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Abstract: Silicon nitride is a bioceramic with great potential, and multiple studies have demonstrated
its biocompatibility and antibacterial properties. In this study, silicon nitride was prepared by a
microwave sintering technique that was different from common production methods. SEM and pore
distribution analysis revealed the microstructure of microwave-sintered silicon nitride with obvious
pores. Mechanical performance analysis shows that microwave sintering can improve the mechanical
properties of silicon nitride. The CCK-8 method was used to demonstrate that microwave-sintered
silicon nitride has no cytotoxicity and good cytocompatibility. From SEM and CLSM observations, it
was observed that there was good adhesion and cross-linking of cells during microwave-sintered
silicon nitride, and the morphology of the cytoskeleton was good. Microwave-sintered silicon
nitride has been proven to be non-cytotoxic. In addition, the antibacterial ability of microwave-
sintered silicon nitride against Staphylococcus aureus and Escherichia coli was tested, proving that it
has a good antibacterial ability similar to the silicon nitride prepared by commonly used processes.
Compared with silicon nitride prepared by gas pressure sintering technology, microwave-sintered
silicon nitride has excellent performance in mechanical properties, cell compatibility, and antibac-
terial properties. This indicates its enormous potential as a substitute material for manufacturing
bone implants.

Keywords: silicon nitride; microwave sintering; mechanical properties; cytocompatibility; anti-bacteria

1. Introduction

Bone tissue has a natural regenerative ability, but its repair function has limitations
and cannot meet the repair needs of most injuries [1]. If the damage exceeds the limit
of bone tissue repair capacity, bone tissue engineering materials need to be implanted
in the damaged location. Every year, millions of bone tissue replacement surgeries are
performed using implanted materials worldwide, making bones second only to blood
in terms of demand for transplanted materials [2]. The basic requirement for any bone
tissue engineering biomaterial is biocompatibility, which is defined as the ability of the
material to have appropriate host reactions in a specific application [3]. Bioceramics are a
commonly used inorganic material in bone tissue engineering. Bioceramics are divided into
bioactive ceramics and biologically inert ceramics. Generally speaking, bioactive ceramics
are those that can integrate with surrounding tissues; otherwise, they are considered
bioinert ceramics. Common bioactive ceramics include calcium phosphate and bioactive
glass, while common bioinert ceramics include alumina and zirconia.
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Silicon nitride is a non-oxide ceramic and is considered a ceramic–glass composite
material. Silicon nitride ceramics exhibit excellent mechanical properties, characterized by
high hardness, high compressive strength, and strong fracture toughness [4–7]. In addition,
silicon nitride also has advantages such as good wear resistance, acid and alkali corrosion
resistance, wave transmission, and excellent thermal conductivity [4,8,9]. Based on these ad-
vantages, silicon nitride has been widely used in fields such as machinery, semiconductors,
and aviation. In recent years, silicon nitride has entered people’s vision as a promising bio-
ceramic. At first, silicon nitride was considered a bioinert ceramic. Numerous studies have
shown that silicon nitride has no significant cytotoxicity to cells in vitro [10–12]. Silicon
nitride was implanted into animals, and there were no adverse reactions in the surrounding
tissues [13–15]. With the attempted application of silicon nitride to repair bone defects,
the osteogenic properties of silicon nitride have also been widely studied. In vitro experi-
ments have shown that silicon nitride can lead to osteoblast differentiation, and in animal
experiments, silicon nitride has higher bone adhesion and growth, indicating that silicon
nitride has bone conductivity [16–19]. In addition, previous studies have demonstrated
the biocompatibility, bone integration, and bone formation ability of silicon nitride in the
human body by implanting it into the human body and conducting a 30-year radiological
fusion evaluation [20]. Therefore, in recent years, Pezzotti has believed that silicon nitride
should be a bioactive material [21,22]. As an implant material, antibacterial activity is also
an important property. Bacteria form biofilms and colonize the surface of materials, which
can cause orthopedic infections, leading to implant loosening and bone damage that cannot
heal [23,24]. Silicon nitride has been found to have antibacterial effects on Gram-positive
and Gram-negative bacteria. A lot of in vitro studies have demonstrated the antibacterial
activity of silicon nitride against different microorganisms such as Escherichia coli, Staphy-
lococcus epidermidis, and Porphyromonas gingivalis [23,25–32]. Silicon nitride also exhibits
excellent antibacterial properties in animals [33]. Pezzotti et al. proposed the antibacterial
mechanism of silicon nitride against Gram-positive bacteria and Gram-negative bacteria,
respectively [22,31].

Manufacturing methods such as reaction sintering, gas pressure sintering, and hot
pressing sintering have emerged to meet the needs of silicon nitride with different perfor-
mances [24]. In recent years, microwave sintering has also been applied to the production
of silicon nitride. Microwave sintering (MS) is a sintering process that involves coupling
materials with microwaves, absorbing electromagnetic energy, generating dielectric losses,
and heating both the interior and exterior of ceramic materials simultaneously. There-
fore, the material can be uniformly heated by overall heating, achieving densification.
Densification gives sintered products better mechanical strength. Compared with other
traditional sintering methods, the microwave, as a clean energy source, is more environ-
mentally friendly. In addition, microwave sintering can also shorten sintering time and
reduce energy consumption, making it a more economical sintering process [34]. Previous
studies have shown that silicon nitride with lithium yttrium oxide and zirconia as sintering
additives has been successfully prepared using microwave sintering technology [35]. The
fracture toughness and Vickers hardness of this silicon nitride increase with an increase in
sintering temperature.

By combining the low energy consumption and improved material mechanical prop-
erties of the microwave sintering process, as well as the good biocompatibility of silicon
nitride, microwave sintering is used to prepare silicon nitride. This study aimed to prelim-
inarily prove the feasibility of microwave-sintered silicon nitride as an implant material
and verify whether microwave sintering technology will affect the mechanical properties,
cytotoxicity, and antibacterial properties of silicon nitride. The microstructure, porosity,
and mechanical properties of microwave-sintered silicon nitride and gas-pressure-sintered
silicon nitride were mainly compared. The cytotoxicity of microwave-sintered silicon
nitride was detected and compared with that of gas-pressure-sintered silicon nitride and
other control materials. The adhesion and cytoskeleton morphology of cells on microwave-
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sintered silicon nitride were observed. The antibacterial properties of microwave-sintered
silicon nitride were also measured.

