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Clinically, infectious bone defects represent a significant threat, leading to osteonecrosis, severely compromising
patient prognosis, and prolonging hospital stays. Thus, there is an urgent need to develop a bone graft substitute
that combines broad-spectrum antibacterial efficacy and bone-inductive properties, providing an effective
treatment option for infectious bone defects. In this study, the precision of digital light processing (DLP) 3D
printing technology was utilized to construct a scaffold, incorporating zinc oxide nanoparticles (ZnO-NPs)
modified barium titanate (BT) with hydroxyapatite (HA), resulting in a piezoelectric ceramic scaffold designed
for the repair of infected bone defects. The results indicated that the addition of ZnO-NPs significantly improved
the piezoelectric properties of BT, facilitating a higher HA content within the ceramic scaffold system, which is
essential for bone regeneration. In vitro antibacterial assessments highlighted the scaffold’s potent antibacterial
capabilities. Moreover, combining the synergistic effects of low-intensity pulsed ultrasound (LIPUS) and piezo-
electricity, results demonstrated that the scaffold promoted notable osteogenic and angiogenic potential,
enhancing bone growth and repair. Furthermore, transcriptomics analysis results suggested that the early growth
response-1 (EGR1) gene might be crucial in this process. This study introduces a novel method for constructing
piezoelectric ceramic scaffolds exhibiting outstanding osteogenic, angiogenic, and antibacterial properties under
the combined influence of LIPUS, offering a promising treatment strategy for infectious bone defects.

1. Introduction reduce implant-associated infections [4]. Although these innovations

offer numerous benefits, they suffer from limitations that obstruct their

The incidence of fracture-related infections following internal fixa-
tion is reported to range from 5 % to 20 %, while for open fractures, this
rate increases to 30 % [1]. Infective bone defects present a severe threat,
causing osteonecrosis, significantly compromising patient outcomes,
increasing financial burdens, and prolonging hospital stays [2]. Unlike
typical bone defects, infectious bone defects require implants that are
not only robust in osteoinductive capabilities but also endowed with
exceptional antibacterial properties [3]. Recently, numerous strategies
have been developed to equip implants with antibacterial surfaces to
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widespread clinical adoption. Consequently, there is a pressing need to
develop an alternative bone graft material that merges broad-spectrum
antimicrobial activity, unparalleled biocompatibility, and potent
osteoinductive properties, thus providing an effective therapeutic solu-
tion for infectious bone defects.

Zinc oxide (Zn0), an amphoteric metal oxide, has attracted signifi-
cant attention due to its potent and broad-spectrum antibacterial, anti-
tumor, and low-toxicity characteristics, among which ZnO nanoparticles
(ZnO-NPs) have received approval from the United States Food and Drug
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Administration’s (USFDA) for clinical use, highlighted by their
remarkable antibacterial efficacy [5-7]. Beyond their antimicrobial
prowess, zinc, the second most abundant trace element in the human
body, plays a crucial role in numerous physiological functions [8].
Approximately 30 % of the body’s zinc is found in bone tissue,
emphasizing its critical role in bone formation, development, minerali-
zation, and maintenance [9]. Research has shown that the careful
addition of ZnO-NPs to biomaterial surfaces promotes bone cell activity,
triggering a cascade of favorable in vivo responses including adhesion,
migration, proliferation, osteogenic differentiation, and mineralization
[4,7,10]. Moreover, among various piezoelectric materials, ZnO is
notable for its simple synthesis process and superior semiconductor
properties, surpassing traditional piezoelectric ceramics and organic
counterparts [11-13]. ZnO, a representative binary piezoelectric
ceramic, is distinguished by its superior piezoelectric characteristics.
These properties enable the development of various applications,
including devices for power generation, water splitting, biomolecular
detection, humidity regulation, and monitoring of pressure or strain, as
well as photonics and gas detection applications [14]. Furthermore, as a
beneficial additive, ZnO substantially enhances the electrical perfor-
mance of lead-free piezoelectric ceramics [15-18].

Following the identification of piezoelectric characteristics in bone
tissue, an array of piezoelectric substances has been utilized in the
construction of scaffolds for bone tissue engineering. BT and poly-
vinylidene fluoride (PVDF) are among the most rigorously examined
materials in this field [19-21]. Concurrently, novel piezoelectric mate-
rials have been synthesized to improve bone tissue restoration [22]. In
this context, inorganic materials are recognized for their unique benefits
and drawbacks in comparison to their organic, more flexible counter-
parts, with an overarching aim of enhancing osteogenic properties [23,
24]. Extensive documentation supports that materials possessing robust
piezoelectric traits not only expedite osteogenesis but also bolster the
osteogenic differentiation of mesenchymal stem cells (MSCs) [25-27]. In
recent decades, considerable advancements have been made in refining
the composition of lead-free piezoelectric ceramics through the inclu-
sion of dopants to achieve superior electrical characteristics [15,17,
28-32]. ZnO, a prominent piezoelectric ceramic, has garnered signifi-
cant interest for its capability to augment the electrical attributes of
piezoelectric ceramics, thereby emerging as a preferred material among
scholars.

Currently, LIPUS is a prevalent stimulation technique used to prompt
piezoelectric materials to generate electrical energy. This ultrasound
modality operates at frequencies of 1-3 MHz and features a significantly
lower intensity (<1W/cm?) than traditional ultrasound techniques.
More than inducing electrical energy from piezoelectric materials,
LIPUS has gained broad therapeutic use due to its biological effects,
including thermal, mechanical, and cavitation influences. These effects
initiate intracellular biochemical cascades that promote tissue repair
and regeneration [33]. Recognized for its effectiveness, LIPUS was
approved by the FDA in 1994 for treating fresh fractures and in 2000 for
nonunions [34,35]. A recent extensive review highlights LIPUS’s ability
to accelerate bone formation in various contexts, such as fresh fractures,
delayed unions, nonunions, and distraction osteogenesis, via complex
molecular, biological, and biomechanical changes at the fracture site
[36]. Beyond its use in fractures and nonunions, several randomized
controlled trials have demonstrated LIPUS’s efficacy in treating other
conditions, including osteoarthritis [37] and root resorption [38].
Additionally, ongoing research reveals LIPUS’s effects on the biological
behavior of MSCs, affecting crucial aspects like viability, proliferation,
migration, differentiation, and inflammatory responses [39-42]. This
emphasizes LIPUS’s broad therapeutic potential and highlights the need
for further exploration of its extensive applications.

Our research team has previously demonstrated the commendable
biosafety and osteogenic efficacy of piezoelectric ceramics composed of
BT and HA [43]. However, two primary concerns have persisted: the
relatively low proportion of HA incorporated and the inherent lack of
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antibacterial properties in the HA/BT ceramic system. To overcome
these challenges, a study was initiated to incorporate ZnO-NPs into the
BT matrix, aiming to enhance both the piezoelectric properties and the
HA proportion in the composite while ensuring minimal disruption to
the piezoelectric coefficient. Moreover, the addition of ZnO-NPs imparts
a significant advantage by providing antibacterial capabilities to the
piezoelectric ceramic system. This innovative approach not only ad-
dresses the limitations of the existing system but also opens new avenues
for potential applications in biomedical and other fields where anti-
bacterial properties are essential.

