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Abstract: Improving fracture toughness, electrical conductivity, and biocompatibility has consistently
presented challenges in the development of artificial bone replacement materials. This paper presents
a new strategy for creating high-performance, multifunctional composite ceramic materials by
doping graphene oxide (GO), which is known to induce osteoblast differentiation and enhance cell
adhesion and proliferation into barium calcium zirconate titanate (BCZT) ceramics that already
exhibit good mechanical properties, piezoelectric effects, and low cytotoxicity. Using fast hot-pressed
sintering under vacuum conditions, (1 — x)(Bag g5Cag 152191 Tig.9)O3_xGO (0.2 mol% < x < 0.5 mol%)
composite piezoelectric ceramics were successfully synthesized. Experimental results revealed that
these composite ceramics exhibited high piezoelectric properties (d33 = 18 pC/N, kp = 62%) and
microhardness (173.76 HV 5), meeting the standards for artificial bone substitutes. Furthermore, the
incorporation of graphene oxide significantly reduced the water contact angle and enhanced their
wettability. Cell viability tests using Cell Counting Kit-8, alkaline phosphatase staining, and DAPI
staining demonstrated that the GO/BCZT composite ceramics were non-cytotoxic and effectively
promoted cell proliferation and growth, indicating excellent biocompatibility. Consequently, with
their superior mechanical properties, piezoelectric performance, and biocompatibility, GO/BCZT
composite ceramics show extensive potential for application in bone defect repair.

Keywords: graphene oxide; BCZT; composite piezoelectric ceramics; biocompatibility

1. Introduction

Bone, a nanocomposite material composed of living cells and minerals, plays a critical
role in the structural integrity of the human body [1]. Congenital factors such as heredity
and infection, along with acquired factors such as trauma, bone disease, and inflammation,
can lead to the formation of bone defects [2,3]. Current treatments for bone defects include
stem cell therapy, the use of customized bone scaffolds through 3D printing, and bone
grafting [4-6]. Stem cell therapy encounters ethical and legal challenges, while the use of 3D-
printed bone scaffolds is impeded by high costs and technical complexities. Bone grafting
is extensively employed to resolve bone defects. This technique includes autologous bone
grafts, allogeneic bone grafts, and synthetic bone replacement materials [7]. Autologous
bone grafting is considered the gold standard for repairing bone defects; however, its
application is limited by donor scarcity and potential complications [8]. Allogeneic bone
grafting, known for its low histocompatibility, frequently leads to rejection reactions [9]. In
recent years, synthetic bone replacement materials designed to emulate the structure and
properties of human bone have been extensively researched and increasingly utilized [10].

Artificial bone replacement materials primarily consist of medical-grade metallic ma-
terials [11], polymer materials [12], bioceramics materials [13], and composite/hybrid
biomaterials [14]. Metal materials appropriate for load-bearing implants may cause osteo-
porosis and rejection owing to their stress shielding effects [15]. Medical polymer materials
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tailored for different bone repair needs can trigger immune responses upon implantation
and suffer from issues such as poor biocompatibility, poor mechanical properties, and
high cost [16]. Bioceramics, specifically designed for medical use, exhibit inherent piezo-
electric properties, allowing them to facilitate the conversion between mechanical energy
and electrical energy and conversely. They are highly biocompatible and find extensive
applications in the biomedical field [17,18]. Additionally, the piezoelectric effects observed
in both piezoelectric ceramic materials and bone both involve the generation of electric
charges under mechanical stress. Fukada and Yasuda were the first to observe the piezo-
electric effect in bone, demonstrating that human bone tissue has inherent piezoelectric
properties [19]. Subsequent research has indicated that materials exhibiting piezoelectric
properties can promote osteoblast proliferation and differentiation, thus enhancing bone
regeneration [20]. Therefore, biocompatible piezoelectric ceramic materials are frequently
utilized in the repair and replacement of bone defects [21].