2. Materials and Methods
2.1. Preparation of Materials

Two kinds of silicon nitride used in these studies were produced by Hengyang Kaixin
Special Materials Technology Co., Ltd. (Hengyang, China). We used Al2O3, Y2O3, and
MgO at a total content of 10% as sintering additives for silicon nitride, with a ratio of
2:5:3 for Al2O3, Y2O3, and MgO. The mixed powder of silicon nitride and sintering ad-
ditives was added to the ball milling tank in a 1:1 ratio of anhydrous ethanol. Then, a
planetary ball mill was used for 2 h. After drying completely, the mixture was passed
through a 40-mesh sieve. Green bodies were formed through isostatic pressing at 200 MPa
and placed in a sintering furnace for sintering. The first type of silicon nitride was prepared
using microwave sintering (MS), with a microwave frequency of 2.45 GHz. A nitrogen-
protective atmosphere was introduced, and the sintering chamber had a positive pressure
of 1000 Pa. The heating rate was 5 ◦C/min, and the sintering temperature was 1600 ◦C. It
was kept for 2 h. Preparation of the second kind of silicon nitride samples used gas pressure
sintering (GPS) technology, a sintering temperature of 1690 ◦C, nitrogen pressure applied at
1.8 MPa, a heating rate of 2 ◦C/min, and a holding time of 3 h. All silicon nitride samples
were polished with diamond grinding wheels. According to GB/T 16886.12 (Biological
evaluation of medical devices, Part 12: Sample preparation and reference material, 2005)
and ISO 10993-8 (Biological evaluation of medical devices—Part 8: Selection and qualifi-
cation of reference materials for biological tests, 2000) [36,37], and the recommendations
of other authors [11,12,16,23,28,31], alumina ceramic, titanium alloy, and polyetherether-
ketone (PEEK) were used as references (provided by Hengyang Kaixin Special Materials
Technology Co., Ltd.). All materials were made into circular discs with a diameter of
10 mm and a thickness of 3 mm.

2.2. Physical Characterization of Materials

SEM (TESCAN Bmo, s.r.o., TESCAN MIRA, Brno, Czech Republic) was used to
observe the microstructure and surface of silicon nitride ceramic discs. The pore size
and porosity of the samples were analyzed using the mercury intrusion pore method
(MIP) (Micromeritics, Autopore IV 9500, Norcross, GA, USA). Under a certain pressure,
mercury can penetrate pores, and the pressure is inversely proportional to the size of the
pores. Sample phase analysis was performed by XRD (RIGAKU, Smartlab SE, Tokyo,
Japan) by using monochromatic Cu-Kα radiation (λ = 1.5406 Å). The wettability of the
material was measured using a contact angle tester (Chengde Dingsheng, JY-82C, Chengde,
China). Three independent measurements were performed by dropping 3 µL of ultrapure
water onto the different positions of the sample surface. The measurement of the surface
roughness of materials was completed by the three-dimensional laser microscopic imaging
system (Keyence, VK-150K, Osaka, Japan). The density of silicon nitride was measured by
the Archimedes drainage method. The Vickers hardness of silicon nitride was measured
by using a hardness tester, applying a test force of 98.1 N (10 kg) to the material using an
indenter, and holding it for 15 s to obtain hardness data. The flexural strength, compressive
strength, and fracture toughness of the material were tested with an electronic universal
testing machine.

2.3. Cytotoxicity Test

Mouse osteoblast-like MC3T3-E1 cells (Procell Life Science&Technology Co., Ltd.
Wuhan, China) were used in the in vitro cell experiment. The MC3T3-E1 cells were cultured
with 5% CO2 at 37 ◦C in α-minimum essential medium with 10% (v/v) fetal bovine serum
and 1% penicillin/streptomycin, and the medium was replaced every 3 days. Before cells
achieved confluence, 0.25% trypsin EDTA (Procell Life Science&Technology Co., Ltd.) was
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applied to collect cells. Before inoculating cells into ceramic discs, cells were cultured for
3–5 generations.

The sample discs were sterilized by autoclaving and then placed into the new, sterilized
24-well plates (Saining Biotechnology Co., Ltd., Suzhou, China). The collected cells were
resuspended in fresh medium to a density of 3 × 104 cells/mL. Then, 1 mL of cell suspension
was added to the well containing sample discs, and they were cultured in an environment
with 5% CO2 at 37 ◦C for 24 h. The proliferation of MC3T3-E1 cells on the samples was
evaluated using the Cell Counting Kit-8 (Elabscience, Wuhan, China). At a specific time
point, the culture medium was removed, and the samples were washed three times with
PBS. Then, α-MEM medium containing 10% CCK-8 solution was added to the wells and
incubated for 2 h. After culturing for 2 h, 100 µL of the medium was transferred to a 96-well
plate for measurement. The OD values were measured by using a microplate reader at a
wavelength of 450 nm.

2.4. Cell Adhesion and Morphology

MC3T3-E1 cells were seeded on the discs at a density of 4 × 104 cells per well in 24-well
plates and cultured for 1 day. The samples were then stained with 2-(4-Amidinophenyl)-
6-indolecarbamidine dihydrochloride (DAPI, Beyotime Biotech, Shanghai, China) and
Actin-Tracker Red-Rhodamine (Beyotime Biotech, Shanghai, China) to observe the cell
morphology using confocal laser scanning microscope (CLSM, Zessi, LSM800, Oberkochen,
Germany). The morphology of the adhered cells on the discs was also observed by SEM
(TESCAN Bmo, s.r.o., TESCAN MIRA, Brno, Czech Republic) after dehydrating the samples
in gradient ethanol solutions (30, 50, 70, 85, 90, and 100%, respectively) for 10 min and
drying at the critical point.

2.5. Evaluation of Antibacterial Property

Antibacterial properties of materials against Staphylococcus aureus and Escherichia coli
were determined by colony count method. Luria-Bertani broth was used to culture S. aureus
(ATCC 25923) and E. coli (ATCC 25922). The microbiological culture was inoculated with
the material and incubated at 37 ◦C for 24 h. A certain amount of PBS was used to strongly
clean the material, causing microorganisms to detach from the material. Sterilized PBS was
used to dilute the eluent. A total of 100 µL of diluted eluent was added to the LB broth agar
medium. This was then incubated at 37 ◦C for 24 h, and the number of colonies counted.

2.6. Statistical Analysis

Each experiment used three experimental samples to statistically analyze the experi-
mental data. The mean ± standard deviation is used to represent the experimental results.
Student t-tests and one-way analysis of variance (ANOVA) were performed on the data
using statistical product and service solution 26.0 software (SPSS 26.0, IBM, New York, NY,
USA); * p < 0.05 indicates statistical significance.

