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ABSTRACT: Achieving synergy between mechanical and
biological performance has long been a challenge in
developing silicon nitride (SisN,) as a bone regeneration
implant material. In this study, a nanostructured graphene-
toughened Si;sN, composite (Si;N,~G) was prepared, and
the mechanical and biological properties of the resulting
SisN,~G composite were compared with those of Si;N,
ceramics without graphene addition. The incorporation of
nanostructured graphene substantially improves the
mechanical properties of Si;N,. Furthermore, the
nanoscale thickness of graphene enhances antibacterial
activity through a “cutting” effect, while its high specific
surface area promotes cell adhesion, activating
mechanosensitive  pathways linked to osteogenic
differentiation. This work provides new insights into the
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potential applications of Si;N,-based bio-ceramics in bone tissue engineering.
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1 Introduction

The use of implant materials is becoming increasingly critical for
repairing or reconstructing damaged physiological functions,
particularly in hard bone tissue engineering [1,2]. For successful
implantation, materials must exhibit not only reliable mechanical
properties but also high tissue compatibility, low cytotoxicity, and
robust antibacterial characteristics. Recently, Si;N,-based bio-
known for their high strength and good
biocompatibility, have gained increasing attention in clinical bone
implant surgeries and are considered ideal candidates for bone
implants [3-6].

One of the main issues that limits the widespread application of
Si;N,-based bio-ceramics is the integration of their mechanical
and biological performance [7]. As a traditional engineering
structural ceramic, Si;N, has been extensively studied, with a
special emphasis on enhancing the fracture toughness by using
various additives, such as boron nitride (BN) [8,9], silicon carbide

ceramics,

(SiC) [10], tungsten carbide (WC) [11], carbon nanotubes [12],
diamond [13], and metals [14]. However, these additives can
negatively impact biocompatibility or antibacterial properties,
making them unsuitable for human implant applications [12-15].
An alternative approach is urgently required to guarantee fracture
toughness while enhancing biological activity [16—19].

Graphene (G), as a novel low-dimensional nanomaterial,
possesses a distinct two-dimensional structure with a high specific
surface area, exceptional mechanical properties, and promising
antibacterial activity [20,21]. These unique characteristics make
graphene an excellent reinforcement material for potentially
improving fracture toughness without compromising the
biocompatibility of brittle bio-ceramics. Despite these promising
attributes, challenges remain in effectively integrating graphene
into Si;N, to achieve the desired balance of mechanical and
biological performance. If graphene is directly compounded with
Si;N,, the agglomeration problem emerges as a significant
challenge. Owing to their high surface energy and strong van der
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Waals forces [21], the graphene particles tend to adsorb to each
other and form agglomerates during the compounding process.
This agglomeration not only reduces the strength and toughness
but also adversely affects the biocompatibility, weakens
antibacterial properties, and limits nutrient delivery, thereby
impacting the biological applications of the resultant composite.
Therefore, addressing the agglomeration issue is crucial for
enhancing the performance of silicon nitride incorporated with
graphene.

Graphene oxide, as the oxidized form of graphene, retains
similar properties to those of graphene and features oxygen-
containing functionalities that enhance surface activity and
hydrophilicity [22-24], facilitating uniform dispersion in a Si;N,
slurry and avoiding agglomeration. Additionally, the conversion
of graphene oxide to graphene can be achieved through high-
temperature treatments (600-1000 °C) [25]. In this study,
graphene oxide was utilized to prepare the graphene-toughened
silicon nitride (Si;N,) composite. The focus was on evaluating and
discussing the resultant mechanical and biological properties of
the composite, with the ultimate goal of enhancing the
applicability of Si;N, bio-ceramics in hard bone tissue engineering.
This research provides valuable insights into the performance of
graphene-toughened Si;N, composites, paving the way for their
effective implementation in regenerative medicine and orthopedic
applications.

