolds and found that the
addition of HA also decreased the WCA of the scaffolds [44]. Generally
speaking, the increase of hydrophilicity with the induction of functional
fillers could be due to the existence of ceramic on the polymer fibre
surface, changing the surface morphology, and both CPC and DPC pre-
sent stronger effects compared with HA [45]. With the same agglom-
erate size (the agglomerate size of both CPC and DPC is around 8—10
pm, as measured by SEM (Fig. S3) with the previously reported meth-
odology [28]) and the same wt.%, the difference between CPC and DPC
is minor; only 5 wt.% showed a significant difference. This could be due
to the materials having similar adsorption capacity for water molecules
[9,46], while the dose-dependent increase of hydrophilicity could be
attributed to the hydrophilic nature of titania (TiOy) in the ceramic
composition [9]. Overall, the addition of ceramic-based functional fillers
decreased the water contact angle by 7.93 % compared to the pure PCL
scaffolds. The proposed method can be considered as a feasible dose-
dependent approach to modulate the surface properties of BTE scaffolds.

3.2.2. Mechanical characterization

The mechanical properties of PCL scaffolds were significantly
enhanced by incorporating the developed materials, as demonstrated in
Fig. 3(b) and 3(c). Importantly, the results indicate that these scaffolds
exhibit compressive strength and modulus values comparable to those of
human cancellous bone (with compressive strength ranging from 0.1 to
16 MPa and modulus from 20 to 500 MPa, depending on the anatomical
location) [47,48]. Moreover, the scaffolds are capable of enduring

hydrostatic and pulse pressures typical of the physiological environment
while maintaining the pores or spaces needed during the regeneration
process [49,50]. Relating to the compressive modulus, DPC and CPC
scaffolds showed a growing trend with the increase of DPC concentra-
tion (from 51.85 + 1.94 MPa to 53.51 + 0.94 MPa) and CPC (from 50.69
+ 0.79 MPa to 53.14 & 1.1 MPa), while the PCL/HA scaffolds showed a
similar trend (increase from 43.26 + 0.78 to 46.91 £+ 1.50 MPa). The
superior mechanical properties of PCL/BNT scaffolds compared to PCL/
HA scaffolds could be attributed to the inherent stiffness of the BNT
piezoelectric ceramics, which is higher than HA [51,52]. BNT’s Young’s
modulus (100-130 GPa) exceeds HA’s (80-120 GPa), indicating greater
stiffness, whereas BNT’s compressive strength (400-800 MPa) surpasses
HA’s (100-500 MPa) significantly [51,52]. This increased rigidity al-
lows for better stress distribution and absorption under compressive
load [21]. Conversely, different from using a single material filler, PCL/
DPC/CPC scaffolds presented a significantly decreasing trend (from
41.30 £ 0.49 to 32.79 + 1.57 MPa) with concentration increasing. This
is potentially due to the systematic error (including machine and oper-
ation) of the manufacturing process, such as fibre misalignment in the
interface layer due to the shift when relocating the sample, which can be
observed from Fig. S4. Under the same concentration, both the PCL/DPC
and PCL/CPC scaffolds exhibited a significantly higher compressive
modulus compared to the PCL/HA scaffold, whereas there was no sta-
tistical difference between the compressive modulus of PCL/DPC and
PCL/CPC scaffolds. The enhancement effect on compressive modulus
could potentially be attributed to the particles serving as strain ab-
sorbers within the polymeric matrix [53,54]. This is similar to the pre-
vious results of Mancuso et al. [22], who proved that the incorporation
of piezoelectric ceramic particles (BT) into the polymeric matrix resulted
in a composite structure exhibiting markedly enhanced mechanical
performance in comparison to scaffolds composed of pure PCL and HA
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composites [22]. Similarly, Zimina et al also showed that the HA
incorporation into the PLA enhanced the modulus and strength of the
scaffolds [44].

The observed trends in compressive strength are similar to those of
the compressive modulus, the PCL/DPC (from 2.54 + 0.01 MPa to 2.76
+ 0.04 MPa), PCL/CPC (from 2.36 + 0.07 MPa to 2.54 + 0.07 MPa), and
PCL/HA (from 2.15 4 0.17 MPa to 2.22 4+ 0.21 MPa) scaffolds, which
slightly increased with material concentration. This is attributable to the
uniform distribution of the ceramic phase within the polymer matrix and
the intimate contact between the inorganic particles and the polymer
matrix, which enhances the compressive strength of the composite
scaffold [55-57]. However, the PCL/DPC/CPC scaffolds decreased (1.74
+ 0.07 to 1.63 + 0.05 MPa) with increasing concentration of the ma-
terials, possibly due to a similar reason as described above. Overall, with
the addition of the developed BNT functional fillers, the compressive
modulus increased 88.6 % and compressive strength 85.4 % compared
with neat PCL scaffolds. This dose-dependent moderation proved to be a
viable approach to control and enhance the mechanical properties of the
BTE scaffold.