3. Results
3.1. Characterization of Materials

The observation of MS and GPS silicon nitride using scanning electron microscopy
is shown in Figure 1a,b. It can be clearly observed that there were slender hexagonal
prismatic silicon nitride crystals in the cross-section between the two types of silicon nitride.
These silicon nitride crystals intersected and exhibited anisotropy. However, there were
still significant differences in the cross sections between the two types of silicon nitride.
For the MS silicon nitride in Figure 1a, several irregular pores with a cross-sectional size
of approximately 1.39 ± 0.31 µm can be observed on its cross-section. On the contrary,
compared with MS silicon nitride, it can be clearly observed that the crystals in the GPS
silicon nitride cross-section were denser and had no obvious pores.
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Figure 1. (a) SEM image of MS silicon nitride cross-section (magnification factor: 15.00 k×), (b) SEM
image of GPS silicon nitride cross-section (magnification factor: 15.00 k×), (c) Porosity of silicon
nitride samples (insert: pore size distribution of MS and GPS silicon nitride samples), (d) XRD pattern
of silicon nitride samples, (e) Wettability of each material, (f) Surface roughness of each material
(* p < 0.05).

An estimation of the porosity and pore size distribution of two types of silicon nitride
using MIP is shown in Figure 1c. According to MIP, the porosity of GPS silicon nitride
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and MS silicon nitride was measured (Figure 1c) as an MS silicon nitride porosity of
4.27 ± 0.07%, which was significantly higher than that of GPS silicon nitride (* p < 0.05),
which was only 1.17 ± 0.09%. The illustration in Figure 1c shows the pore size distribution
of two types of silicon nitride, which exhibit significant differences in pore size distribution.
According to the red pore size distribution curve in the illustration, the most probable
pore size of GPS silicon nitride is 12,492.64 nm, and its median pore size is 79,304.42 nm.
Different from that, the black pore size distribution curve shows that the most probable
pore size of MS silicon nitride is 150.83 nm, with a median pore size of 160.08 nm. The XRD
spectra of two types of silicon nitride are shown in Figure 1d. From Figure 1d, it can be seen
that both MS and GPS silicon nitrides form the main phase of β-Si3N4. The characteristic
peaks of β-Si3N4 (pink solid line) at 2θ = 13.5◦, 23.4◦, 27.1◦, 33.7◦, 36.1◦, 41.4◦, 52.1◦, and
70.1◦ appear in the XRD spectra of both types of silicon nitrides. The secondary phase is
YMgSi2O5N, whose characteristic peaks (black solid square) at 2θ = 20.1◦, 24.3◦, 27.9◦, 30.1◦,
and 44.9◦ also appear in the XRD spectra of MS and GPS silicon nitrides. The intensity of
the characteristic peaks of YMgSi2O5N is much lower than that of β-Si3N4. The wettability
results of each material are shown in Figure 1e and Supplementary material Figure S2.
The results show the water contact angles of various materials. Obviously, PEEK has the
highest water contact angle, reaching 75.44 ± 0.53◦. MS silicon nitride and GPS silicon
nitride reach 64.82 ± 0.21◦ and 65.53 ± 0.38◦, respectively. The contact angle of alumina is
basically the same as that of silicon nitride, at 64.56 ± 1.17◦. The titanium alloy is the lowest
at 35.44 ± 0.77◦. The roughness of the material surface is shown in Figure 1f. Figure S1
showed the surface morphology of the materials, which are supplement to Figure 1f. The
surface roughness of two silicon nitride materials was significantly lower than that of
the other three control materials, which were 0.207 µm and 0.216 µm, respectively. Their
surface morphology is basically the same. Among the control materials, PEEK had the
highest surface roughness at 0.782, followed by aluminum oxide at 0.429 µm and titanium
alloy at 0.33 µm, which was the lowest. The lower surface roughness of silicon nitrides was
due to the polishing of the surface with diamond grinding wheels.

3.2. Mechanical Properties of Materials

The mechanical performance parameters of two types of silicon nitride samples were
measured, and the results are shown in Table 1. The parameter data for the control
material are sourced from [38]. The density and Vickers hardness of the two types of
silicon nitride are relatively similar. The density of the GPS silicon nitride sample is
3.207 ± 0.021 g/cm3, and the Vickers hardness is as high as 14.73 ± 0.28 GPa. The density of
the MS silicon nitride samples is 3.198 ± 0.030 g/cm3, and the Vickers hardness is as high as
14.83 ± 0.33 GPa. The density of both types of silicon nitride is lower than that of titanium
alloy and alumina ceramic, while the hardness is greater than that of titanium alloy and
PEEK. The flexural strength of GPS silicon nitride samples is as high as 523 ± 55 MPa, and
the flexural strength of MS silicon nitride samples is as high as 621 ± 63 MPa. The flexural
strength of MS silicon nitride is significantly greater than that of GPS silicon nitride, and the
performance parameter of both is higher than that of alumina ceramic, which has 3–4 times
the bending strength of PEEK. In terms of compressive strength, the GPS silicon nitride
reaches 2465 ± 210 MPa, while the MS silicon nitride reaches 2586 ± 265 MPa, which is
2.5–3 times that of titanium alloy and more than 20 times that of PEEK. Only a few alumina
ceramics can reach 3000 MPa. In terms of fracture toughness, the GPS silicon nitride is
7.47 ± 0.41 MPa·m1/2, which is lower than the 8.12 ± 0.54 MPa·m1/2 of MS silicon nitride.
The fracture toughness of titanium alloy is 9–10 times that of silicon nitride, and that of
alumina ceramic is lower, at 4–5 MPa·m1/2.

3.3. Cytotoxicity Determination

In vitro cytotoxicity experiments were conducted on MS silicon nitride and control
materials to detect their cytotoxicity. The cytotoxic results of MS silicon nitride and other
control materials are shown in Figure 2. We used the CCK-8 method to detect cell growth
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on different materials on days 1, 3, and 5. The cell OD450 of all samples increased over
time. On the first day, the OD450 of both types of silicon nitride was higher than that of
the control material (* p < 0.05), but there was no significant difference between the two
types of silicon nitride. On the third day, the OD450 of several materials was significantly
increased, indicating that cells in all materials proliferated. On the fifth day, the OD450 of
both silicon nitride samples was significantly higher than that of other control materials
(* p < 0.05), indicating that the silicon nitride samples had the highest number of live cells.
MS silicon nitride is as non-toxic as GPS silicon nitride.

Table 1. Mechanical properties of two types of silicon nitride and control materials.

Materials Density
(g/cm3)

Vickers Hardness
(GPa)

Flexural Strength
(MPa)

Compressive Strength
(MPa)

Fracture Toughness
(MPa·m1/2)

MS Si3N4 3.198 ± 0.030 14.83 ± 0.33 621 ± 63 2586 ± 265 8.12 ± 0.54

GPS Si3N4 3.207 ± 0.021 14.73 ± 0.28 523 ± 55 2465 ± 210 7.47 ± 0.41

Titanium alloy [38] 4.43 3.4 / 950–990 75

Alumina ceramic [38] 3.986 14–16 300–500 2000–3000 4–5

PEEK [38] 1.29 / 160–180 130–140 /
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Figure 2. OD value of MC3T3-E1 cells culturing on the samples for different times (* p < 0.05).