2 Experimental

a-Si;N, powders (99.9% purity, average particle size of 600 nm),
and ALO; and Y,O; sintering additives (99.9% purity, average
particle size of 500 nm) were purchased from Beijing HWRK
Chem Co., Ltd., China. Graphene oxide (GO) with an average
particle size of 500 nm and purity greater than 99% was purchased
from Suzhou TanFeng Graphene Technology Co., Ltd., China.
The powder mixtures (93 wt% Si;N,, 5 wt% Al,Os, and 2 wt%
Y,0;) with 5 wt% GO were ball-milled (using ethanol as the
solvent and Si;N, as the milling ball) at 300 r/min for 8 h to obtain
well-mixed ceramic slurries. The slurries were dried in a rotary
evaporator at 70 °C with a rotation speed of 35 r/min under
vacuum. The dried powders were spark-plasma-sintered at
1700 °C/50 MPa for 600 s under vacuum with heating and cooling
rates of 100 and 30 °C/min, respectively, to prepare nano-
graphene toughened Si;N, composites (Si;N,~G). For
comparative purposes, SisN,~ALO;-Y,0; without graphene
(Si;N,) was prepared with the same processing parameters.

The bulk density of the sintered samples was determined using
the Archimedes drainage method. The samples were machined to
dimensions of 3 mm x 4 mm x 20 mm to measure the flexural
strength using an Instron-5500 unit with a span of 16 mm and a
loading rate of 0.5 mm/min. The fracture toughness was tested
with the single-edge notched beam (SENB) method with a 16 mm
span and crosshead speed of 0.05 mm/min with 2 mm x 4 mm x
22 mm test bars. A scanning electron microscope (SEM; SU5000,
Hitachi, Japan) coupled with energy dispersive spectroscopy
(EDS) was used to investigate the sample microstructure, surface
composition, and fractographs. An X-ray diffractometer (XRD;
X" PERT PRO MPD, Panalytical, the Netherlands) was also
utilized to analyze the sample composition.

Staphylococcus aureus (S. aureus; ATCC 12598) and Escherichia
coli (E. coli; ATCC 25922) were incubated in Luria broth (LB)
medium (Sigma-Aldrich, USA) for 12 h to prepare a fresh
bacterial suspension. Sterilized Si;N, and SisN,-G  were
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submerged in a bacterial suspension with a cell density of
1x10° cells/mL at 37 °C for 24 h. The Acridine orange/ethidium
bromide (AO/EB) double staining kit obtained from Shanghai
Yuanye Bio-Technology Co., Ltd., China, was used to assess the
viability of bacteria adhered to the surfaces of Si;N, and Si;N,~G.
An inverted fluorescence microscope (IX71, Olympus, Japan) was
employed to image the bacteria and determine their viability. The
microstructure of the adhered bacteria was analyzed by SEM.

1929 mouse fibroblasts and MC3T3-E1 osteoblasts, purchased
from Procell Life Science & Technology Co., Ltd., were cultured in
high-glucose Dulbecco’s modified Eagle medium (DMEM, Gibco,
Germany) supplemented with 10% fetal bovine serum (FBS,
Sigma, USA) at 37 °C with 5% CO, to examine the behavior of
cells on the surface of sterilized Si;N, and Si;N,~G. 1929 and
MC3T3-E1 cells at a density of 10* cells/mL were incubated in the
medium supplemented with extracted SisN, or Si;N,~G for 24 h.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) assay kit (Solarbio, China) was used to determine in vitro
cytotoxicity. A calcein-AM/propidium iodide (PI) double stain kit
(Solarbio, Beijing, China) was employed in live/dead cell staining
to assess viability. The live cells appeared as calcein-AM-stained
green, and the dead cells were Pl-stained red. The inverted
fluorescence microscope was utilized to image the resulting
staining. 1929 and MC3T3-El cells at a density of 1x10° cells/mL
in growth media (GM) were added to Si;N, and Si;N,-G and
grown at 37 °C in 5% CO,. Cell counting kit-8 (CCK-8; Dojindo,
Japan) was used to evaluate cell viability. Each sample loaded with
cells was submerged in 0.5 mL GM enriched with 10% CCK-8
solution. After 1, 3, and 7 d of incubation, the absorbance of the
supernatant at 405 nm was determined using a Hitachi U-3900
spectrophotometer (Japan). L929 and MC3T3-E1 cells at a density
of 2x10* cellsymL were added to various samples, and the
microstructures of the cells were analyzed by SEM. Double
labeling with fluorescein isothiocyanate-phalloidin  (FITC-
phalloidin) and 4',6-diamidino-2-phenylindole (DAPI) was used
to clarify the actin cytoskeleton of fibroblasts; a confocal laser
scanning microscope (CLSM; LSM 880, ZEISS, Germany) was
employed for image analysis.