Common biological piezoelectric ceramic materials primarily consist of piezoelectric
single crystals such as lithium niobate [22], piezoelectric polycrystals including barium
titanate and lead zirconate titanate [23], and composite piezoelectric materials formed
by combining these materials with polymers [24]. In 1981, Park [25] et al. pioneered the
use of barium titanate (BaTiO3) as a piezoelectric ceramic material in bone repair, demon-
strating its capacity to emit piezoelectric signals that enhance osteoblast proliferation and
differentiation. Furthermore, BaTiOs ceramics meets the requisite mechanical strength
for physiological bone loads, making it extensively utilized in bone tissue engineering
research [26-28]. However, compared with BaTiO3 ceramics, barium calcium zirconate
titanate (BCZT) ceramics exhibit superior properties. In 2009, Professor Ren Xiaobing’s
research group [29] demonstrated that BCZT ceramics possess enhanced piezoelectric char-
acteristics. Furthermore, Kara K et al. reported that BCZT ceramics show low cytotoxicity to
human osteoblasts [30], suggesting that they are more suitable for biomedical applications
involving direct contact with biological tissues [31,32]. When used directly as materials for
bone defect repair, pure piezoelectric ceramics may display inadequate fracture toughness,
brittle unreliability, low electrical conductivity, and limited biocompatibility [33]. The
literature has shown that the addition of various additives to reinforced composite ceramics
can significantly improve these properties [34]. For example, Chelli Sai et al. enhanced
BCZT ceramics by incorporating hydroxyapatite (HA), finding that this addition not only
increased the biocompatibility of the ceramics but also facilitated bone cell growth [35].
Therefore, the exploration of novel and diverse additives for the modification of composite
ceramics is a current research focus.

In recent years, there has been considerable research interest in materials such as
graphene, primarily attributed to their exceptional capacity to stimulate osteoblast differen-
tiation [36]. Cahit et al. used graphene as a nanocarrier for gold (I)-monoene complexes,
and the experimental results showed very favorable adsorption, underscoring the poten-
tial of graphene for medical applications [37]. These materials enhance various cellular
responses, including adhesion, proliferation, and differentiation, thereby improving the
biocompatibility of composites [38,39]. Notably, graphene oxide exhibits considerable
potential in biomedical applications, attributed to its nanoscale dimensions, expansive
specific surface area, exceptional mechanical strength, significant biocompatibility, elevated
electrical conductivity, and antimicrobial capabilities [40,41]. Guo et al. investigated the
interaction of graphene and its derivatives with stem cells in different materials, demon-
strating that graphene oxide accelerates the osteogenic differentiation of mesenchymal stem
cells from the bone marrow [42]. Wu et al. produced graphene oxide-modified 3-tricalcium
phosphate bioceramics, with studies indicating that an optimal amount of graphene en-
hances piezoelectric properties and stimulates bone formation in vivo [38]. Palmieri and
his team used graphene oxide to interact with human pathogens, confirming its effective-
ness as an antimicrobial agent [43]. Additionally, Kanwal et al. synthesized graphene
oxide/bioactive glass composites using an alkali-catalyzed sol-gel method, which were
found to possess good cytocompatibility [44]. Joy et al. incorporated the graphene oxide
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effective inclusion of anchor deposit nanostructure (GO-Au) into polycaprolactone (PCL)
matrix, and the results showed that the polymer nanocomposite has good hydrophilic-
ity, mechanical stability, and antibacterial activity [45]. However, the method for doping
graphene oxide into BCZT ceramics remains unexplored.

In this study, the ceramic matrix composed of Bag g5Cag 152191 Tig9 (BCZT) composite
ceramics and graphene oxide (GO) was introduced as a dopant to augment the material
properties. It was mainly to combine the advantages of BCZT ceramics that can inde-
pendently generate surface potential and have a high piezoelectric coefficient and good
biocompatibility with the advantages of GO’s excellent electrical and thermal properties
and high specific surface area to achieve complementarity and optimization of performance.
Compared with existing bone defect repair materials, it can further promote bone formation
and has better biocompatibility and mechanical properties. A fast hot-pressed sintering
technique was employed to facilitate the densification and high-temperature synthesis of
the composite ceramics. This process was conducted under vacuum conditions, utilizing
direct current heating and axial pressure application to achieve optimal sintering outcomes.