3.4. Cell Adhesion and Morphology

Figure 3 shows SEM photos of cells cultured on different materials. In Figure 3, it can
be observed that cells can normally adhere to the surfaces of MS silicon nitride and other
control materials. The surface of each material is partially covered by cells. The prominent
filamentous pseudopodia on the surfaces of silicon nitrides, PEEK, and alumina ceramic
are more pronounced, and the cells exhibit typical spindle or irregular shapes. On the
contrary, the cells on the surface of titanium alloys are mainly circular. The adhesion of
cells on the surface of MS silicon nitride is consistent with that on GPS silicon nitride.
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Figure 3. SEM images of MC3T3-E1 cell morphology on the silicon nitrides and control materials.
(a) MS silicon nitride, (b) GPS silicon nitride, (c) Alumina ceramic, (d) Titanium alloys, (e) PEEK. All
SEM images have a magnification of 4.00 k×.
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MC3T3-E1 cells attached to the sample were stained using DAPI and Actin Tracker Red
Rhodamine and observed using a confocal laser scanning microscope. The results are shown
in Figure 4. The effects of different samples on the morphology of the cytoskeleton were
observed. The nuclei are blue and the microfilaments are red. Figure 4 shows the cytoskeleton
of MS and GPS silicon nitride. It can be clearly observed that there are more nuclei on the
surface of both types of silicon nitride. The adhesion of cells on MS silicon nitride is relatively
consistent with that on GPS silicon nitride. There are a large number of actin microfilaments
in each cell, forming well-shaped and evenly distributed cytoskeletons. Moreover, the cells on
MS silicon nitride undergo significant cross-linking through the cytoskeletons.
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3.5. Evaluation of Antibacterial Property

The main reason for inflammation around an implant is bacterial colonization on the
surface of the implant, leading to bacterial infection. The use of antibiotics is a commonly
used treatment method, and in severe cases, the implant needs to be removed. The ideal
implant material should be able to resist bacterial adhesion and proliferation on its surface.
Figure 5a shows the cultivation of S. aureus and E. coli on agar plates after being inoculated
on the material and eluted. After inoculation, S. aureus and E. coli had the highest number
of colonies on PEEK culture plates and the lowest number of colonies on the two types of
silicon nitride culture plates. The colony-forming units of S. aureus on alumina ceramic,
titanium alloy, PEEK, GPS silicon nitride, and MS silicon nitride were 74 ± 9.3, 78 ± 11.5,
227 ± 8.6, 20 ± 8.4, and 21 ± 9.1. The colony-forming units of E. coli on alumina ceramic,
titanium alloy, PEEK, GPS silicon nitride, and MS silicon nitride were 95 ± 13.1, 55 ± 10.4,
130 ± 25.5, 26 ± 8.2, and 33 ± 7.6. The statistics on the number of colony-forming units
are shown in Figure 5b,c. The colony counts of MS silicon nitride and GPS silicon nitride
were significantly lower than those of other control materials. In Figure 5b,c, * indicates
significance (p < 0.05).
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4. Discussion

In this study, silicon nitride prepared by microwave sintering was introduced. We
compared the porosity and mechanical properties of silicon nitride prepared by different
processes. Biocompatibility is an important measure of implant quality. Therefore, we also
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tested the cytotoxicity and impact on cell morphology of ceramics. The ability to resist
microorganisms is also an essential performance element. Therefore, we also measured
the resistance of silicon nitride to S. aureus and E. coli, which are common in implant
infection cases.

Gas pressure sintering is a common method for preparing densified silicon nitride.
In contrast, microwave sintering is a new sintering process that involves coupling materi-
als with microwaves, absorbing electromagnetic energy, generating dielectric losses, and
heating both the interior and exterior of ceramic materials simultaneously. Microwave
sintering is different from conventional sintering in that it can reduce sintering temperature,
shorten insulation time, and achieve ceramic densification [34]. The porosity of silicon
nitride prepared by both processes in this study is relatively low, and the SEM image in
Figure 1a indicates that both types of silicon nitride belong to dense silicon nitride. How-
ever, the difference in porosity between the two images may be due to the differences in
sintering temperature, sintering time, and gas pressure between the two sintering methods.
Within a certain temperature range, the porosity of silicon nitride is inversely proportional
to the sintering temperature [39]. As the sintering temperature increases, α-Si3N4 trans-
forms into β-Si3N4. During this process, fine particles decrease, coarse particles increase,
macropores disappear, and porosity decreases. The sintering temperature of microwave
sintering is lower than that of gas pressure sintering, which may lead to an increase in
the porosity of MS silicon nitride. Although both sintering methods for silicon nitride use
nitrogen gas, the pressure acting on them is different. The purpose of microwave sintering
by introducing nitrogen gas to maintain 1000 Pa is to protect the silicon nitride material
from high-temperature oxidation and inhibit the decomposition of silicon nitride in an
environment of 1600 ◦C [40–42]. The nitrogen pressure used in gas pressure sintering is
as high as 1.8 MPa, which is aimed at promoting the densification of silicon nitride. The
sintering time also has a certain impact on the densification of the material. Prolonged
sintering time will increase densification. Within a certain time range, prolonging the
sintering time will promote densification. The sintering time of GPS silicon nitride is
longer than that of MS silicon nitride, and the difference in sintering time also leads to
differences in the densification of the two silicon nitride materials. However, based on the
constant sintering temperature and sample densification conditions, excessive pressure
and a long sintering time will cause abnormal growth of silicon nitride crystals, resulting
in reduced mechanical properties. Although the pore size shown in Figure 1a is larger
than that measured by MIP, the two are not in conflict. There may be a certain difference
between the estimated aperture size in SEM images and the aperture size measured by
MIP. MIP measures the overall pore size distribution of the sample and represents the pore
size distribution of the sample before pressure damage. On the contrary, SEM measures
the pore size distribution of small areas in the sample, and there may be some error in
the SEM scale if the magnification is too high. This results in limited comparability be-
tween the two techniques. The change in porosity will inevitably lead to differences in
the mechanical properties of materials. According to Table 1, the mechanical properties of
two types of silicon nitride were compared. The Vickers hardness, compressive strength,
bending strength, and fracture toughness of MS silicon nitride were significantly improved.
Figure 1c shows that the maximum and median pore sizes of GPS silicon nitride are
100 times larger than those of MS silicon nitride, and the pore size also affects the strength
of the material. The traditional view is that porosity increases and mechanical strength
decreases. Interestingly, according to Table 1 and Figure 1c, the porosity of MS silicon
nitride is higher, but the mechanical strength is also improved. This seems to contradict
traditional views, but in reality, it does not. Macropores can serve as a source of material
fracture, reducing the bending strength and fracture toughness of the material [43]. There
are macropores inside GPS silicon nitride, which reduce its mechanical strength. In addi-
tion, although the porosity of MS silicon nitride slightly increases, the pore size decreases
sharply, making the material denser and resulting in an increase in its mechanical strength.
This provides a good physical basis for microwave sintering of silicon nitride as a trans-
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plant material. The XRD results in Figure 1d indicate the presence of YMgSi2O5N in the
sample. YMgSi2O5N is the main crystalline phase of the oxygen–nitrogen glass–ceramics
formed during the sintering process of silicon nitride. Single silicon nitride powder cannot
achieve high densification through gas pressure or hot pressure sintering. Adding sintering
additives can solve this problem. Sintering additives such as MgO, Al2O3, and Y2O3 form
eutectic liquid phases with Si3N4 and its surface SiO2 under high-temperature sintering
conditions [44,45]. This liquid phase promotes the transformation of α-Si3N4 into β-Si3N4
during the solution–reprecipitation process of the silicon nitride sintering process [46,47].
After the liquid phase cools down, an oxygen–nitrogen glass phase forms between the
silicon nitride crystals, achieving the densification of silicon nitride.