2. Results and discussion
2.1. Optimal ratio screening of ZnO-NPs, BT and HA

The fabrication of nZnO@BT/HA involved incorporating ZnO-NPs at
various concentrations (ranging from O to 2.0 wt%) into the BT/HA
matrix. The optimal concentration of ZnO-NPs was determined through
a comprehensive assessment of antibacterial efficacy and cell viability
across five distinct concentrations, aiming to balance optimal biocom-
patibility with robust antibacterial properties. Antibacterial assays
indicated a marked antibacterial effect when ZnO-NP concentrations
equaled or exceeded 1 wt% (Supplementary Fig. 1). Consequently,
concentrations below 1 wt% were deemed suboptimal and excluded
from further consideration. A CCK-8 assay was used to evaluate the
toxicity profile of ZnO-NPs towards DPSCs (Supplementary Fig. 2). A
significant decline in cell survival rate was observed at concentrations
exceeding 1 wt%, whereas concentrations at or below 1 wt% showed no
detrimental effects on DPSC viability. Therefore, the inclusion of 2 wt%
ZnO-NPs was precluded from subsequent studies. Accordingly, 1 wt%
ZnO-NPs was selected as the optimal concentration for further explo-
ration, consistent with previous findings that emphasized the dose-
dependent nature of ZnO-NPs’ impact on cellular proliferation [44].
Specifically, low concentrations of ZnO-NPs have been found to stimu-
late cell growth, whereas high concentrations inhibit cell proliferation
[45]. Our research aligns with these observations, revealing that as
ZnO-NP concentration increases to 1 wt%, there is a proportional
enhancement in cell proliferation ability. However, at 2 wt%, pro-
nounced toxicity towards DPSCs becomes evident. Thus, to ensure
optimal biocompatibility and cell proliferation potential, our study
incorporated 1 wt% ZnO-NPs into the BT/HA system for further inves-
tigation. This decision is supported by the literature, optimizing the
beneficial effects of ZnO-NPs while minimizing potential toxicity con-
cerns [44,46].

Furthermore, prior research has highlighted the capability of ZnO-
NPs to modulate the electrical characteristics of BT piezoelectric ce-
ramics [47]. With this objective, 1 wt% ZnO-NPs was incorporated into
various BT and HA compositions, ranging from 100:0 to 0:100 (x)
BT/(100-x)HA (x = 100, 90, 80, 70, 60, 50, 0), to assess their effects on
the piezoelectric and dielectric properties of the resultant BT/HA sys-
tem. These hybrid systems were designated as ZnO@100BT,
ZnO@90BT/10HA, ZnO@80BT/20HA, ZnO@70BT/30HA, ZnO@60B-
T/40HA, ZnO@50BT50/HA, and ZnO@100HA, reflecting varying pro-
portions of BT and HA with 1 wt% ZnO-NPs. Analysis at 1 KHz and 37 °C
(as detailed in Supplementary Fig. 3A), revealed that as the BT content
decreased, the er (relative permittivity) values also diminished, specif-
ically: ZnO@100BT: 2329.4, ZnO@90BT/10HA: 729.6, ZnO@80B-
T/20HA: 310.4, ZnO@70BT/30HA: 95.0, ZnO@60BT/40HA: 33.8,
ZnO@50BT50/HA: 28.6, and ZnO@100HA: 11.8. This pattern un-
derscores the significant influence of BT content on the dielectric
properties of the composite system. Supplementary Fig. 3B illustrates
the piezoelectric coefficient (ds3) of the samples, showing a decline in
ds3 values with reduced BT content: ZnO@100BT: 83.83 pC/N,
ZnO@90BT/10HA: 41.20 pC/N, ZnO@80BT/20HA: 8.61 pC/N,
ZnO@70BT/30HA: 1.87 pC/N, ZnO@60BT/40HA: 0.63 pC/N,
ZnO@50BT50/HA: 0.17 pC/N, and ZnO@100HA: 0 pC/N. Prior studies
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have noted that the piezoelectric coefficient of bone tissue ranges from
0.7 to 2.3 pC/N [48]. Interestingly, the ZnO@70BT/30HA composition,
with a d33 value of 1.87 pC/N, falls within this biological range, sug-
gesting its potential for biocompatibility and functional mimicry with
bone tissue. Consequently, this specific proportion has been chosen as
the focal point for further research.

Upon comprehensive evaluation, 1 wt% ZnO-NPs was incorporated
into a system with a 70/30 ratio of BT to HA, designated as ZnO@BT/HA
for the experimental group. Additionally, systems composed solely of a
70/30 BT to HA ratio (BT/HA) and pure HA (HA) were selected as
control groups for subsequent experimentation, ensuring a rigorous and
comparative analysis.

2.2. Construction and characterization of ceramic simples

The structural characteristics of HA, BT/HA, and ZnO@BT/HA
scaffolds were meticulously examined and compared (Fig. 1). The
panoramic views of these scaffolds revealed distinctive color variations,
with HA displaying a porcelain-like whiteness, while BT/HA and
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ZnO@BT/HA exhibited a warm tan hue (Fig. 1B). Fig. 1C details the
post-sintering morphologies of these ceramic scaffolds, indicating that
the integration of BT significantly alters the morphology of HA. None-
theless, the microstructural integrity of BT/HA is largely maintained
despite the incorporation of ZnO-NPs. Further elemental analysis
included elemental mapping of Ca, P, Ti, Ba, and Zn (Fig. 1D) alongside
the corresponding energy-dispersive X-ray (EDX) spectra (Fig. 1E),
highlighting changes in surface elemental compositions among the
scaffolds and confirming the successful integration of trace ZnO-NPs into
the BT/HA system. The XRD patterns of HA, BT/HA, and ZnO@BT/HA
scaffolds provide additional insights. As shown in Fig. 1F(1), the
appearance of characteristic BT peaks in the BT/HA scaffold, absent in
the HA scaffold, confirms the incorporation of BT. Notably, the
ZnO@BT/HA scaffold shows no new characteristic peaks, indicating the
absence of secondary phases [49]. In the refined XRD analysis [Fig. 1F
(2)1, the absence of secondary phases at all dopant concentrations
confirms the successful incorporation of ZnO-NPs into BT, forming a
solid solution without altering the primary phase structure. Results in
Fig. 1G demonstrate that the average water contact angles of HA,
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Fig. 1. Characterization of different groups of piezoelectric ceramic samples
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A: The preparation processes of the 3D printed piezoelectric ceramic simples. B: Panoramic images of the 3D printed ceramic scaffolds. C: The SEM images of the 3D
printed ceramic simples. D: The EDS mapping of the 3D printed ceramic simples. E: The EDX mapping of the 3D printed ceramic simples. F: The XRD pattern of the 3D
printed ceramic simples. G: The water contact angle of the 3D printed piezoelectric ceramic simples at a RT. H: The morphology, amplitude and phase of the 3D
printed piezoelectric ceramic simples. I: The relative dielectric (er) of the 3D printed piezoelectric ceramic simples at a frequency of 1 KHz. J: The ds3 of the 3D

printed piezoelectric ceramic simples.
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BT/HA, and ZnO@BT/HA ceramic samples were 52.34°, 44.17°, and
32.28°, respectively, and these results were significant (p < 0.05). The
lower water contact angle indicates greater hydrophilicity. Conse-
quently, ZnO@BT/HA ceramic samples, being more hydrophilic than
the other two groups, are more conducive to cell adhesion [50].