2. Materials and Methods
2.1. Materials and Preparation

The graphene oxide raw material was sourced from a dispersion solution provided by
Shanghai Aladdin Biotechnology Co., Ltd. (Shanghai, China). Similarly, the raw materials
for the BCZT piezoelectric ceramics, including BaCO3;, CaCOj3, ZrO,, and TiO; (>99.0%,
AR), were procured from the same company. The (1 — x)(Bag g5Cag 15Zrg 1 Tip9)O3_xGO
(0.2 mol% < x < 0.5 mol%) composite piezoelectric ceramics were prepared by the
following process.

Initially, BCZT-based ceramics powders were synthesized using the solid-phase synthe-
sis method. High-purity BaCO3, CaCOg, TiO,, and ZrO, were precisely weighed according
to their stoichiometric ratios. These powders were mixed in a zirconia ball mill jar using
zirconia balls of 3, 5, and 10 mm diameters, and anhydrous ethanol was used as the milling
medium. The mixture was milled for 12 h at a speed of 500 rpm in a planetary ball mill and
then calcined at 1200 °C for 2 h. After this, the material was milled again for another 12 h
and then sintered at 1400 °C in a tube furnace. The final BCZT-based ceramics powders
were obtained following additional grinding and sieving.

Subsequently, the BCZT ceramic powder was combined with a graphene dispersion
in a specific ratio and subjected to ball milling. In this process, the materials were placed
in a zirconia milling jar and milled at 300 rpm for 2 h using a planetary ball mill. After
milling, the mixture was dried, sieved, and reserved for further processing. In the final
step, the composite powder was sintered at 1400 °C and a pressure of 50 MPa for 30 min
in a vacuum environment, producing ceramic discs of 12 mm in diameter and 1.5 mm
in thickness.

2.2. Characterization of Materials

The phase composition of the xGO/BCZT composite ceramic was analyzed by X-
ray diffraction (XRD, Bruker D8 advance, Berlin, Germany) using Cu-K« radiation over
20 = 20~80° at a scan rate of 2°/min. A confocal Raman spectrometer (Suzhou Only Light
Tan Zhen Technology Co., Ltd., Suzhou, China) with an incident light wavelength of 532 nm
was used for further analysis. The microstructure and crystallite size were assessed by
scanning electron microscopy (SEM, SU 8600, Hitachi, Tokyo, Japan), and the materials were
treated by etching if necessary. The piezoelectric coefficient was determined using a quasi-
static d33 measuring instrument (ZJ-3A, Institute of Acoustics, Chinese Academy of Sciences,
Beijing, China). Additionally, the planar electromechanical coupling coefficient (k,) was
assessed utilizing an impedance analyzer ( E4991A, Agilent Technologies, Inc., Santa Clara,
CA, USA) employing resonance and antiresonance techniques. The microhardness of the
GO/BCZT composite ceramics was assessed via an HV-1000 Vickers indenter, with a 5N
load applied for 10 s.
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2.3. Evaluation of Vitro Cell Compatibility
2.3.1. Surface Wettability

Surface wettability significantly influences cell adhesion as demonstrated in prior
studies [46]. Typically, the water contact angle serves as a key metric for evaluating the
hydrophilic or hydrophobic nature of solid surfaces, where moderately hydrophilic surfaces
are deemed advantageous for cellular proliferation [47]. In this paper, the wettability of
xGO/BCZT composite ceramic materials was determined through static contact angle
measurements using a Kriiss DSA100S device. Measurements were conducted at five
distinct points on each sample to ensure representativeness, with the mean value of these
measurements utilized to characterize the overall surface wettability of the materials.