The CCK-8 kit was used to detect the cytotoxicity of two types of silicon nitride,
proving that MS silicon nitride also has no cytotoxicity and that the number of live
cells on the surface of MS silicon nitride is greater than that of other control materials.
Neuman et al. measured the cytotoxicity of five industrial standard silicon nitride materials
and compared them with other control materials [15]. The results indicate that the industrial
standard silicon nitrides have no cytotoxicity, and the number of live cells on some silicon
nitride is also higher than other control materials. Cappi et al. reported that hot-pressed
and pressureless sintered silicon nitride is non-toxic to hMSC cells and promotes osteogenic
differentiation [12]. Si and N are the main elements of silicon nitride. The rapid growth of
cells on silicon nitride may be related to these two elements. Kim et al. found that Si ions
can promote the proliferation, differentiation, and expression of osteoblast markers [48].
Pezzotti et al. demonstrated for the first time that Si and N elements can simultaneously
stimulate the differentiation of osteosarcoma and mesenchymal cells, as well as the activity
of osteoblasts [22]. The N element of silicon nitride is generally dissolved in the form of
NH4

+ under steady-state or neutral pH conditions, which is metabolized as a nutrient
through the glutamine synthase pathway. Glutamine is an important energy source that
provides the necessary C and N elements for the synthesis of amino acids, nucleotides,
glutathione, and hexosamine. The surface roughness of the material also affects cell yield.
Some in vitro studies emphasize that surface polishing of silicon nitride can improve cell
yield and proliferation ability. It is reported that the polished surface is more suitable for
bone cell growth. This results in higher cell and osteocalcin production [16,49,50].

In the reaction process of cells to biomaterials, the first thing that occurs is cell adhe-
sion, which affects the diffusion and proliferation of cells on the surface of the material [51].
Osteoblasts use integrin to adhere to materials, and the expression of integrin is influenced
by the surface properties of the material, such as surface roughness, microstructure, and
wettability [52]. In this study, SEM images showed that cells on both types of silicon
nitride exhibited good adhesion and diffusion states, with more pseudopodia. Compared
with other control materials, MS silicon nitride exhibits better adhesion and diffusion
morphology, with more obvious pseudopodia. From the CLSM image, it can be observed
that the cells exhibit a distinct spindle shape on both types of silicon nitride. Some cells
are elongated or even cross-linked, reflecting a clear proliferation process. This collec-
tively indicates that MS silicon nitride has a certain promoting effect on cell proliferation
and adhesion.

Bacteria are prone to adhere to the surface of implants, colonizing them to form bacte-
rial biofilms, which in turn cause inflammatory reactions and lead to implant failure [23].
Figure 5 shows that MS silicon nitride, like gas-pressure-sintered silicon nitride, exhibits
excellent antibacterial activity against Staphylococcus aureus and Escherichia coli. Not only
bacterial strains but also the surface morphology, wettability, and chemical environment of
materials can affect bacterial adhesion [28]. In this study, similar to the commonly used
process of silicon nitride, MS silicon nitride also exhibits good antibacterial properties
against S. aureus and E. coli. The antibacterial properties of silicon nitride are attributed to
multiple factors. Surface roughness is one of the factors affecting the antibacterial proper-
ties of materials. Generally speaking, rough surfaces have more pores and cracks, which
provide a location for bacteria to adhere. Therefore, a smooth and non-porous surface is
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less susceptible to bacterial adhesion [53]. The surface roughness of MS silicon nitride is
one of the lowest of all materials. This reduces the opportunity for bacteria to adhere to
silicon nitride materials. Moreover, in terms of wettability, the two types of silicon nitride
are superior to PEEK but inferior to titanium alloy. The hydrophilic surface of the material
will inhibit the adhesion of bacteria to hydrophobic surfaces. However, surface roughness
and wettability do not play a dominant role in affecting bacterial adhesion. In addition
to surface roughness and wettability, the chemical reactions on the surface of silicon ni-
tride in liquid environments also have a significant impact on its antibacterial properties.
Silicon nitride reacts with water in an aqueous environment to produce Si-OH groups on
its surface. Previous studies have reported that Si-OH groups can undergo dissociation,
causing negative charges to be carried on the surface of silicon nitride [28]. The bacterial
surface is a net negative surface, thus inhibiting bacterial adhesion to the surface of silicon
nitride through electrostatic repulsion [54]. In addition, Pezzotti et al. found that active
nitrogen species (RNS) were formed on the surface of silicon nitride in physiological pH
environments, causing damage to the DNA/RNA of Gram-positive bacteria [22]. On the
contrary, for Gram-negative bacteria, silicon nitride causes bacterial stress to promote the
metabolic degradation of nucleic acids and nucleotide-containing molecules to form uric
acid, while NH3 and NH4

+ accumulate in the bacteria to form osmotic stress, ultimately
leading to bacterial lysis. The change in pH can also affect bacterial adhesion. Some studies
have reported that silicon nitride can dissolve NH3 in aqueous environments and increase
the environmental pH from 4.5 to 8.5 [26]. Weak alkaline environments are not conducive
to bacterial adhesion. In this study, it was observed that S. aureus and E. coli died on the
surfaces of two types of silicon nitride. According to the existing antibacterial theory of
silicon nitride, the main reason for this phenomenon may be the chemical reaction that
occurs on the surface of silicon nitride in the water environment, but further research is
still needed to clarify.