In our previous investigation, by fine-tuning the HA to BT ratio, we
observed that a BT content of 80 % in the system resulted in a piezo-
electric constant d33 of 2.15 pC/N [51]. However, this configuration
only allowed for 20 % HA. Aiming to enhance the HA content while
maintaining piezoelectric performance, this study explores the
improvement of piezoelectric properties in lead-free BT ceramics
through ZnO-NPs doping. ZnO-NPs, known for their efficacy as a sin-
tering aid, have been shown to enhance the sintering efficiency of ce-
ramics [17]. Our comparative analysis reveals that incorporating 1 wt%
ZnO-NPs into pure BT ceramics significantly enhances their electrical
characteristics. Specifically, the er value at the Curie temperature
increased from 1879.8 to 3933.0, and the piezoelectric constant d33

HA

BT/HA ZnO@BT/HA

oh
|
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rose from 35.68 pC/N to 83.83 pC/N [51]. This highlights the significant
impact of 1 wt% ZnO-NPs on the electrical properties of BT ceramics,
attributable to enhanced spontaneous polarizatio [47]. The electrical
characteristics of the ceramic scaffolds, namely their relative dielectric
constants (er) and piezoelectric coefficient (d33), for HA, BT/HA, and
ZnO@BT/HA compositions (Fig. 1G and H). Fig. 1G shows the er values
at a frequency of 1 KHz. Notably, the er of pure HA is significantly low at
37 °C, registering at 11.8. The incorporation of BT into the system
markedly increases the er to 46.9. Furthermore, the introduction of 1 wt
% ZnO-NPs into the BT/HA composite more than doubles the er to 95.0,
emphasizing the considerable impact of trace ZnO-NPs in enhancing the
er of the BT-based system [47]. Fig. 1H examines the piezoelectric
properties of these scaffolds. Measured with a quasi-static ds; tester, the
ds3 value of pure HA is negligible (0). The addition of BT results in a ds3
value of 0.65 pC/N for the BT/HA composite. Remarkably, the inclusion
of 1 wt% ZnO-NPs in the ZnO@BT/HA system elevates the d33 to 1.87
pC/N, aligning with the range of natural bone (0.7-2.3 pC/N) [48].
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Fig. 2. In vitro antibacterial properties of different groups of piezoelectric ceramic samples

A: The process of antibacterial experiment of ceramic samples. B: The results of plate counting of the 3D printed ceramic simples. C: The quantitative results of CFU of
the 3D printed ceramic simples. D: The live/dead bacterial staining of the 3D printed ceramic simples, green represents living bacteria and red represents dead
bacteria. E: The quantitative proportion of dead bacteria of the 3D printed ceramic simples. F: The bacterial morphology scanning of the 3D printed piezoelectric
ceramic simples. G: The plot growth curves of S. aureus after co-culture with 3D printed ceramic simples. H: The plot growth curves of E. coli after co-culture with 3D

printed ceramic simples.
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Different ceramics exhibit varied polarization response processes due to
their microstructural differences [52]. The topography and piezoelectric
response mode images of a 2 pm X 2 pm scanning area were tested,
presenting representative topography, amplitude, and phase images in
Fig. 1H. The morphology in Fig. 1H was omitted as it represented only
the surface condition without additional electrical data. The amplitude
and phase of the piezoelectric response signal relate to the magnitude of
the piezoelectric coefficient and the direction of local polarization,
respectively [53]. In the piezoelectric response amplitude images, yel-
low indicates greater piezoelectricity, and blue indicates weaker
piezoelectricity. The irregular light-dark contrast region in the phase
result diagram indicates anti-parallel polarization domains [54]. The
amplitude results show that the ZnO@BT/HA ceramic scaffold has a
higher amplitude than the other two groups, suggesting stronger
piezoelectric properties. This finding underscores the potential of
ZnO@BT/HA ceramic scaffolds for applications requiring piezoelectric
properties similar to those of biological tissues.

2.3. Invitro antibacterial experiment

ZnO-NPs enhance the properties of BT piezoelectric ceramics,
refining their electrical attributes during sintering and introducing
essential antibacterial capabilities into bone tissue engineering scaffold
systems [44]. To explore the antibacterial efficacy of these materials,
prevalent pathogens such as the Gram-positive bacterium S. aureus and
the Gram-negative bacterium E. coli were selected for this study.

The results from the plate counting method are depicted in Fig. 2B,
and the quantitative CFU counts are presented in Fig. 2C. Notably, the
ZnO@BT/HA composite doped with ZnO-NPs exhibited pronounced
antibacterial activity against S. aureus, demonstrated by a significant
reduction in CFU counts (p < 0.01), compared to the HA and BT/HA
groups. Similarly, for E. coli, the ZnO@BT/HA group showed substantial
antibacterial properties, evidenced by a comparable reduction in CFU
counts (p < 0.01). The live/dead bacterial staining results shown in
Fig. 2D, and the quantitative analysis of dead bacteria proportions in
Fig. 2E, further confirm the antibacterial efficacy. For both S. aureus and
E. coli, the ZnO@BT/HA group contained a higher proportion of dead
bacteria and fewer live bacteria than the HA and BT/HA groups. Spe-
cifically, dead S. aureus constituted 25.2 % of the total area, while dead
E. coli accounted for 43.1 %, both representing significant differences (p
< 0.01). These results highlight the bactericidal nature of ZnO@BT/HA
ceramic samples, capable of eliminating a substantial portion of adhered
pathogens. SEM imaging analysis of bacterial morphology revealed
contrasting patterns between the groups. Bacteria on HA and BT/HA
samples maintained their normal size, shape, and membrane integrity
(Fig. 2F). Conversely, bacteria cultured on ZnO@BT/HA samples
exhibited abnormal morphologies and shrunken membranes, indicative
of stress or damage. Growth curves, constructed from absorbance values
measured at various time points post-co-culture wit HA, BT/HA, and
ZnO@BT/HA, are presented in Fig. 2G and H. These curves demonstrate
that ZnO@BT/HA significantly impeded the growth of both S. aureus
and E. coli, compared to the HA and BT/HA groups (p < 0.01), under-
scoring the potent antibacterial properties of ZnO@BT/HA and its
suitability for applications requiring antimicrobial capabilities.

ZnO is highly regarded within the pharmaceutical industry and has
been approved by the Food and Drug Administration (FDA) [55].
ZnO-NPs epossess a broad antibacterial spectrum, effectively inhibiting
bacterial growth through membrane disruption, zinc ion release, and
generation of intracellular reactive oxygen species (ROS) [4,5,56,57].
Therefore, ZnO-NPs are considered an optimal choice for combating
antibiotic-resistant bacteria [58]. Given these properties, ZnO-NPs were
selected as an additive in this study to enhance the antimicrobial qual-
ities of BT/HA piezoelectric ceramic systems. In vitro antibacterial as-
says have conclusively shown the strong inhibitory effect of ZnO-NPs
against both S. aureus and E. coli. Although BT is known to have some
antibacterial potential, its efficacy requires nanoscale particles and

483

Bioactive Materials 45 (2025) 479-495

ultrasonic stimulation [59,60]. In this study, BT particles were sized
between 0.6 and 1 pm, and no ultrasonic stimulation was used during
antibacterial testing. Thus, the BT/HA ceramic sample displayed anti-
bacterial efficacy similar to that of the HA sample, consistent with
previous findings [27].