2.3.2. CCK-8 Assay

Osteoblasts play a crucial role in the repair of bone defects and are one of the main
cells in contact with the implant [48]. In this paper, mouse embryonic osteoblast precursor
cells (MC3T3-E1) were employed for cytotoxicity testing to assess the biocompatibility of
xGO/BCZT composite ceramics. Initially, xGO/BCZT composite ceramics were ultrason-
ically cleaned with anhydrous ethanol for 1 h and subjected to ultraviolet radiation for
30 min. MC3T3-E1 cells at a concentration of 2 x 10° cells/mL were seeded onto ceramics
in 24-well plates and cultured under standard conditions (37 °C, 5% CO,) for 1, 4, and
7 days. CCK-8 was applied to the cultures and incubated for 2 h. Subsequently, the culture
medium was then transferred to a 96-well plate in triplicate, and the absorbance (OD value)
was measured at 450 nm using an enzyme linked immunosorbent assay reader.

2.3.3. DAPI Staining

In this study, DAPI staining experiments were performed as evidence to further sup-
port the CCKS cell proliferation assay. The apoptotic effects of the control and xGO/BCZT
composite ceramics on MC3T3-E1 cells were elucidated through DAPI staining. The
materials were first sterilized by ultrasonic cleaning in anhydrous ethanol for 30 min,
washing with sterile PBS 5 times, drying for 2 h, and ultraviolet irradiation on both sides for
30 min. The ceramic plates were then transferred to 24-well culture plates and inoculated
with MC3T3-E1 cells, while the control wells received no samples. After 24 h of incubation,
the cells were subjected to DAPI staining, which involved a PBS wash, fixation of cells
for 20 min, permeabilization for 5 min, another PBS wash, and then staining with DAPI
solution for 15 min in darkness. Finally, the cell nuclei were visualized using a fluorescence
microscope (Nikon Eclipse Ts2R, Shanghai, China).

2.3.4. Alkaline Phosphatase Activity

Alkaline phosphatase (ALP) is an essential enzyme for bone formation and serves as
an early indicator of osteoblast differentiation and functional maturity [49]. Consequently,
ALP staining is employed to identify the presence of ALP in bone cells, bone tissue,
kidneys, and liver, resulting in ALP appearing black and nuclei appearing light blue.
ALP activity in the cell lysate was measured using an ALP assay kit, adhering to the
provided protocol. The procedure entailed washing the cells twice with PBS, fixing them
with 4% paraformaldehyde at room temperature for 10 min, applying BCIP/NBT solution
(Beyotime, Shanghai, China) to the fixed cells, and documenting the stained cells with an
inverted microscope. By observing and analyzing the staining intensity and distribution,
the activity of ALP in cells and its role in cell differentiation and tissue structure can
be evaluated.

3. Results and Discussion
3.1. Crystal Phase Structure

The XRD patterns of xGO/BCZT (0.2 mol% < x < 0.5 mol%) composite ceramics
analyzed under room temperature are shown in Figure 1. Additionally, the vertical line
diagram corresponds to the card information of the standard diffraction peaks of BaTiO;
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ceramics, including both the orthorhombic (PDF#81-2200) and tetragonal (PDF#05-0626)
phases. It can be seen from Figure 1 that all composite piezoelectric ceramics had a
perovskite structure [50,51]. Furthermore, as graphene oxide concentration increased, the
xGO/BCZT composite ceramics exhibited the O phase and a distinctive diffraction peak
at 26.7°, correlating with the (002) diffraction peak of graphene [52]. This diffraction peak
was related to the reflection generated by the normal graphite structure, indicating a highly
ordered crystal structure with a certain layer spacing within the composite ceramics [53].
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Figure 1. The X-ray diffraction pattern of xGO/BCZT composite ceramics at (a) 26 = 20°~80° and
(b) 26 = 45°~46°.

Figure 2a presents the Raman spectra of xGO/BCZT (0.2 mol% < x < 0.5 mol%)
composite ceramics under room temperature and a spectral range of 1000~3500 cm™!.
Previous reports have indicated that the characteristic peaks of graphene are G peak, D

peak, and 2D peak [54].
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Figure 2. (a) Raman spectra and the ratios of Raman peak intensities (b) Ip/Ig and (c) I,p/Ig of
xGO/BCZT composite ceramics.