MC3T3-E1 cells were seeded onto Si;N, and Si;N,-G at a
density of 5x10* cells/mL. After 24 h, the culture medium was
changed to an osteogenesis inductive medium (Solarbio, China).
The cells were induced osteogenically for 7, 14, or 21 d, and
osteogenic cell differentiation was assessed using the alkaline
phosphatase (ALP) activity assay kit (Beyotime, China). The ALP
activity and total protein content of the cells were determined by
staining and quantitatively assessed. After cultivation for 21 d, the
alizarin red staining assay (ARS, Solarbio, China) was used to
evaluate calcium-rich deposits. The total RNA content of the cells
co-cultured for 7, 14, and 21 d in the osteogenic induction
medium was determined using the Trizol reagent (Invitrogen,
USA). Reverse transcription was conducted using the HiScript II
Q Select RT SuperMixkit (Vazyme, China). The AceQ Universal
SYBR gPCR Master Mix (Vazyme, China) and primers specific
for 6 gene markers were used for quantitative real-time
polymerase chain reaction (PCR) analysis to evaluate the
expression levels of osteogenic genes [17-19]: alkaline
phosphatase (ALP), collagen type-1 (COL-1), osteocalcin (OCN),
osteopontin ~ (OPN), osteorotegerin ~ (OPG), runt-related
transcription factor 2 (RUNX2), and glyceraldehyde 3-phosphate
dehydrogenase.  Glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) served as the internal control for mRNAs.
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Fig.1 Microstructures and compositions of Si;N,~G composite: (a) macroscopic features; (b, c) representative SEM images; (d, e) representative BSE images; (f) XRD

pattern; (g) EDS elemental maps.

3 Results and discussion

3.1 Microstructure

The microstructure and composition of the Si;N,~G composite
are presented in Fig. 1. The image presented in Fig. 1(a) does not
exhibit any discernible pores or cracks at the macroscopic level.
The SEM images (Figs. 1(b) and 1(c)) reveal a smooth surface
with no evidence of pores. These images suggest that the graphene
additive is homogeneously distributed in the Si;N, ceramics. The
corresponding backscattered electron (BSE) images (Figs. 1(d) and
1(e)) reveal black flakes (graphene, indicated by the blue arrow)
and a gray matrix (Si;N,) that represent a uniform distribution of
both phases. The XRD pattern for the Si;N,~G composite
(Fig. 1(f)) shows peaks attributed to Si;N,, Y,0;, ALO;, and C.
Figure 1(g) shows the results of corresponding EDS analysis. Si, N,
Y, Al, O, and C are evenly dispersed across the sample area, and
the graphene structure can be distinguished from the C elemental

https://doi.org/10.26599/JAC.2024.9221026

map. The observed distributions of graphene, Si;N, and sintering
additives are important in determining the ultimate composite
performance.