2.4. In vitro biosafety

The CCK-8 assay results, shown in Fig. 3B, reveal trends in cell
viability across various groups on days 1, 3, and 5. Notably, the HA and
BT/HA groups displayed similar cell viability, with a significant differ-
ence emerging only on day 5. The addition of 1 wt% ZnO-NPs signifi-
cantly enhanced cell activity and proliferation in the ZnO@BT/HA
group (p < 0.05). Moreover, the integration of polarization and LIPUS in
the LP-ZnO@BT/HA group resulted in the highest cell viability, distinct
from the other groups (p < 0.05), highlighting the synergistic effects of
these factors. Live/dead cell staining images in Fig. 3C differentiate
viable (green) and nonviable (red) cells. The quantitative analysis in
Fig. 3D shows cell death rates. No significant difference was observed in
the proportion of dead cells between the HA and BT/HA groups, while
the ZnO@BT/HA group showed a reduction in dead cells, though not
significant (p > 0.05). The LP-ZnO@BT/HA group had the lowest rate of
dead cells among all groups, significantly so (p < 0.05), demonstrating
the effectiveness of this treatment in preserving cell viability. Fluores-
cent staining was used to assess the cytoskeletal architecture and nuclear
features of DPSCs, highlighting F-actin with rhodamine-phalloidin and
nuclei with Hoechst, as displayed in Fig. 3E. The LP-ZnO@BT/HA group
exhibited fuller cell morphology compared to the other groups, indi-
cating enhanced cellular development. The cytoplasm-to-nucleus (C/N)
ratio of DPSCs was analyzed in Fig. 3F. No significant difference in the
C/N ratio was found between the HA and BT/HA groups. However, a
significant increase in the C/N ratio was noted with the addition of 1 wt
% ZnO-NPs (p < 0.05), indicating cellular growth and maturation.
Remarkably, the LP-ZnO@BT/HA group, exposed to polarization and
LIPUS, showed the highest C/N ratio among all groups (p < 0.05). This
increase in C/N ratio correlates with the natural process of cell devel-
opment, characterized by cytoplasmic expansion, thus serving as an
indicator of increased cell maturity [61], highlighting the beneficial
effects of the LP-ZnO@BT/HA treatment on DPSCs maturation.

Optimal concentrations of ZnO-NPs have been demonstrated to
enhance cell proliferation [46]. Biocompatibility assessments showed
that DPSCs cultured on ZnO@BT/HA ceramic samples, modified with
ZnO-NPs, exhibited significantly enhanced proliferation capabilities
compared to those on HA and BT/HA surfaces. Additionally, a notable
reduction in the rate of cell death was observed in the ZnO@BT/HA
group. Moreover, the C/N ratio in the ZnO@BT/HA group, augmented
by ZnO-NPs, exceeded that of the initial groups, confirming that this
ZnO-NP-modified ceramic system promotes cellular maturation without
cytotoxicity.

DPSCs cultured on LP-ZnO@BT/HA surfaces demonstrated sub-
stantial improvements in cellular activity and proliferation capacity,
surpassing the first three groups. This improvement was accompanied
by a notable decrease in the rate of dead cells and a significant increase
in the nuclear proportion, indicating peak cellular maturity. The sig-
nificant changes in the biological behavior of DPSCs on LP-ZnO@BT/HA
ceramic samples, compared to ZnO@BT/HA, are attributed to the syn-
ergistic effects of LIPUS and piezoelectric properties. LIPUS is believed
to play a crucial role in modulating the biological responses of DPSCs,
including proliferation and activity. Research by Gao and colleagues has
shown that LIPUS (at intensities of 250,750 mW/cm?, 1 MHz, admin-
istered for 5 or 10 min per day) stimulates DPSC proliferation, with 250
mW/cm2 producing the most pronounced effects [62]. Furthermore, the
integration of LIPUS causes the polarized piezoceramic surface to
generate electrical energy, immersing DPSCs in a microelectric envi-
ronment that triggers alterations in their biological behavior [63,64].
This highlights the multifaceted benefits of the LP-ZnO@BT/HA system
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in promoting optimal DPSC development and functionality.

2.5. In vitro osteogenic properties

Osteogenic induction medium was applied to DPSCs on various
ceramic surfaces for 7 days, with ALP staining outcomes illustrated in
Fig. 4B. Despite varying background hues among the groups, LP-
ZnO@BT/HA surfaces showed pronounced purple agglomerations,
indicating superior osteogenic properties. To reduce the effect of back-
ground color variations on our results, hexadecylpyridinium chloride
monohydrate was used in an elution process, detailed in Fig. 4C. This
approach enabled clearer visualization of the LP-ZnO@BT/HA group,
enriched with ZnO-NPs and enhanced by LIPUS stimulation. The darker
hue of eluents from this group highlighted its increased osteogenic

484

capacity in vitro, outperforming the other groups. Quantitative analysis
of eluent color, shown in Fig. 4D, supports these findings. While no
significant differences were observed between the HA and BT/HA
groups, the addition of ZnO in the ZnO@BT/HA group led to a notable
increase in osteogenic activity. The LP-ZnO@BT/HA group, enhanced
synergistically by LIPUS and polarization, displayed the highest OD
value among all groups. Immunofluorescence (IF) staining results in
Fig. 4E show OCN in red, OPN in green, and nuclei stained blue. Detailed
microscopic imagery reveals that the LP-ZnO@BT/HA group exhibits
the highest expression levels of both OCN and OPN proteins. Further
quantitative analysis of fluorescence intensity, as shown in Fig. 4F, re-
veals consistent trends in protein expression. No significant differences
were noted between the HA and BT/HA groups, but ZnO-NPs signifi-
cantly elevated OCN and OPN protein expression in DPSCs. The LP-
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groups of ceramic samples.

ZnO@BT/HA group demonstrated the highest protein levels among the
groups tested.

Numerous studies have shown that incorporating ZnO into bone
tissue engineering scaffolds significantly enhances MSC osteogenic dif-
ferentiation capabilities, marking a notable advancement in the field
[65-67]. Additionally, many studies have recognized that LIPUS can
stimulate MSC osteogenic differentiation through various biological
pathways, highlighting its potential as a powerful therapeutic tool
[68-70]. Since the discovery of bone tissue’s piezoelectric properties, a
range of materials with these unique characteristics have been utilized
to promote osteogenic differentiation, offering innovative therapeutic
options for bone defects [71-73]. This study highlights the remarkable
enhancement of osteogenic properties in ceramic samples through the
incorporation of ZnO-NPs. Furthermore, the combined effect of LIPUS
and the piezoelectric properties significantly amplifies the osteogenic
efficacy of the ceramic system, corroborating previous research findings.
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2.6. In vitro angiogenic properties

Achieving efficient vascularization is crucial in bone tissue engi-
neering to enhance the regenerative potential of scaffold materials [74].
This process ensures an ample nutrient supply and facilitates oxygen
exchange and metabolic activities of osteoblasts, the primary
bone-forming cells [75]. Consequently, this study examined DPSCs’
migratory abilities and the expression patterns of vasogenesis-associated
proteins across various ceramic sample groups. Fig. 5B illustrates the
migratory behavior of DPSCs on different ceramic samples. Addition-
ally, Fig. 5C presents a quantitative assessment of wound healing, of-
fering a detailed understanding of the process. The results showed that
DPSCs in both the HA and BT/HA groups exhibited comparable migra-
tory capabilities. However, the inclusion of ZnO-NPs enhanced the
migration potential of DPSCs. Significantly, the integration of LIPUS and
piezoelectric effects into the experimental setup led to a marked
improvement (p < 0.05) in the migratory abilities of DPSCs, highlighting
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A: The process of in vitro angiogenic properties test of ceramic samples. B: The cell scratch assay results of DPSCs in different groups of ceramic samples. C: The
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of ceramic samples.

the synergistic benefits of these factors. IF staining results, shown in
Fig. 5D, illustrate the distribution of VEGF (red), HIF-1a (green), and
nuclei (blue). The LP-ZnO@BT/HA group displayed the most pro-
nounced expression levels of the osteogenic markers VEGF and HIF-1a
proteins. Quantitative analysis of fluorescence intensity, presented in
Fig. 5E, revealed a consistent pattern of significant upregulation of VEGF
and HIF-1a proteins in DPSCs following the incorporation of ZnO-NPs,
emphasizing their critical role in promoting vascularization. The
LP-ZnO@BT/HA group exhibited the highest concentrations of VEGF
and HIF-1la proteins among the groups, underscoring its outstanding
vascularization potential.