The G peak, located at 1581 cm ™!, arises from the in-plane vibrations of sp?-hybridized
carbon atoms and effectively reflects the number of graphene layers [55]. The D peak, po-
sitioned at 1350 cm ™1, is associated with the disorder-induced vibrational modes and is
closely related to the wavelength of the laser used, serving as a marker for identifying struc-
tural defects or edge characteristics in graphene samples [56]. The 2D peak, located around
2700 cm ™1, is a second-order Raman peak that maps the stacking of carbon layers [57].

At x = 0 mol%, no characteristic peaks of graphene were observed in the composite
ceramics. However, as the content of graphene oxide increased, the characteristic peaks
of graphene gradually became evident. Simultaneously, the Raman spectra were instru-
mental in determining graphene’s disorder degree by analyzing the I /Ig peak intensity
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ratio [58]. The Ip/Ig ratio increased with low defect density and decreased with high
defect density [59]. Moreover, the I;p /I ratio, representing the peak intensities between
the 2D and G peaks, was closely associated with the graphene layers” quantity [60,61].
Specifically, for single- or bi-layer graphene, the I,p/Ig exceeded 1, showcasing a single,
sharp 2D peak. Conversely, with increasing graphene layer number, the I,p /I ratio de-
creased from 1 to 0.5. Notably, in the case of xGO/BCZT composite ceramics, the ,p /I lay
between 0.5 and 1, as shown in Figure 2¢, confirming the presence of a multilayer graphene
structure [60,61]. As evidenced by Figure 2a, this G peak intensity initially rose with
an increase in graphene oxide content, reaching a maximum value at x = 0.4 mol%, be-
fore subsequently declining. This trend suggested that the quantity of graphene layers
within the composite ceramics initially increased and then decreased [55]. The Raman
spectroscopy analysis in this study further substantiated the phase composition of the
composite ceramics.

3.2. Microstructure and Fracture Morphology

Figure 3 presents the SEM images of xGO/BCZT (0.2 mol% < x < 0.5 mol%) composite
ceramics. The images reveal that the composite ceramics all possessed relatively small
grain sizes, similar to those reported in other studies involving graphene-doped composite
materials [62]. Moreover, the average grain size (AGS) of the composite ceramics was largely
contingent on the quantity of graphene oxide incorporated. It can be seen from the SEM
images after thermal etching in Figure 3(a;—d;) that the grain size of the composite ceramics
gradually decreased and the densification progressively improved with the increases of
graphene oxide content. The AGS showed a decreasing trend with values of 3.19, 2.56, 1.68,
and 1.42 pum, as depicted in Figure 3(ap;—dy).
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Figure 3. SEM images of xGO/BCZT ceramics: (a—d) original appearance, (a;—d;) micrographs after
thermal corrosion, and (a—d) grain size distribution.

The reduction in grain size witnessed within the composite ceramics was attributed
to the pinning phenomenon facilitated by graphene oxide. This mechanism impeded the
growth of grains and constrained the movement of boundaries, thereby resulting in the
enhancement of microstructural refinement and densification [63]. In comparison with
BCZT-based ceramics without graphene oxide, the inclusion of graphene oxide yielded a
denser structure, potentially enhancing the composite material’s mechanical properties.
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Energy dispersive spectrometer (EDS) analyses validated the presence of carbon (C), oxy-
gen (O), calcium (Ca), titanium (Ti), and barium (Ba) in the xGO/BCZT composites, as
enumerated in Table 1.

Table 1. EDX data analysis of xGO/BCZT ceramics.