3.3. In vitro biological characterization

3.3.1. Cell proliferation

Fig. 4(a) illustrates the cell viability and proliferation outcomes
across all scaffolds. The fluorescence intensity, which directly correlates
with the number of metabolically active cells, indicates that cell pro-
liferation increased on all scaffolds from the time of seeding through day
7. Compared with the reference material scaffold (biocompatible and
biodegradable PCL containing bio-ceramic HA), results demonstrate
that the developed scaffolds have the ability to provide a favourable
environment for cell proliferation with no significant cytotoxicity from
the developed DPC and CPC. The hADSC proliferation status can also be
observed in Fig. 4(b), 4(c), and 4(d), showing confluent cell bridging
through the scaffold fibres.

Additionally, on both day 1 and day 3, no statistically significant
differences were observed among the PCL/DPC, PCL/CPC, and PCL/HA
scaffolds, with the exception that the PCL/DPC/CPC-2.5 scaffold
exhibited significantly higher values than the PCL/HA-2.5 scaffold on
day 3. This can be observed from Fig. S5, showing significantly more
cells actin on the PCL/DPC/CPC scaffold than on the PCL/HA scaffold.
Starting from day 5, the PCL/DPC and PCL/CPC scaffolds showed higher
fluorescence intensity than the PCL/HA scaffolds at the same concen-
tration. On day 7, the fluorescence intensity of the scaffolds with 5 wt.%
DPC and CPC were significantly higher than scaffolds with the same
concentration of HA or DPC/CPC, whereas there was no significant
difference between DPC and CPC. All the mentioned results indicate that
incorporating the developed piezoelectric ceramic materials enhances
the proliferation of hADSCs. Although hybrid scaffolds (PCL/DPC/CPC)
showed optimal results on day 1 and 3, from day 5 and onwards, PCL
scaffolds containing a single type of piezoelectric material presented
better results. Similar results to the above were obtained from an in vitro
study by Mancuso et al. The incorporation of BT allowed the scaffolds to
promote cell proliferation better than neat PCL and PCL/HA scaffolds
[22]. Regardless of the hydrophilicity or the printing quality, the reason
for this drop, particularly for PCL/DPC/CPC-5, could be due to either
cell overconfluency or the change in the pH around the scaffold caused
by ion release, such as Na*, K*, and Nb* from DPC and CPC [58,59]. The
optimal pH for cell proliferation is usually between 7.0 and 7.2, a range
that helps maintain normal metabolic and functional activity of cells,
and deviations from this range may inhibit cell proliferation [54,60,61].
The released Na™ ions may react with OH™ and raise the pH (alkaline
tendency) around the scaffold [58,59]. Similarly, Kaviani et al. reported
that the incorporation of forsterite core-shell nanoparticles elevated the
pH around the scaffold and thus inhibited cell proliferation as the con-
centration of materials increased [54]. When applying a single func-
tional filler in the scaffold, this effect could be minor. However, for the
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hybrid scaffold that contains both CPC and DPC, the combined effect due
to different element compositions may inhibit cell proliferation at a later
stage [62-64].

3.3.2. Osteogenic differentiation

hADSc osteogenic differentiation results are reported as ALP activity
and ARS absorbance measurements, as illustrated in Fig. 5(a) and 5(b).
ALP activity is an important factor for evaluating the calcium deposition
and bone mineralization process [65], while ARS evaluates calcium-rich
deposits by cells, reflecting osteogenesis-related activity [66,67]. The
results indicate that all scaffolds effectively supported cell differentia-
tion, and the incorporation of functional fillers significantly influenced
both the ALP and ARS assay outcomes. Both results suggest a dose-
dependent increase in the osteogenic differentiation behaviour, re-
flected by all the values increased from day 7 + 3 to day 7 + 14.
However, the hybrid scaffold (PCL/DPC/CPC) consistently demon-
strated the ability to promote osteogenic differentiation at the same
level as the PCL/HA scaffold. For ARS, a similar trend was also observed,
except the difference in values between the PCL/DPC and PCL/CPC
scaffolds was not significant. Similar to ALP, the PCL/DPC/CPC and
PCL/HA scaffolds exhibited significantly higher values compared to the
PCL/DPC and PCL/CPC scaffolds, but notably, combining both piezo-
electric materials in a single scaffold (PCL/DPC/CPC) seems to present
higher results compared to PCL/HA scaffolds. Generally, in terms of
promoting differentiation, considering a single type of piezoelectric
ceramic material is less preferred compared with the hybrid approach
(PCL/DPC/CPC scaffold). This may be because at the later stage of the
cell culture, the alkaline pH around the scaffold caused by ions released
from combining DPC and CPC promotes the osteogenic differentiation
[62-64,68-70]. This is similar to the osteogenic process of bone con-
structs prepared from human bone marrow mesenchymal stem cells
(hBMSC) combined with 45S5 bioactive glass (BG, a material that in-
duces alkalinization of the external medium), evaluated by Monfoulet
et al. [71]. Cell differentiation was positively affected in an alkaline
environment. Therefore, while the initial alkaline shift may inhibit
proliferation, it simultaneously creates a favourable environment for
bone tissue regeneration at later stages.