Studies have demonstrated that LIPUS can promote angiogenic dif-
ferentiation of MSCs through various signaling pathways [76,77].
Additionally, the piezoelectric effect in tissue engineering scaffolds has
been shown to enhance the angiogenic differentiation of MSCs [78,79].
This study highlights the profound impact of combining LIPUS and the
piezoelectric effect on facilitating MSC migration and enhancing the
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expression of vasogenic proteins. This evidence further validates its
ability to stimulate vasogenic differentiation of MSCs, emphasizing its
potential in regenerative medicine.

2.7. Transcriptomics analysis

To explore the molecular mechanisms behind the osteogenic
enhancement observed in LP-ZnO@BT/HA ceramic samples, a
comprehensive transcriptomic analysis was conducted comparing the
control group with the LP-ZnO@BT/HA treatment group (Fig. 6). Initial
differential gene statistics identified changes in gene expression profiles
between these groups, as illustrated in Fig. 6B. The differential gene
volcano plot revealed a significant finding: 531 genes showed differen-
tial expression, with 256 up-regulated and 275 down-regulated due to
LP-ZnO@BT/HA treatment. Notably, the EGR1 gene was the most
prominently altered among the upregulated genes. To visually display
these extensive transcriptional changes, a heat map including all 531
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differential genes was created, shown in Fig. 6C. A subset of genes
related to osteogenesis was specifically highlighted in Fig. 6D, empha-
sizing their roles in the noted osteogenic enhancement. Deeper insights
were sought through Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis, the results of which are depicted in Fig. 6E. This
analysis segregated the upregulated and downregulated genes into
distinct KEGG pathways, identifying specific signaling cascades, marked
by blue and red boxes in Fig. 6F (blue for downregulation, red for
upregulation), as crucial to the osteogenic differentiation of MSCs.
Notably, it was hypothesized that the LP-ZnO@BT/HA ceramic scaffold
promotes osteogenic differentiation in DPSCs via the “Parathyroid hor-
mone synthesis, secretion, and action" signaling pathway. Furthermore,
Gene Set Enrichment Analysis (GSEA) pathway analysis corroborated
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these findings, reinforcing the proposed molecular mechanisms at play.

Previous research has highlighted the significant role of EGR1 as a
key transcription factor in growth and differentiation processes [80,81].
Research on dental stem cells from apical papilla and dental follicle
indicated that EGR1 actively promotes osteogenic differentiation,
potentially through the modulation of distal-less homeobox 3 and bone
morphogenetic protein 2 expression [82]. Further studies confirmed
EGR1’s essential role in osteogenic differentiation of MSCs in response
to mechanical stimuli [83]. Additionally, recent research demonstrated
EGR1’s role in enhancing chondrogenic differentiation of MSCs, facili-
tated by a complex silk-based hydrogel, showcasing its versatility in
stem cell fate regulation [84]. In this study, whole-transcriptome
sequencing was used to analyze gene expression differences between
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the LP-ZnO@BT/HA group and the control group, revealing significant
upregulation of the EGR1 gene in the LP-ZnO@BT/HA group. Both
KEGG pathway analysis and GSEA highlighted the critical role of the
“Parathyroid Hormone Synthesis, Secretion, and Action" pathway in
promoting osteogenic differentiation of DPSCs within the
LP-ZnO@BT/HA treatment framework. In conclusion, transcriptome
profiling indicated that LIPUS and piezoelectric effects work together to
enhance osteogenic differentiation of DPSCs by specifically upregulating
the EGR1 gene within this signaling cascade, thus uncovering a novel
mechanism for improved bone regeneration in ceramic materials.

2.8. In vivo osteogenic and angiogenic properties

Infected scaffolds were first utilized to assess in vivo antimicrobial
performance. Supplementary Figs. 4B and 4C shows a significant
reduction in bacterial colonies in the ZnO@BT/HA and LP-ZnO@BT/HA
groups compared to the HA and BT/HA groups, demonstrating effective
antibacterial activity of ZnO-doped piezoelectric ceramic scaffolds in
vivo.

Following the encouraging in vitro results regarding osteogenic and
angiogenic potential, a deeper investigation into the ability of various
ceramic scaffolds to stimulate in vivo bone regeneration was conducted
using a standardized rat skull defect model with a well-defined defect
diameter (¢ = 5 mm) [85]. Additionally, to explore the antibacterial
efficacy of ZnO-NPs-doped scaffolds, an infected skull defect model was
employed. Micro-CT analyses, detailed in Fig. 7B-F, provide intricate
insights. To ensure unbiased imaging and quantitative assessment of
nascent bone tissue, scaffolds and bone tissue were meticulously
reconstructed in isolation. Examination of the two-dimensional images
across groups (Fig. 7B) revealed that HA and BT/HA ceramic scaffolds
exhibited suboptimal contact with adjacent bone tissue, appearing as
low-density regions. Conversely, scaffolds doped with ZnO-NPs, specif-
ically ZnO@BT/HA and LP-ZnO@BT/HA, showed seamless integration
with surrounding bone tissue. Three-dimensional reconstructions of new
bone tissue (Fig. 7B) indicated that while HA and BT/HA scaffolds dis-
played comparable osteogenic efficacy in vivo, the inclusion of ZnO-NPs
significantly enhanced the osteogenic capability of the ZnO@BT/HA
scaffold. Moreover, when combined with polarization and LIPUS stim-
ulation, the LP-ZnO@BT/HA group was the most effective at inducing
bone regeneration, outperforming other groups at both 4 and 8 weeks’
assessment points. Quantitative analysis of 3D reconstructed structures,
including BV/TV, Tb.Th, Tb.N, and Tb. Sp. Was conducted to evaluate
new bone formation (Fig. 5C-F). At 4 and 8 weeks post-surgery, there
were no significant differences in BV/TV, Tb.Th, Tb.N, and Tb. Sp be-
tween the HA and BT/HA groups, except that BT/HA showed higher Tb.
Th at 8 weeks. Significant statistical differences were observed in
BV/TV, Tb.Th, Tb.N, and Tb. Sp in the ZnO@BT/HA group compared to
the first two groups. With LIPUS stimulation and the polarization pro-
cess, BV/TV, Tb.Th, and Tb.N in the LP-ZnO@BT/HA group significantly
increased, and Tb. Sp significantly decreased compared to the other
groups.

H&E and Masson’s trichrome staining are commonly used histolog-
ical methods to evaluate potential inflammatory responses associated
with scaffold implantation and to assess collagen synthesis and bone
maturation [86]. The H&E staining results revealed no notable severe
inflammation across all groups, confirming the exceptional biocompat-
ibility of the implanted ceramic scaffolds (Fig. 7G). In vivo biosafety
findings further support this observation (Supplementary Fig. 5). Mas-
son’s staining showed a lighter hue for the HA and BT/HA groups, while
the ZnO@BT/HA and LP-ZnO@BT/HA groups exhibited deep dark-blue
staining, indicative of robust collagen deposition. Additionally, the red
staining in these groups highlighted the organized structure of the
calcified extracellular matrix (Fig. 7H). By week 8, the new bone had
nearly filled the defect and enveloped the LP-ZnO@BT/HA scaffold,
with trabecular morphology resembling autologous bone. These results
highlight a significant disparity in osteogenic potential, with
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ZnO-NPs-doped ZnO@BT/HA and LP-ZnO@BT/HA groups exhibiting
far superior abilities compared to the HA and BT/HA groups. The
ZnO@BT/HA group, enriched with ZnO-NPs, showed a heightened ca-
pacity for bone formation over the initial two groups. Combined with
LIPUS stimulation and polarization effects, the LP-ZnO@BT/HA scaf-
folds emerged as the most potent osteogenic enhancers, outperforming
all other groups.