C (at.%) O (at.%) Ca (at.%) Ti (at.%) Ba (at.%)
x =0 mol% 10.13 43.08 4.26 20.62 21.90
x = 0.2 mol% 15.19 48.16 3.01 16.58 17.05
x =0.3 mol% 10.32 45.04 3.77 20.04 20.82
x = 0.4 mol% 25.55 49.53 2.03 8.69 14.20
x = 0.5 mol% 23.95 39.84 2.88 16.35 16.97

3.3. Piezoelectric Properties

Figure 4a illustrates the test results of the piezoelectric coefficient and the electrome-
chanical coupling coefficient of xGO/BCZT (0.2 mol% < x < 0.5 mol%) ceramics. Notably,
the piezoelectric performance of the composite ceramics initially rose and subsequently
declined with the increasing content of graphene oxide; optimal piezoelectric properties
were achieved at x = 0.4 mol% (d33 = 18 pC/N, kp = 62%). The incorporation of graphene
oxide enhanced the electrical conductivity of the composite ceramics, which promoted
their piezoelectric response, thus improving the piezoelectric performance [64]. Moreover,
owing to its high tensile strength and toughness, graphene oxide may effectively transmit
stress to the BCZT ceramic matrix, thereby activating more piezoelectric domains and
augmenting the material’s piezoelectric performance. It can be seen from the previous SEM
analysis that the grain size of the composite ceramics began to decrease when x = 0.5 mol%.
The alteration in piezoelectric properties could be linked to the variation in grain size of
composite ceramics. When the grain size was small, significant coupling between grain
boundaries and domain walls occurred. This made domain rearrangement and domain
wall motion more difficult and consequently reduced the piezoelectric performance of
xGO/BCZT ceramics [65,66].

20 80 250

—®— Microhardness
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Figure 4. (a) The piezoelectric constant (ds3), electromechanical coupling factor (kp) and (b) micro-
hardness diagram of xGO/BCZT ceramics.

3.4. Mechanical Properties

Figure 4b presents the variations in microhardness for xGO/BCZT (0.2 mol% < x < 0.5
mol%) composite ceramics. The microhardness was obtained by multiple measurements
at different points on the sample surface using a 5N test force. Prior to measurement, all
samples were coated with silver to achieve as clear a surface as possible. The graph shows
that the microhardness of the composite ceramics increased and then decreased with an
increase in the content of graphene oxide, reaching a peak at x = 0.4 mol%, where the maxi-
mum average microhardness recorded was 173.76 HV 5. The increase in microhardness
was likely due to the refinement of grains caused by the incorporation of graphene oxide,
which increased the number and length of grain boundaries and hindered dislocation
motion [67]. The subsequent decrease in microhardness beyond this peak was associated
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with the disruption of van der Waals bonds within the perimeter of the graphene oxide
layers, affecting the structural cohesion and thereby reducing hardness [63].

3.5. Water Contact Angle

The hydrophilic-hydrophobic balance was assessed by water contact angle measure-
ments of xGO/BCZT (0.2 mol% < x < 0.5 mol%) composite ceramics, as depicted in
Figure 5a. This figure shows that the contact angle of all composite ceramic samples was
less than 90°, showing good hydrophilicity. As graphene oxide concentration increased,
there was a noticeable decline in contact angles, reflecting enhanced hydrophilic charac-
teristics of the composite ceramics [47]. Notably, at x = 0.4 mol%, the composite ceramics
achieved their lowest contact angle of 54.7°, showcasing superior wetting properties. This
improved hydrophilicity was attributed to the functional groups of graphene oxide, includ-
ing hydroxyl and epoxy, which significantly contributed to its water affinity. As a result, the
hydrophilic nature and wetting properties of the composites were enhanced by combining
graphene oxide with BCZT ceramics [68].

2.5
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Figure 5. (a) Apparent contact angle and (b) cell cytotoxicity of xGO/BCZT composite ceramics.

3.6. Cell Cytotoxicity

Cytotoxicity and cell proliferation are crucial metrics for evaluating the biological
characteristics of composite ceramics, particularly in applications involving bone de-
fects [69]. Figure 5b presents the experimental results from the CCK-8 cytotoxicity assay for
xGO/BCZT (0.2 mol% < x < 0.5 mol%) composite ceramics. The initial observations after
one day of culture indicated a marginally higher optical density (OD) value for the 0.4 mol%
composite compared with others. Upon cultivation for 4 and 7 days, the composite material
containing 0.4 mol% graphene oxide demonstrated a notable increase in cell count. This im-
provement could be attributed to the enhanced wettability of the composite ceramics due to
graphene oxide, which in turn enhanced cell adhesion to the ceramic surface. Additionally,
graphene oxide promoted cellular proliferation and differentiation [70]. These findings
indicated that graphene oxide doping in BCZT composite ceramics was non-cytotoxic and
actually supported cell proliferation, thereby exhibiting excellent biocompatibility.