GO was reduced to G at 1700 °C in an inert atmosphere,
followed by hot pressing at 50 MPa for 600 s. This treatment
removed oxygen groups from GO [25], restoring its graphene
structure and promoting uniform distribution within SizN,
matrix, enhancing composite densification and mechanical
properties. The XRD pattern (Fig. 1(f)) exhibits characteristic
diffraction peaks of graphene, with no evident peaks
corresponding to by-products of oxidation, indicating the
complete reduction of GO into graphene under the applied
conditions. SEM images (Figs. 1(b) and 1(c)) and BSE images
(Figs. 1(d) and 1(e)) reveal that graphene is uniformly distributed
in the matrix in the form of flake-like structures, highlighting its
two-dimensional nanostructural characteristics. Furthermore, the
uniform distribution of carbon observed in the EDS elemental
maps (Fig. 1(g)) corroborates the flake-like morphology of
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graphene, demonstrating its well-dispersed and structurally intact
state within the Si;N4 matrix. These results collectively confirm the
successful conversion of GO to nanostructured graphene, which is
uniformly integrated within the Si;N, matrix under the specified
processing conditions.

3.2 Mechanical properties

The load-displacement curves measured during strength tests
with Si;N, and Si;N,~G composites are given in Fig. 2, each
showing the results for five samples. For Si;N, (Fig. 2(a)), the load
increases with displacement and reaches a maximum before a
“sudden decline”, indicating rapid fracture after the material
reaches its load limit, approximately 130 N. On the other hand,
the curves measured with Si;N,~G (Fig. 2(b)) show a load limit of
approximately 180 N, and the displacement extends beyond
0.08 mm before a “gentle decline” occurs. Compared with the
samples without graphene, the material with graphene
demonstrates higher toughness and energy absorption capacity

(@10 [— S1 — S3 Without graphene
120 —S2—S4
wol S5 Sudden’|
g %0 decline
3 a
- 60 r P \‘
40 - )
,/ |
20 L= \
4 |
0 f ! L L L i |

(b)

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Displacement (mm)

before fracture. The “gentle decline” appearing in the curves
indicates that the material with graphene has some plastic
deformation ability after reaching the load limit, reducing the risk
of sudden fracture and exhibiting better damage tolerance. The
addition of graphene increases the load limit by approximately
50% and extends the displacement limit, indicating a significant
improvement in crack resistance and toughness. The measured
fracture toughness increases from 5.8+0.3 MPa-m" for Si;N, to
11.7+0.7 MPa-m"” for Si;N,~G, demonstrating the positive role of
graphene in enhancing the toughness of the material. Moreover,
the Si;N,~G composite maintains a high flexural strength
(455.4+19.4 MPa) and compressive strength (2178.1+41.1 MPa).
This combination of high toughness and high strength signifies a
notable advancement in reliability for applications requiring
compatibility with hard bone tissue.

The crack paths in the samples of Si;N, and Si;N,~G are shown
in Fig. 3. For Si;N, sample (Fig. 3(a)), the crack penetrates along a
straight line through the interior of the material. This brittle
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Fig.2 Load-displacement curves for (a) Si;N, and (b) Si;N,-G. S-1-S-5 represent 5 valid samples.
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fracture mode is usually accompanied by large crack-opening
displacements, indicating rapid failure of the material under stress.
For Si;N,~G sample, the introduction of graphene significantly
changes the crack propagation behavior. The inclusion of
graphene results in a more tortuous crack path with a smaller gap
(Fig. 3(b)). Crack deflection and branching can be observed along
the crack path (Fig. 3(c)). In Si;N,-G, fracture of Si;N, and
graphene occurred alternately owing to the clear difference in
modulus between the two phases. The simultaneous bridging by
graphene (Fig. 3(d)) and pulled-out of graphene (Figs. 3(e) and
3(f)) result in a narrower crack opening with a tendency towards
crack closure.

It is of interest to investigate the effect of the morphology of
graphene on the toughening behavior of Si;N, matrix. Figure 4
shows the occurrence of surface tearing-off as a fracture feature
observed in Si;N,-G. When being viewed under higher
magnification, graphene exhibits a nano-scale thickness and a
micron-scale length (Fig. 4(a)), as well as a high aspect ratio and
high specific surface area (Fig. 4(b)). These features may
contribute to energy dissipation during crack propagation,
resulting in a higher fracture toughness of Si;N,~G.