Eight weeks post-implantation, the rat skulls were subjected to IF
staining, revealing significant findings (Fig. 8). To assess osteogenesis
and angiogenesis at the defect sites, antibodies against osteogenic
markers Runx2, COL1, OCN, and OPN, as well as angiogenic markers
TGF-p, ANG-1, VEGF, and HIF-1a were used. A meticulous quantitative
analysis displayed a nuanced trend: although the BT/HA group showed
slightly higher levels than the HA group, this difference was not sig-
nificant. Notably, the incorporation of ZnO-NPs significantly enhanced
both angiogenic and osteogenic potential. Furthermore, the integration
of LIPUS and piezoelectric effects dramatically increased the scaffold’s
capacity to stimulate angiogenesis and promote bone regeneration,
making it the most effective among the four experimental groups.

Previous studies have shown that incorporating ZnO-NPs onto
biomaterial surfaces accelerates bone integration of implants and
shortens the healing period [7]. Additionally, these studies have high-
lighted the ability of ZnO-NPs to stimulate bone differentiation in MSCs
[3,46]. ZnO also possesses strong antibacterial properties that facilitate
the regeneration of infected bone defects [3,87,88], prompting the
development of an infected skull defect model in this study.

Our results indicate that ZnO-NPs-doped ZnO@BT/HA ceramic
samples demonstrate enhanced osteogenic potential both in vitro and in
vivo compared to their ZnO-NPs-free counterparts. Specifically, these
samples promote osteogenic differentiation of DPSCs in vitro and
effectively stimulate bone regeneration in vivo within infected skull
defect models. Notably, the LP-ZnO@BT/HA ceramic sample out-
performed the other three groups in terms of osteogenic efficacy,
emphasizing the synergistic effect of LIPUS stimulation and polarization
[89]. LIPUS is known to promote osteogenesis through various signaling
pathways that augment the expression of osteogenic proteins [90]. Our
observations align with previous findings showing LIPUS enhancing
osteogenic differentiation in MSCs [91]. Besides its direct osteogenic
impact, LIPUS acts as an exogenous inducer, converting mechanical
energy from piezoelectric materials into electrical energy, thereby
enhancing its osteogenic effect [50,89,92]. Thus, our study highlights
the significant osteogenic effects of LP-ZnO@BT/HA ceramic samples,
achieved through dual stimulation by LIPUS and the piezoelectric effect.
This innovative approach offers considerable potential for advancing
bone regeneration strategies in cases of infected bone defects.

3. Materials and methods
3.1. Preparation and characterization ceramic simples

3.1.1. Materials

Highly purified ZnO-NPs (99.8 % purity), with an initial particle size
of D50 = 50 + 10 nm, were obtained from Aladdin in Shanghai, China.
BT (99.9 % purity), with a particle size range of D50 = 0.6-1 pm, was
sourced from Mackin in Dalian, China. HA (97 % purity), with a particle
size of D50 < 100 nm, was also procured from Aladdin to ensure
consistent quality. For 3D printing, a specialized light-curing resin was
formulated, primarily consisting of polyethylene glycol (600) dimetha-
crylate (PEG600DMA, 80 %), y-(methylallyl) propyl trimethoxysilane
(KH-570, 15 %), 2,4,6-trimethylbenzoyl-diphenyl oxide phosphine
(TPO-L, 2 %), and Sudan red, following a previously established recipe
[45]. This resin blend is optimized for performance in the 3D printing
process [51].

3.1.2. Preparation of ceramic simples (Fig. 1A)
The fabrication of 3D printed piezoelectric ceramic specimens was



K. Chen et al.

@i BT/HA
@l zno@BT/HA

/e
Implantingy .-

= o

Skull Defect Rat

Day O
I

Bioactive Materials 45 (2025) 479-495

@ 4 weeks

® 8weeks
I = ]

4weeks W

8 weeks

4 weeks

8 weeks

4 weeks

8 weeks

@@ LP-zno@BT/HA

1.Micro-CT 1.Micro-CT
2.Histological analysis 2.Histological analysis

ZnO@BT/HA LP-ZnO@BT/HA

G o 3
® o

mm

owm
o e

© zrogatka
= tpzmo@sTHA

y

2mm

2mm

LP-ZnO@BT/HA

2mm

2mm

Fig. 7. In vivo osteogenic properties of different groups of piezoelectric ceramic samples

A: The process of in vivo osteogenic properties test of ceramic samples. B: Two-dimensional images of bone defects combined with ceramic scaffolds and 3D
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A: TGF-p and ANG-1 protein expression in different ceramic scaffold groups (red for TGF-p, green for ANG-1, blue for nucleus). B: The quantitative analysis of TGF-p
and ANG-1 protein expression in different ceramic scaffold groups. C: VEGF and HIF-1a protein expression in different ceramic scaffold groups (red for VEGF, green
for HIF-1a, blue for nucleus). D: The quantitative analysis of VEGF and HIF-1a protein expression in different ceramic scaffold groups. E: Runx2 and COL1 protein
expression in different ceramic scaffold groups (red for Runx2, green for COL1, blue for nucleus). F: The quantitative analysis of Runx2 and COL1 protein expression
in different ceramic scaffold groups. G: OPN and OCN protein expression in different ceramic scaffold groups (red for OPN, green for OCN, blue for nucleus). H: The
quantitative analysis of OPN and OCN protein expression in different ceramic scaffold groups.

conducted following methods from previous studies [51]. Initially,
ZnO-NPs were homogeneously dispersed within a light-curing resin
matrix using a magnetic stirrer. Subsequently, varying concentrations of
BT and HA were meticulously blended with the ZnO-NPs-laden resin
using a precision ceramic three-roll mill. The ceramic scaffolds and discs
were then constructed using a DLP 3D printer, adhering to optimized
printing parameters: light intensity of 2.5 mW/cm2, exposure time of 10
s, and a layer thickness of 20 pm. After printing, the specimens under-
went a thorough degreasing process and were sintered in a muffle
furnace at 1250 °C for 2 h to ensure high-quality consolidation. In the
next step, the ceramic samples were subjected to high-voltage polari-
zation in a specialized device, applying a field strength of 30 kV/cm for
20 min at room temperature to enhance their piezoelectric properties.
Prior to further experimentation, any silver coating applied during the
fabrication process was meticulously removed. Finally, the prepared
piezoelectric ceramic scaffolds and discs were ready for subsequent
experimental evaluations and applications.
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3.1.3. Scanning electron microscope (SEM), X-ray diffraction (XRD), and
water contact angle

To examine the detailed morphology and microstructure of the
ceramic samples, a SEM (Oxford ULTIM Max65 model) was utilized. The
samples were carefully sputter-coated with gold to improve image
clarity and enable high-resolution imaging. SEM acquisitions were
performed at an optimized accelerating voltage of 10 kV. Additionally,
energy-dispersive spectroscopy (EDS) in mapping mode was employed
to visualize the spatial distribution of key elements within the samples,
providing crucial insights into their in-situ elemental composition. For
phase composition analysis, comprehensive XRD assessments were
carried out using a Bruker D8 Advance instrument over a 26 range of
10°-90°, with a scanning rate of 10°/min and a step size of 0.02°. The
surface water contact angle of the ceramic samples was measured using
a contact angle meter (OCA-20, Germany) through the sessile-drop
method at room temperature. A 5 pL droplet of deionized water was
placed on the sample surface, and the droplet’s shape was captured.
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Three different points on each sample were tested, and the average value
was calculated.

3.1.4. Dielectric properties and piezoelectric properties

The dielectric characteristics of the ceramic samples were analyzed
utilizing a high-precision dielectric temperature spectrometer (DMS-
500, China), covering a frequency range from 1 kHz to 1 MHz and
temperature range from 30 °C to 300 °C. The piezoelectric properties
were evaluated using a quasi-static ds3 tester (ZJ-3AN, China), exam-
ining the samples under pressurization ranging from —10 to 10 V at a
frequency of 75 Hz. Additionally, piezoelectric force microscopy (PFM,
Asylum Research + Cypher ES, USA) was used to analyze morphology,
amplitude, and phase displacement of the piezoelectric response.