3.7. Apoptosis Evaluation

This paper further substantiated the CCK-8 assay findings through DAPI staining
experiments. Fluorescence microscopy facilitated the observation of density and morpho-
logical changes in MC3T3-E1 cells incubated for 24 h with xGO/BCZT (0.2 mol% < x < 0.5
mol%) composite ceramics and a control group, as depicted in Figure 6. Cells treated with
the composite ceramics showed no changes in chromatin morphology, exhibiting uniform
nuclear staining similar to the control group. This demonstrated the biocompatibility of
xGO/BCZT composite ceramics across different graphene concentrations, confirming the
cytotoxicity study outcomes.
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200 pm 200 pm 200 pm

200 im 200 pm

Figure 6. DAPI staining images of xGO/BCZT composite ceramics: (a) x = 0.2 mol%, (b) x = 0.3 mol%,
(c) x = 0.4 mol%, (d) x = 0.5 mol%, and (e) control group.

3.8. Alkaline Phosphatase Activity

During the current experiment, MC3T3-E1 cells were seeded onto xGO/BCZT
(0.2 mol% < x < 0.5 mol%) ceramics. These cells were then cultured in osteogenic differen-
tiation medium for 7 days, after which the expression and activity of ALP were compared,
as illustrated in Figure 7. The results indicated that the most prominent staining for ALP
occurred at x = 0.4 mol%, suggesting the highest ALP activity and the most effective promo-
tion of osteoblastic differentiation under this condition. Previous research has shown that
the presence of functional groups of graphene oxide can enhance cell adhesion capabilities,
which in turn supports cell proliferation and differentiation. The incorporation of GO may
influence intracellular signaling pathways, enhancing the expression of genes related to
osteogenic differentiation [71]. Furthermore, the xGO/BCZT composite ceramic material
might provide a favorable surface for the deposition of minerals such as calcium phosphate,
thereby enhancing ALP activity [72]. Therefore, xGO/BCZT composite ceramics have no
cytotoxicity and can promote the proliferation and growth of osteoblasts, which is expected
to be applied in the treatment of bone defects.

02 03 0.4 0.5
content(%)

Figure 7. ALP expression and activity of xGO/BCZT composite ceramics: (a) control group,
(b) x = 0.2 mol%, (¢) x = 0.3 mol%, (d) x = 0.4 mol%, (e) x = 0.5 mol% and (f) Rel. ALP activity.

4. Conclusions

In this paper, (1 — x)(Bag g5Cag.15Zrg.1Tip.9)O3-GO (0.2 mol% < x < 0.5 mol%) com-
posite piezoelectric ceramics were synthesized through fast hot-pressed sintering under
a vacuum environment, 1400 °C, and 50 MPa for 30 min. We systematically explored the
influence of graphene oxide content on the piezoelectric, mechanical, and biological charac-
teristics. XRD and Raman spectroscopy confirmed the successful synthesis of GO and BCZT



Coatings 2024, 14, 689 10 of 13

ceramics via this method. The analysis revealed a decrease in grain size and an increase in
densification of the composite ceramics with rising graphene oxide content, as observed
through SEM. Optimal properties, including the piezoelectric constant, electromechanical
coupling coefficient, Vickers microhardness, and wettability, were achieved at a graphene
oxide concentration of 0.4 mol% (d33 = 18 pC/N, ky, = 62%, microhardness =173.76 HV 5,
contact angle = 54.7°). Furthermore, when the content of graphene oxide was 0.4mol%, the
CCK-8 assays, DAPI staining, and ALP staining showed that the composite ceramics could
enhance the proliferation, growth, and adhesion of cells without significant cytotoxic effects.
The results show that the xGO/BCZT composite ceramic has a good biocompatibility and
has the potential to be used in the biomedical field.
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