A schematic diagram of the toughening mechanisms of
graphene is shown in Fig. 5. The toughening mechanisms of
graphene in silicon nitride ceramics work together to greatly
improve the “fracture resistance of the material. The pull-out effect
reduces stress at the crack tip by pulling graphene sheets from the
matrix as cracks advance, which dissipates energy and slows crack

Nano-level
thickness i 5

High aspect ratio &
specific surface area

Microntlevel
length

Fig.4 Micrographs of (a) nano-level thickness and micro-level length
and (b) high aspect ratio and high specific surface area of graphene in Si;N,-G.

growth. Graphene bridging helps toughen the material by
spanning cracks, redistributing stress, and delaying crack
propagation. When cracks encounter graphene, crack deflection
and branching occur due to the mismatch in properties between
graphene and ceramics, forcing cracks to take longer, more
complex paths, which consumes more energy. The strong
interfacial interaction between graphene and the ceramic matrix
prevents cracks from easily penetrating and instead promotes
deflection, increasing the toughness. Finally, the modulus
mismatch between graphene and the matrix acts as a flexible
barrier that slows crack growth, further boosting the ’fracture
resistance of the material. Together, these mechanisms
significantly increase the toughness and durability of the
composite.

3.3 Biological performance

To directly evaluate antimicrobial activity, the metabolic responses
of S. aureus ATCC 12598 and E. coli ATCC 25922 were
determined, and the results are presented in Fig. 6. The bacterial
staining of Si;N, showed a wider region of green fluorescence
(Figs. 6(a) and 6(e)), demonstrating that the eluted bacteria
maintained viability. Both S. aureus and E. coli displayed a larger
area of red staining for Si;N,-G, indicating a relatively large
number of dead bacteria (Figs. 6(d) and 6(h)). These results clearly
indicated that the bacterial suspension eluted from the surface of
Si;N,~G exhibited lower bacterial activity. The SEM images of S.
aureus and E. coli bacterial adherence to the surfaces of Si;N, and
Si;N,~G after culture for 24 h are shown in Figs. 6(i)-6(1).
Appreciable concentrations of S. aureus and E. coli were viable on
the surface of Si;N, (Figs. 6(i) and 6(k)). Only a few bacteria were
collected from the surface of the Si;N,~G composites (Figs. 6(j)
and 6(1)). Since the number of bacteria attached to the surface is
directly related to antibacterial effectiveness, our results
demonstrate that the addition of graphene effectively improves the
antibacterial performance of Si;N,.

The observed increase in antibacterial activity is dependent on
the physical and chemical characteristics of graphene [26,27]. The
graphene with the microstructure of nano-level thickness and
micron-level length (Fig. 4(a)) can effectively penetrate bacteria,
destroying the cell wall and membrane structure. Moreover,
graphene penetration results in the destruction of nucleic acids
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Fig.5 Toughening mechanisms of graphene to Si;N,.
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200 ym g aureus

Staphylococcus aureus

Fig.6 Live/dead staining images and SEM images of S. aureus and E. coli adhered to the surfaces of Si;N, and Si;N,~G: (a, b, e, f) staining images for Si;Ny;
(¢, d, g, h) staining images for Si;N,~G; (i) E. coli on SisNy; (j) E. coli on Si;N,~G; (k) S. aureus on Si;Ny; (1) S. aureus on SN,~G.

and proteins in the cytoplasm, ultimately leading to bacterial death
[28]. The high aspect ratio and specific surface area of graphene
(Fig. 4(d)) trap and isolate bacteria from the surrounding
medium, hindering their proliferation [29,30]. In addition, the
oxidative stress induced by graphene can cause bacterial cell
inactivation; that is, the production of reactive oxygen species
(ROS) results in lipid peroxidation, leading to metabolic disorders,
cell membrane damage, and bacterial death [31,32].