3.2. In vitro antibacterial experiment (Fig. 2A)

3.2.1. Bacteria culture

In this study, the antibacterial efficacy of the samples was evaluated
against two bacterial strains: the Gram-positive Staphylococcus aureus
(S. aureus, ATCC 29213) and the Gram-negative Escherichia coli (E. coli
ATCC 25922). These bacteria served as model organisms to assess the
antimicrobial properties of three distinct ceramic categories: HA (pure
HA), BT/HA (a blend of HA and BT in a 70BT/30HA ratio), and
ZnO@BT/HA (addition of 1 wt% ZnO-NPs to the previous BT/HA ratio).
The study systematically investigated the impact of various ceramic
compositions on antibacterial performance against these strains.

3.2.2. Antibacterial activity

The antibacterial efficacy was rigorously assessed using the plate
count method. A 500-puL bacterial suspension, adjusted to an optical
density (OD) of 0.5 at 600 nm, was thoroughly mixed with each sample
and incubated at 37 °C for 24 h. Post-incubation, a 20-pL aliquot from
the diluted co-cultured bacterial suspension was carefully inoculated
onto Luria-Bertani (LB) agar plates to promote the growth of bacterial
colonies. The antibacterial prowess of the samples was quantitatively
evaluated by meticulously counting the colony-forming units (CFUs) on
the agar surfaces.

3.2.3. Live/dead bacterial staining

A 500-pL bacterial suspension, standardized to an OD600 of 0.5, was
intimately mixed with various samples and incubated at 37 °C for 24 h.
Bacterial cells adhering to the samples were differentially stained using
equal volumes of SYTO 9 and propidium iodide (PI), producing distinct
green and red fluorescent signatures for 20 min. High-resolution images
were captured using an advanced fluorescence microscope (OLYMPUS
IX71, Japan) for analysis. The proportion of non-viable (dead) bacteria
was quantified using Image-Pro Plus software, enabling precise assess-
ment of the samples’ antibacterial effectiveness.

3.2.4. Bacterial morphology scanning

Following a 24-h incubation at 37 °C, 500 pL of bacterial suspension,
standardized to an OD600 of 0.5, were exposed to various samples, then
fixed with paraformaldehyde for 60 min. After triple rinsing with
phosphate-buffered saline (PBS), the samples were dehydrated using a
graded ethanol series (25 %, 50 %, 75 %, and 100 %), facilitating
preservation of bacterial morphology. The dried samples were coated
with a thin gold layer via spray-gold process, enhancing their SEM im-
aging conductivity. Using an advanced SEM instrument (JEOL JSM-
34001V), the morphology of the adhered bacteria was visualized in
detail, providing insights into their interactions with the sample
surfaces.

3.2.5. Absorbance test

5 mL of bacterial suspension, adjusted to an OD600 of 0.5, were
exposed to diverse samples and incubated at 37 °C for 8 h. The absor-
bance at 600 nm was meticulously measured at 2-h intervals during this
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period, allowing for the monitoring of bacterial growth dynamics.
3.3. In vitro biosafety (Fig. 3A)

3.3.1. Cell culture

Dental pulp stem cells (DPSCs) were extracted and cultured ac-
cording to established methodologies, using Alpha Modified Eagle Me-
dium (a-MEM) (Gibco, China), supplemented with 10 % fetal bovine
serum (FBS) (Biological Industries, Israel) and 1 % pen-
icillin-streptomycin, at 37 °C in a 5 % CO3 in a humidified incubator.
Ceramic samples were grouped as follows: HA (pure HA), BT/HA (70BT/
30HA combination), ZnO@BT/HA (addition of 1 wt% ZnO-NPs to BT/
HA), and LP-ZnO@BT/HA (polarized ZnO@BT/HA stimulated by
LIPUS). The LIPUS stimulation protocol is outlined in a prior publication
[43]. Briefly, the LIPUS exposure was conducted in vitro using a Soni-
cator 740 device (Mettler Electronics, USA), which delivered a 1 MHz
sine wave, a 50 % duty cycle, and an intensity of 30 mW/cm? A
custom-designed water-filled apparatus served as the platform for LIPUS
application, with a 48-well plate positioned on the water’s surface. This
setup facilitated the non-invasive stimulation of DPSCs attached to the
sample surfaces in the wells, using water as the coupling medium. The
LIPUS treatment was administered daily for 10 min at 37 °C.

3.3.2. Cell viability and proliferation assay

Following the arrangement of various ceramic samples in a 48-well
plate, dental pulp stem cells (DPSCs) were seeded onto each and
cultured over periods of 1, 3, and 5 days. Cell proliferation and viability
were assessed using the sensitive Cell Counting Kit-8 (CCK-8) from
Dojindo (Japan).

3.3.3. Live/dead cell staining

After placing various ceramic samples in a 48-well plate, DPSCs were
seeded onto these substrates and cultured for 3 days. The cells were then
stained using a Live/Dead Cell Staining Kit (LMAI, China), which uses
Calcein AM and PI to emit green and red fluorescence, respectively,
distinguishing live from dead cells. The fluorescence-based differentia-
tion was examined under an Olympus IX71 high-resolution fluorescence
microscope (Japan), and images were captured for detailed analysis.
Image-Pro Plus software was used to quantify the precise proportion of
dead cells, providing a quantitative assessment of cellular health and
vitality in response to the ceramic environments.

3.3.4. Cell morphology

Various ceramic samples were placed in a 48-well plate and DPSCs
were seeded onto these surfaces, where they were cultured for 3 days.
The cells were fixed with 4 % paraformaldehyde for 15 min at 4 °C to
preserve structural integrity, followed by permeabilization with 0.1 %
Triton-X 100 for 10 min at room temperature to facilitate staining. The
cytoskeleton was stained with rhodamine-phalloidin (Solarbio, China)
for 20 min at room temperature, producing a vibrant red fluorescence.
Nuclei were counterstained with Hoechst 33342 (Solarbio, China) for 1
min at room temperature, resulting in a distinct blue fluorescence for
clear delineation of cellular structures. These fluorescently labeled
samples were examined under the advanced optics of an Olympus IX71
fluorescence microscope (Japan), and images were captured for subse-
quent analysis. Image-Pro Plus software quantified cellular morphology,
specifically measuring the ratio of overall cellular area to nuclear area
(CN rate), across different groups, providing a quantitative assessment
of cellular growth on the ceramic substrates.

3.4. In vitro osteogenic properties (Fig. 5A)

3.4.1. Alkaline phosphatase (ALP) staining

Osteogenic differentiation was induced in DPSCs cultured on various
samples using a medium containing 10 mM p-glycerophosphate, 10 nM
dexamethasone, and 50 mg/mL ascorbic acid for 7 days. ALP activity
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was performed using the BCIP/NBT Alkaline Phosphatase Color Devel-
opment Kit (Beyotime, China). To reduce color interference from HA
and BT materials, cells were de-stained with 10 % hexadecylpyridinium
chloride monohydrate (Aladdin, China) at room temperature, and the
eluates were analyzed in a 96-well plate at 550 nm using an enzyme-
labeling instrument (Biotech, USA).