This study has demonstrated the preliminary advantages of MS silicon nitride as
a bioceramic material for bone therapy in terms of its mechanical properties, cell com-
patibility, and antibacterial properties. The MS silicon nitride has been proven to be
non-cytotoxic and beneficial for cell adhesion. Future in vivo experiments will focus on
the impact of microwave-sintered silicon nitride on animal tissues, especially bone tissue.
Microwave-sintered silicon nitride as a bioceramic will continue to be deeply studied, fur-
ther optimizing the production process, improving performance, and laying the foundation
for its future application as a transplant in orthopedic surgery.

5. Conclusions

This study mainly validated the effects of microwave sintering technology on the
mechanical strength, cytotoxicity, and antibacterial properties of silicon nitride. The mi-
crostructure and porosity of microwave sintering and pressure sintering of silicon nitride
have been detected. Mechanical performance tests have proven that microwave sintering
can improve the mechanical strength of silicon nitride. Microwave-sintered silicon nitride
has no cytotoxicity, nor does gas-pressure-sintered silicon nitride, and it also improves cell
survival rates and provides a suitable location for cell adhesion. MC3T3-E1 cells exhibit
excellent adhesion and proliferation on microwave-sintered silicon nitride. It has been
found that microwave-sintered silicon nitride also has significant antibacterial activity
against S. aureus and E. coli. Good mechanical properties, no cytotoxicity, and good antibac-
terial ability indicate that microwave-sintered silicon nitride is a very promising implant
material. However, further in-depth research is needed on the osteogenic characteristics of
microwave-sintered silicon nitride and its impact on animal physiological activities. The fu-
ture direction of this work is to combine in vitro and in vivo experiments with clinical trial
data, improve the preparation process of silicon nitride, and manufacture high-performance
microwave-sintered silicon nitride implants.



J. Funct. Biomater. 2023, 14, 552 14 of 16

Supplementary Materials: The following supporting information can be downloaded at: https://ww
w.mdpi.com/article/10.3390/jfb14110552/s1, Figure S1: SEM images of materials surface; Figure S2:
Wettability images of each material.

Author Contributions: Conceptualization, Y.L.; methodology, J.H., Y.L., X.Z., Y.T., R.L., K.W., X.S.,
G.Q. and C.S.S.; validation, J.H., X.Z., Y.T., R.L., K.W. and X.S.; formal analysis, J.H., Y.L., X.Z., Y.T.,
R.L., K.W., X.S. and C.S.S.; investigation, J.H., X.Z., Y.T., R.L., K.W. and X.S.; resources, Y.L., G.Q.
and X.Z.; data curation, J.H. and Y.L.; writing—original draft preparation, J.H.; writing—review and
editing, J.H. and Y.L.; visualization, J.H.; supervision, Y.L., G.Q. and C.S.S.; project administration,
Y.L.; funding acquisition, Y.L. and X.Z. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Changsha Municipal Natural Science Foundation,
grant number kq2202084), Hunan Provincial Natural Science Foundation of China, grant num-
ber 2019JJ40367 and 2015JJ2186, National Natural Science Foundation of China, grant number
51274268, and 50904080, China Postdoctoral Science Foundation, grant number 2013M540643 and
2014T70791. We are also grateful for resources from the High Performance Computing Center of
Central South University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: Xiaofeng Zeng is an employer of Hengyang Kaixin Special Material Technology
Co., Ltd. The paper reflects the views of the scientists, and not the company. The authors declare no
conflict of interest.

References
1. Annamalai, R.T.; Hong, X.W.; Schott, N.G.; Tiruchinapally, G.; Levi, B.; Stegemann, J.P. Injectable osteogenic microtissues

containing mesenchymal stromal cells conformally fill and repair critical-size defects. Biomaterials 2019, 208, 32–44. [CrossRef]
[PubMed]

2. Maraldi, T.; Riccio, M.; Pisciotta, A.; Zavatti, M.; Carnevale, G.; Beretti, F.; La Sala, G.B.; Motta, A.; De Pol, A. Human amniotic
fluid-derived and dental pulp-derived stem cells seeded into collagen scaffold repair critical-size bone defects promoting
vascularization. Stem Cell Res. Therapy 2013, 4, 53. [CrossRef] [PubMed]

3. Kohane, D.S.; Langer, R. Biocompatibility and drug delivery systems. Chem. Sci. 2010, 1, 441–446. [CrossRef]
4. McEntire, B.J.; Bal, B.S.; Rahaman, M.N.; Chevalier, J.; Pezzotti, G. Ceramics and ceramic coatings in orthopaedics. J. Eur.

Ceram. Soc. 2015, 35, 4327–4369. [CrossRef]
5. Tian, X.H.; Zhao, J.; Wang, Z.B.; Liu, X.H. Design and fabrication of Si3N4/(W, Ti)C graded nano-composite ceramic tool materials.

Ceram. Int. 2016, 42, 13497–13506. [CrossRef]
6. Amaral, M.; Lopes, M.A.; Silva, R.F.; Santos, J.D. Densification route and mechanical properties of Si3N4-bioglass biocomposites.

Biomaterials 2002, 23, 857–862. [CrossRef]
7. Muthunilavan, N.; Rajaram, G. Effect on lubrication regimes with silicon nitride and bearing steel balls. Tribol. Int. 2017,

116, 403–413. [CrossRef]
8. Shen, Y.D.; Fang, K.; Xiang, Y.; Xu, K.Y.; Yu, L.; Chen, J.Q.; Ma, P.P.; Cai, K.Y.; Shen, X.K.; Liu, J.S. Improvement in os-

teogenesis, vascularization, and corrosion resistance of titanium with silicon-nitride doped micro-arc oxidation coatings.
Front. Bioeng. Biotechnol. 2022, 10, 1023032. [CrossRef]

9. Hu, F.; Xie, Z.P.; Zhang, J.; Hu, Z.L.; An, D. Promising high-thermal-conductivity substrate material for high-power electronic
device: Silicon nitride ceramics. Rare Met. 2020, 39, 463–478. [CrossRef]

10. Silva, C.C.G.; Higa, O.Z.; Bressiani, J.C. Cytotoxic evaluation of silicon nitride-based ceramics. Mater. Sci. Eng. C-Biomim.
Supramol. Syst. 2004, 24, 643–646. [CrossRef]

11. Neumann, A.; Reske, T.; Held, M.; Jahnke, K.; Ragoss, C.; Maier, H.R. Comparative investigation of the biocompatibility of
various silicon nitride ceramic qualities in vitro. J. Mater. Sci.-Mater. Med. 2004, 15, 1135–1140. [CrossRef]