The MTT assay was used to identify the in vitro cytotoxicity of
the materials and was combined with live/dead staining analysis to
assess the survival state of cells on the surface of Si;N, and
Si;N,~G. The material extracts were chosen for co-cultured cell
plating of L929 and MC3T3-El. The quantitative results revealed
that both materials exhibited a high cell seeding survival rate
(> 100%), where the cell seeding efficiency of Si;N,~G was more
than 50% greater than that of Si;N, (Fig. 7(a)). The results of live
and dead cell staining (Fig. 7(b)) showed larger areas of strong
green fluorescence both on the surface of Si;N, and Si;N,-G.
Moreover, a wide oval shape of 1929 cells and a long spindle
structure of MC3T3-El cells were found on the surface of
SizN,~G. This could reflect better cell survival and higher
cytocompatibility of Si;N,~G than Si;N,. The CCK-8 test was
performed to assess the impacts of Si;N, and Si;N,~G on cell
proliferation, and the results are shown in Fig. 7(c). The relative
proliferation of 1929 and MC3T3-El cells on both surfaces
increased with time. There was no apparent difference between
the two groups on days 1 and 4. On day 7, the relative proliferation
of both cell lines on Si;N,~G was clearly higher (60% higher for
1929 and 90% higher for MC3T3-El1 cells) than that on Si;N,.
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The adhesion microstructures of 1.929 and MC3T3-E1 cells on
both Si;N, and SisN,-G are shown in Fig. 8. After culturing for
24 h, 1929 fibroblasts exhibited a typical spindle morphology on
both surfaces (Figs. 8(a) and 8(b)). At higher magnification, the
cell nucleus associated with Si;N,~G was fuller, presenting an oval
shape (Fig. 8(b)). Moreover, the cells were arranged more closely
over a larger area with better differentiation and extension,
suggesting that cell adhesion is stronger on the surface of Si;N,~G.
The MC3T3-E1 cells distributed on the surface of Si;N, exhibited
a spherical morphology, with some evidence of stretching and
presence of smaller spindle shapes (Fig. 8(c)). The MC3T3-E1
cells adhered to Si;N,~G showed a flatter structure with extended
actin microfilaments and evidence of cluster-like fusion (Fig. 8(d)),
suggesting that interaction with Si;N,~G results in significant
expansion and extension of the cell membrane. The higher
adsorption area of Si;N,~G results in greater differentiation
capability. Graphene inclusion plays a key role in promoting the
adhesion, spreading, and proliferation of 1929 and MC3T3-E1l
cells. The larger surface area and roughness of graphene (Fig. 4)
promoted cell adsorption and triggered mechanosensitive
pathways related to osteogenic differentiation. In addition, the
strong non-covalent m-m bonding of graphene and possible
interactions with different biomolecules can enhance the local
bioavailability of these compounds, enhancing cell differenti-
ation [33,34].

In addition, we stained the cytoskeleton and nucleus using
fluorescent  phalloidin-DAPI to image the intracellular
microfilaments adhered to Si;N, and Si;N,~G. As shown in Fig. 9,
both Si;N, and Si;N,~G supported the growth of 1929 and

J Adv Ceram 2025, 14(2): 9221026
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Fig.7 In vitro cytotoxicity assay and live/dead cell staining image analysis: (a) initial seeding efficiency of cells; (b) live/dead cell staining of different extracts; () relative

proliferation rates of cells after 1,4, and 7 d.

MC3T3-E1 cells after co-cultivation for 24 h. However, both types
of cells that adhered to the Si;N,~G substrate were more effective
than those that adhered to the Si;N, substrate. The cells on the
Si;N,~G surface exhibited a more flattened morphology with a
greater number of protruding actin microfilaments that form
multilayers. The cytoskeletal fibers were more pronounced for
cells fused in clusters. These observations support the assay results
presented in Fig. 7 and the SEM images shown in Fig. 8; that is,
the addition of graphene promotes the growth and proliferation of
MC3T3-E1 osteoblasts and 1929 murine fibroblasts on the
composite surface.