The osteogenic differentiation results were further assessed through
both confocal and SEM imaging. Confocal images (Fig. 5(c) and S6(a)
illustrate the cell differentiation status at time points day 7 + 7 and 7 +
14. Confluent cells were growing on the scaffold, and bridging between
fibres can be observed at day 7 + 14. SEM images captured at the same
time point are presented in Fig. 5(d) and S6(b), with obvious calcium
(Ca) deposition areas marked by red arrows. The corresponding EDX
result also shows a significant peak for Ca (Fig. 5(g)), confirming the
results. Additionally, all SEM images were further processed (Fig. 5(e))
for a semi-quantification of the mean area of calcium deposition per unit
area (prnz). The results (Fig. 5(f)) were well aligned with ARS results
(Fig. 5(b)), indicating the superior differentiation result of the hybrid
PCL/DPC/CPC-5 scaffold compared to the others. The obtained results
echo a similar investigation from Jianqing et al., who conducted an in
vivo investigation of HA/BT scaffolds with the jawbone of a dog, and
observed that HA/BT scaffolds significantly promoted osteogenesis
compared to HA ceramics [72]. Similarly, Mancuso et al. also showed
that BT piezoelectric ceramics outperformed HA in promoting cell dif-
ferentiation [22]. However, the study of applying two piezoelectric
ceramic materials (presenting direct and converse piezoelectric effects)
is still limited.

4. Conclusions and future perspectives

This research developed two novel lead-free ceramic-based piezo-
electric materials DPC and CPC (1-x) Bij/»Naj»TiO3-xKNbO3 (x =
0.01-0.09), and proposed a new type of 3D-printed porous BTE scaffolds
considering both of them as functional fillers. Surface, mechanical, and
in vitro biological properties were systematically evaluated,
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demonstrating that the incorporation of DPC and CPC significantly
improved scaffolds mechanical performance (88.6 % enhancement of
compressive modulus and 85.4 % enhancement of compressive strength
compared to the neat PCL scaffold), closely aligning with the charac-
teristics of human cancellous bone. The surface wettability of the scaf-
folds, as indicated by a 7.93 % reduction in water contact angle, was
notably improved by the incorporation of both DPC and CPC, out-
performing conventional PCL scaffolds. In vitro biological outcomes
(including a 46.3 % improvement in cell proliferation and a 7.4 %
improvement in osteogenic differentiation) demonstrated that the
scaffolds incorporating both DPC and CPC outperformed PCL/HA scaf-
folds. All obtained results indicate that integrating DPC and CPC into
3D-printed scaffolds can enhance the mechanical and biological prop-
erties of the scaffolds, demonstrating their potential for BTE application.

Additionally, in terms of in vitro biological performance, researchers also
found that using a single functional filler (DPC or CPC) typically pro-
motes cell proliferation (a 45.6 % increase compared to PCL/DPC/CPC
scaffolds), while the simultaneous use of two fillers (DPC and CPC) is
more conducive to osteogenic differentiation (a 9.1 % increase
compared to single-functional filler scaffolds).

While the experimental results are promising, further improvements
are needed to enhance the performance of the proposed approach. From
the materials perspective, lead-free piezoelectric materials offer signif-
icant potential, with direct (d33 > 200 pC/N) and/or large signal
converse (ds3* >500 pm/V) piezoelectric performance. Future im-
provements will focus on compositions near the morphotropic phase
boundary or those exhibiting phase transition behaviour, as these
structures can enhance piezoelectric properties. A promising approach
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involves designing a mixture of polar nanoregions and macroscopic
long-range domains to achieve superior performance. The ion release
during the potential material degradation process also deserves inves-
tigation. From the scaffold development perspective, it is essential to
confirm the uniform distribution of piezoelectric ceramics within the
scaffold through combined characterization techniques, including TGA,
Raman spectroscopy, and transmission electron microscopy (TEM),
since this uniformity is a key factor affecting scaffold performance.
Increasing the concentration of piezoelectric ceramics also plays a crit-
ical role in enhancing scaffold piezoelectric activity. Optimisation fac-
tors such as particle size (ranging from nanometres to micrometres) and
the porosity layout of 3D-printed scaffolds will be explored. The
manufacturing processes and the unitarized system will be further
improved to increase the as-fabricated scaffold quality. Furthermore,
future research will also focus on developing advanced piezoelectric
characterization techniques for porous 3D scaffolds and implementing
dynamic cell culture methods that incorporate mechanical and electrical
stimulation. Modelling and simulation approaches mimicking these
dynamic testing methods will also be explored. During in vitro cell cul-
ture, it is important to investigate changes in the pH of the medium
surrounding the scaffold with a customised sampling technique match-
ing the porous scaffold architecture, contributing to accurate correlation
with the obtained cell proliferation and differentiation result. Lastly, in
vivo osteogenesis and degradation studies are critical steps to advance
these scaffolds toward clinical applications. By addressing these chal-
lenges, this research paves the way for the systematic design of bio-
materials tailored for specific tissue engineering applications, opening
new possibilities in the field.
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