12. Cappi, B.; Neuss, S.; Salber, J.; Telle, R.; Knüchel, R.; Fischer, H. Cytocompatibility of high strength non-oxide ceramics. J. Biomed.
Mater. Res. Part A 2010, 93A, 67–76. [CrossRef] [PubMed]

13. Guedes e Silva, C.C.; Konig, B., Jr.; Carbonari, M.J.; Yoshimoto, M.; Allegrini, S., Jr.; Bressiani, J.C. Tissue response around silicon
nitride implants in rabbits. J. Biomed. Mater. Res. Part A 2008, 84A, 337–343. [CrossRef] [PubMed]

14. Howlett, C.R.; McCartney, E.; Ching, W. The effect of silicon nitride ceramic on rabbit skeletal cells and tissue. An in vitro and
in vivo investigation. Clin. Orthop. Relat. Res. 1989, 244, 293–304. [CrossRef]

https://www.mdpi.com/article/10.3390/jfb14110552/s1
https://www.mdpi.com/article/10.3390/jfb14110552/s1
https://doi.org/10.1016/j.biomaterials.2019.04.001
https://www.ncbi.nlm.nih.gov/pubmed/30991216
https://doi.org/10.1186/scrt203
https://www.ncbi.nlm.nih.gov/pubmed/23688855
https://doi.org/10.1039/C0SC00203H
https://doi.org/10.1016/j.jeurceramsoc.2015.07.034
https://doi.org/10.1016/j.ceramint.2016.05.142
https://doi.org/10.1016/S0142-9612(01)00194-6
https://doi.org/10.1016/j.triboint.2017.06.043
https://doi.org/10.3389/fbioe.2022.1023032
https://doi.org/10.1007/s12598-020-01376-7
https://doi.org/10.1016/j.msec.2004.08.007
https://doi.org/10.1023/B:JMSM.0000046396.14073.92
https://doi.org/10.1002/jbm.a.32527
https://www.ncbi.nlm.nih.gov/pubmed/19484770
https://doi.org/10.1002/jbm.a.31363
https://www.ncbi.nlm.nih.gov/pubmed/17607762
https://doi.org/10.1097/00003086-198907000-00032


J. Funct. Biomater. 2023, 14, 552 15 of 16

15. Neumann, A.; Unkel, C.; Werry, C.; Herborn, C.U.; Maier, H.R.; Ragoss, C.; Jahnke, K. Prototype of a silicon nitride ceramic-based
miniplate osteofixation system for the midface. Otolaryngol.-Head Neck Surg. 2006, 134, 923–930. [CrossRef] [PubMed]

16. Dai, Y.; Chu, L.Y.; Luo, Z.L.; Tang, T.T.; Wu, H.; Wang, F.; Mei, S.Q.; Wei, J.; Wang, X.H.; Shang, X.F. Effects of a Coating of Nano
Silicon Nitride on Porous Polyetheretherketone on Behaviors of MC3T3-E1 Cells In Vitro and Vascularization and Osteogenesis
In Vivo. Acs Biomater. Sci. Eng. 2019, 5, 6425–6435. [CrossRef]

17. Dai, Y.; Guo, H.; Chu, L.Y.; He, Z.H.; Wang, M.Q.; Zhang, S.H.; Shang, X.F. Promoting osteoblasts responses in vitro and improving
osteointegration in vivo through bioactive coating of nanosilicon nitride on polyetheretherketone. J. Orthop. Transl. 2020,
24, 198–208. [CrossRef]

18. Kersten, R.F.M.R.; Wu, G.; Pouran, B.; van der Veen, A.J.; Weinans, H.H.; de Gast, A.; Öner, F.C.; van Gaalen, S.M. Comparison
of polyetheretherketone versus silicon nitride intervertebral spinal spacers in a caprine model. J. Biomed. Mater. Res. Part B
Appl. Biomater. 2019, 107, 688–699. [CrossRef]

19. Pezzotti, G.; Bock, R.M.; Adachi, T.; Rondinella, A.; Boschetto, F.; Zhu, W.; Marin, E.; McEntire, B.; Bal, B.S.; Mazda, O. Silicon
nitride surface chemistry: A potent regulator of mesenchymal progenitor cell activity in bone formation. Appl. Mater. Today 2017,
9, 82–95. [CrossRef]

20. Mobbs, R.J.; Rao, P.J.; Phan, K.; Hardcastle, P.; Choy, W.J.; McCartney, E.R.; Druitt, R.K.; Mouatt, C.A.L.; Sorrell, C.C. Anterior
Lumbar Interbody Fusion Using Reaction Bonded Silicon Nitride Implants: Long-Term Case Series of the First Synthetic Anterior
Lumbar Interbody Fusion Spacer Implanted in Humans. World Neurosurg. 2018, 120, 256–264. [CrossRef]

21. Pezzotti, G. Bioceramics are not bioinert. Mater. Today 2017, 20, 395–398. [CrossRef]
22. Pezzotti, G. Silicon Nitride: A Bioceramic with a Gift. Acs Appl. Mater. Interfaces 2019, 11, 26619–26636. [CrossRef] [PubMed]
23. Gorth, D.J.; Puckett, S.; Ercan, B.; Webster, T.J.; Rahaman, M.; Bal, B.S. Decreased bacteria activity on Si3N4 surfaces compared

with PEEK or titanium. Int. J. Nanomed. 2012, 7, 4829–4840. [CrossRef]
24. Du, X.Y.; Lee, S.S.; Blugan, G.; Ferguson, S.J. Silicon Nitride as a Biomedical Material: An Overview. Int. J. Mol. Sci. 2022, 23, 6551.

[CrossRef] [PubMed]
25. Wu, H.; Liu, T.; Xu, Z.Y.; Qian, J.; Shen, X.N.; Li, Y.; Pan, Y.K.; Wang, D.Q.; Zheng, K.; Boccaccini, A.R.; et al. Enhanced

bacteriostatic activity, osteogenesis and osseointegration of silicon nitride/polyetherketoneketone composites with femtosecond
laser induced micro/nano structural surface. Appl. Mater. Today 2020, 18, 100523. [CrossRef]

26. Pezzotti, G.; Bock, R.M.; McEntire, B.J.; Jones, E.; Boffelli, M.; Zhu, W.; Baggio, G.; Boschetto, F.; Puppulin, L.; Adachi, T.; et al.
Silicon Nitride Bioceramics Induce Chemically Driven Lysis in Porphyromonas gingivalis. Langmuir 2016, 32, 3024–3035. [CrossRef]

27. Wu, J.; Liu, Y.; Zhang, H.; Wu, Y.; Chu, Z.; Wu, Q.; Lu, M.; Tang, C. Silicon nitride as a potential candidate for dental implants:
Osteogenic activities and antibacterial properties. J. Mater. Res. 2021, 36, 1866–1882. [CrossRef]