MC3T3-E1 pre-osteoblast stem cells can differentiate into
osteoblasts and are utilized as model cells in differentiation
research. To further assess the osteogenic activity of Si;N, and
Si;N,-G, the ALP activity was measured, and Alizarin red
detection was conducted to determine the early differentiation
capability of osteoblasts. The results are presented in Fig. 10. After
7 d, there was little difference between the relative ALP activities
exhibited by Si;N, and Si;N,~G (Fig. 10(a)). After 14 and 21 d, the

https://doi.org/10.26599/JAC.2024.9221026

relative ALP activity of Si;N,—~G was more than 70% and 25%
higher than that of Si;N,, respectively. These data suggest that
osteoblasts on the surface of Si;N,~G are in a higher differentiated
state. The Alizarin red quantitative analysis shown in Fig. 10(b)
revealed that the degree of cell mineralization on Si;N,~G was
nearly 60% higher than that on Si;N, which is consistent with the
stained images of the mineralized nodule on day 28. These results
revealed that the introduction of graphene significantly enhanced
the early induction differentiation ability of osteoblasts. The real-
time quantitative PCR data for 6 osteogenesis genes in MC3T3-E1
cells (Figs. 10(c)-10(h)) support the beneficial effect of graphene
inclusion.

After 7, 14, and 21 d, gene expression was significantly
improved compared with that in the initial stage of induced
differentiation, especially after 21 d of differentiation culture.
Notably, the mRNA expression levels of all 6 osteoblast-related
genes on the surface of Si;N,~G were all higher than those on the
surface of Si;N, at each time point. Since the expression of genes is
associated with osteogenesis, the introduction of graphene into
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Fig.8 SEM images showing microstructure of 1.929 cells on surface of (a) Si;N, and (b) Si;N,~G and MC3T3-EI cells on surface of (c) Si;N, and (d) Si;N,~G.

MC3T3-E1

20 ym ‘MC3T3E1

Fig.9 Fluorescent staining of 1929 and MC3T3-E1 cells with FITC-phalloidin
(actin cytoskeleton, green) and DAPI (nucleus, blue).

Si;N, results in a considerable increase in biological osteogenic
activity.

4 Conclusions

In this work, a nanostructured graphene-toughened Si;N,
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composite (Si;N,~G) was prepared. The incorporation of nano-
graphene resulted in improved mechanical and biological
performance. The main conclusions are as follows:

(1) The occurrence of the pull-out of graphene with a high
aspect ratio and rough surface assists energy dissipation
associated with crack propagation. The observed graphene
bridging results in smaller crack openings and a tendency for
crack closure. Consequently, the fracture toughness of Si;N,-G,
11.7+0.7 MPa-m'", is approximately two times that of Si;N,. In
addition, the flexural strength and compressive strength reach
455.4+19.4 and 2178.1+41.1 MPa, respectively.

(2) The cutting effect due to the nano-scale thickness of
graphene results in an enhanced antibacterial activity of Si;N,~G.
Graphene surface roughness also promotes cell adsorption and
triggers mechanosensitive pathways related to osteogenic
differentiation. As a result, the inclusion of graphene improves the
adhesion and proliferation of L929 and MC3T3-E1 cells and also
promotes the induction of osteoblast differentiation. After 7 d, the
relative proliferation of both cell types on the surface of Si;N,~G is
appreciably higher (60% higher for £929 and 90% higher for
MC3T3-E1) than that of Si;N,. After 14 d, the relative ALP
activity recorded for Si;N,~G is over 70% higher than that for
Si;N,. The mRNA expression levels of 6 osteoblast-related genes
on the surface of Si;N,~G are higher than those on the surface of
Si;N, at each time point.
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Fig. 10 Osteoinductive differentiation of MC3T3-El cells grown on Si;N, and Si;N,~G: (a) ALP cell staining assays; (b) quantitative analysis of Alizarin red and stained
images of mineralized cell nodules; (c-h) relative mRNA expression of 6 osteogenesis-related genes.

In summary, the approach taken in this study served to
enhance the mechanical and biological performance of Si;N,,
offering new insights into the application of ceramic composites in
bone tissue engineering.
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