3.4.2. IF staining and analysis

The assessment of protein expression levels of osteocalcin (OCN) and
osteopontin (OPN) in co-cultured DPSCs was conducted using IF Stain-
ing techniques. To induce osteogenic differentiation, DPSCs were co-
cultured with ceramic samples in 48-well plates immersed in osteo-
genic induction medium for 7 days. Afterward, the DPSCs were fixed
with 4 % paraformaldehyde for 15 min and washed thoroughly with
PBS, repeating the wash step three times. IF staining involved antibodies
from Servicebio, China, including Rabbit Monoclonal Antibody against
OCN, Rabbit Monoclonal Antibody against OPN, HRP-labeled Goat Anti-
rabbit IgG, and Alexa Fluor 488-labeled Goat Anti-rabbit IgG, following
the manufacturer’s protocols. Additionally, nuclei were stained with
DAPI (Servicebio, China) to enhance the visualization of cellular struc-
tures. IF images were captured and analyzed using Image-Pro Plus
software, which enabled the quantification of average fluorescence in-
tensity of the proteins, providing a detailed assessment of the expression
levels of OCN and OPN in the co-cultured DPSCs.

3.5. In vitro angiogenic properties (Fig. 5A)

3.5.1. Cell scratch assay

Dental pulp stem cells (DPSCs) were seeded on ceramic samples in
48-well plates and incubated for 12 h at 37 °Cin a 5 % CO2 atmosphere
to facilitate cell adhesion and monolayer formation. A wound model was
then created on the ceramic surface using a 200 pl pipette tip. Cyto-
skeleton and nucleus staining were performed at Oh, 12h, and 24h to
monitor in vitro wound closure. The scratch width was measured to
calculate the wound healing extent, with the closure rate determined by:
(original width - measured width)/original width * 100 %.

3.5.2. IF staining and analysis

Protein expression levels of vascular endothelial growth factor
(VEGF) and hypoxia-inducible factor 1o (HIF-1a) in co-cultured DPSCs
were analyzed using IF staining. To induce osteogenic differentiation,
DPSCs were cultured with ceramic samples in osteogenic induction
medium for 7 days. The cells were then fixed with 4 % para-
formaldehyde for 15 min and washed three times with PBS. IF staining
utilized Servicebio antibodies, including Rabbit Monoclonal Antibodies
against VEGF and HIF-1a, HRP-labeled Goat Anti-rabbit IgG, and Alexa
Fluor 488-labeled Goat Anti-rabbit IgG, following manufacturer’s in-
structions. Nuclei were stained with DAPI (Servicebio, China),
enhancing cellular structure visualization. The images were captured
and analyzed with Image-Pro Plus software to quantify the fluorescence
intensity, thus assessing VEGF and HIF-1a expression levels in DPSCs.

3.6. Transcriptomics analysis of osteogenesis (Fig. 6A)

To elucidate the molecular mechanisms behind the osteogenic dif-
ferentiation promoted by the LP-ZnO@BT/HA group, gene expression
profiling was conducted. DPSCs were co-cultured with ceramic samples
in osteogenic induction medium for 7 days. Transcriptome analysis
identified differentially expressed genes, highlighting those up-
regulated or down-regulated during osteogenic differentiation on LP-
ZnO@BT/HA ceramic surfaces. Pathway analyses, including KEGG
and GSEA, were performed to identify relevant pathways.
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3.7. In vivo osteogenic properties (Fig. 7A)

3.7.1. Infected skull defect model and scaffold implantation

All animal experiments received approval from the Research Ethics
Committee of the College of Basic Medical Sciences, Jilin University
(Ethics number: 2022450). Eight-week-old male Sprague-Dawley (SD)
rats, sourced from the Laboratory Animal Centre at Jilin University,
were used to create calvaria critical-size defects. Twenty-four rats were
divided into four groups (9 rats per group): Group I: HA alone, Group II:
BT/HA mixture (70BT/30HA), Group III: ZnO@BT/HA (with 1 wt%
ZnO-NPs), and Group IV: LP-ZnO@BT/HA (LIPUS-stimulated ZnO@BT/
HA). Before surgery, the scaffolds (D: 5 mm, H: 1.5 mm) were contam-
inated with 10 pl S. aureus (OD600 = 0.5). Rats were anesthetized
through intraperitoneal injection of sodium pentobarbital (10 mg/100 g
body weight). Following anaesthesia, a critical-size defect of 5 mm
diameter was created in the skull using a micro drill at low rotation
speed with constant irrigation. Post-surgery, the LIPUS exposure device
was immediately applied to the LP-ZnO@BT/HA group using the pa-
rameters previously described in the cell studies. Specifically, the ul-
trasound transducer was positioned on the skin of the head, secured by a
thin layer of coupling agent, and maintained for 10 min daily over 1, 4,
or 8 weeks. At 4 and 8 weeks post-implantation, the rats were eutha-
nized using an overdose of CO2 to obtain the skull specimens containing
the scaffold.

3.7.2. In vivo antibacterial activity (Supplementary Figure 4A)

After a week of implantation, the infected scaffolds were extracted,
and bacteria were isolated using ultrasound. Twenty microliters of the
bacterial suspension were plated on agar and incubated overnight before
being counted and photographed.

3.7.3. Micro-computed tomography (Micro-CT) scanning and evaluation

Specimens, fixed in 4 % paraformaldehyde, underwent scanning
with a Micro-CT scanner (PerkinElmer Quantum GX2, USA) at 90 kV
source voltage, 88 pA beam current, and 25 pm resolution. Three-
dimensional reconstruction was achieved using CTvol software
(Bruker Micro-CT). The area of the scaffold (D: 5 mm, H: 1.5 mm) was
identified as the region of interest (ROI). CTan software (Bruker Micro-
CT) was used to calculate the percentage of bone volume to total volume
(BV/TV), Trabecular Thickness (Tb.Th), Trabecular Number (Tb.N), and
Trabecular Space (Tb.Sp).

3.7.4. Histological and histomorphometric analysis

Skull tissues were fixed and decalcified for 28 days, followed by
dehydration and embedding in paraffin. Bone slices were then stained
with Hematoxylin-Eosin (H&E) and Masson’s trichrome stains.

3.7.5. IF analysis

Skull tissues from eight-week specimens were fixed and subjected to
28 days of decalcification, then dehydrated and embedded in paraffin. IF
staining was conducted on these sections. Osteogenesis-related anti-
bodies (Anti-runt-related transcription factor-2 (Runx2), collagen type 1
(COL1), OCN, and OPN) and angiogenesis-related antibodies (Anti-
transforming growth factor p (TGF-B), angiopoietin 1 (ANG-1), VEGF,
and HIF-1a) were applied to assess osteogenesis and angiogenesis at
defect sites in rats. Images were captured and analyzed using Image-Pro
Plus software to quantify the average fluorescence intensity and protein
expression levels.

3.7.6. In vivo biosafety

At four weeks, rat hearts, livers, spleens, lungs, and kidneys were
harvested, dehydrated, and embedded for histological examination to
assess in vivo toxicity via H&E staining.
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3.8. Statistics

All data were presented as mean =+ standard deviation (SD). Statis-
tical analyses were performed using SPSS 19.0 and GraphPad Prism 8
(GraphPad Software, San Diego, CA, USA), with significance thresholds
set at p = 0.05. Discrepancies between groups were indicated with as-
terisks: *p < 0.05, **p < 0.01.

4. Conclusion

This study utilized DLP 3D printing technology to fabricate a ZnO-
modified BT/HA piezoelectric ceramic scaffold for repairing infected
bone defects. Firstly, the piezoelectric properties of the ZnO-modified BT
were enhanced, facilitating an increased HA content in the scaffold.
Secondly, the scaffold demonstrated significant antibacterial efficacy in
vitro. Additionally, with the incorporation of LIPUS and piezoelectric
effects, the scaffold exhibited superior osteogenic capabilities. Thus, the
development of multifunctional bone tissue engineering ceramic scaf-
folds holds promising potential for the repair of complex tissue defects
[93].
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