28. Bock, R.M.; Jones, E.N.; Ray, D.A.; Bal, B.S.; Pezzotti, G.; McEntire, B.J. Bacteriostatic behavior of surface modulated silicon nitride
in comparison to polyetheretherketone and titanium. J. Biomed. Mater. Res. Part A 2017, 105, 1521–1534. [CrossRef]

29. Fu, L.; Rajaseka, K.; Katsaros, I.; Liu, Y.; Wang, H.; Engqvist, H.; Xia, W. Enhanced Bacteriostatic Properties of Ti Alloys by Surface
Nitriding. Biomed. Mater. Devices 2023. [CrossRef]

30. Boschetto, F.; Toyama, N.; Horiguchi, S.; Bock, R.M.; McEntire, B.J.; Adachi, T.; Marin, E.; Zhu, W.L.; Mazda, O.;
Bal, B.S.; et al. In vitro antibacterial activity of oxide and non-oxide bioceramics for arthroplastic devices: II. Fourier
transform infrared spectroscopy. Analyst 2018, 143, 2128–2140. [CrossRef]

31. Boschetto, F.; Adachi, T.; Horiguchi, S.; Marina, E.; Paccotti, N.; Asai, T.; Zhu, W.L.; McEntire, B.J.; Yamamoto, T.;
Kanamura, N.; et al. In situ molecular vibration insights into the antibacterial behavior of silicon nitride bioceramic
versus gram-negative Escherichia coli. Spectrochim. Acta Part A—Mol. Biomol. Spectrosc. 2019, 223, 117299. [CrossRef] [PubMed]

32. Boschetto, F.; Adachi, T.; Horiguchi, S.; Fainozzi, D.; Parmigiani, F.; Marin, E.; Zhu, W.L.; McEntire, B.J.; Yamamoto, T.;
Kanamura, N.; et al. Monitoring metabolic reactions in Staphylococcus epidermidis exposed to silicon nitride using in situ time-lapse
Raman spectroscopy. J. Biomed. Opt. 2018, 23, 056002. [CrossRef]

33. Ishikawa, M.; Bentley, K.L.d.M.; McEntire, B.J.; Bal, B.S.; Schwarz, E.M.; Xie, C. Surface topography of silicon nitride af-
fects antimicrobial and osseointegrative properties of tibial implants in a murine model. J. Biomed. Mater. Res. Part A 2017,
105, 3413–3421. [CrossRef] [PubMed]

34. Oghbaei, M.; Mirzaee, O. Microwave Versus Conventional Sintering: A Review of Fundamentals, Advantages and Applications.
J. Alloys Compd. 2010, 494, 175–189. [CrossRef]

35. Chockalingam, S.; Earl, D.A. Microwave sintering of Si3N4 with LiYO2 and ZrO2 as sintering additives. Mater. Des. 2010,
31, 1559–1562. [CrossRef]

36. GB/T 16886.12-2005; Biological Evaluation of Medical Devices, Part 12: Sample Preparation And Reference Material. Gen-
eral Administration of Quality Supervision, Inspection and Quarantine of the People’s Republic of China, Standardization
Administration of the People’s Republic of China: Beijing, China, 2005.

37. ISO 10993-8:2000; Biological Evaluation of Medical Devices—Part 8: Selection and Qualification of Reference Materials for
Biological Tests. International Organization for Standardization: Geneva, Switzerland, 2000.

38. Bal, B.S.; Rahaman, M.N. Orthopedic applications of silicon nitride ceramics. Acta Biomater. 2012, 8, 2889–2898. [CrossRef]
39. Kawai, C.; Yamakawa, A. Effect of Porosity and Microstructure on the Strength of Si3N4: Designed Microstructure for High

Strength, High Thermal Shock Resistance, and Facile Machining. J. Am. Ceram. Soc. 1997, 80, 2705–2708. [CrossRef]

https://doi.org/10.1016/j.otohns.2006.01.022
https://www.ncbi.nlm.nih.gov/pubmed/16730531
https://doi.org/10.1021/acsbiomaterials.9b00605
https://doi.org/10.1016/j.jot.2019.10.011
https://doi.org/10.1002/jbm.b.34162
https://doi.org/10.1016/j.apmt.2017.05.005
https://doi.org/10.1016/j.wneu.2018.08.237
https://doi.org/10.1016/j.mattod.2017.06.008
https://doi.org/10.1021/acsami.9b07997
https://www.ncbi.nlm.nih.gov/pubmed/31251018
https://doi.org/10.2147/ijn.S35190
https://doi.org/10.3390/ijms23126551
https://www.ncbi.nlm.nih.gov/pubmed/35742996
https://doi.org/10.1016/j.apmt.2019.100523
https://doi.org/10.1021/acs.langmuir.6b00393
https://doi.org/10.1557/s43578-021-00249-8
https://doi.org/10.1002/jbm.a.35987
https://doi.org/10.1007/s44174-023-00067-y
https://doi.org/10.1039/C8AN00234G
https://doi.org/10.1016/j.saa.2019.117299
https://www.ncbi.nlm.nih.gov/pubmed/31277027
https://doi.org/10.1117/1.JBO.23.5.056002
https://doi.org/10.1002/jbm.a.36189
https://www.ncbi.nlm.nih.gov/pubmed/28865177
https://doi.org/10.1016/j.jallcom.2010.01.068
https://doi.org/10.1016/j.matdes.2009.09.053
https://doi.org/10.1016/j.actbio.2012.04.031
https://doi.org/10.1111/j.1151-2916.1997.tb03179.x


J. Funct. Biomater. 2023, 14, 552 16 of 16

40. Wu, J.Q.; Yuan, F.L.; Zeng, X.J.; Rao, P.G. Effect of cation extraction on the oxidation resistance of Si3N4. In High-Performance
Ceramics Iii, Pts 1 and 2; Pan, W., Gong, J.H., Ge, C.C., Li, J.F., Eds.; Key Engineering Materials; Trans Tech Publications Ltd.:
Shenzhen, China, 2005; Volume 280–283, pp. 1263–1266.

41. López-López, I.I.; Contreras, A.; Morales-Estrella, R.; Lemus-Ruiz, J. Kinetics Evaluation of Passive Oxidation at High Temperature
of Silicon Nitride Used in the Fabrication of Lightweight Metal Matrix Composites. Silicon 2023, 15, 3181–3192. [CrossRef]

42. Deschaux-Beaume, F.; Cutard, T.; Fréty, N.; Levaillant, C. Oxidation of a silicon nitride-titanium nitride composite: Microstructural
investigations and phenomenological modeling. J. Am. Ceram. Soc. 2002, 85, 1860–1866. [CrossRef]

43. Yang, J.F.; Zhang, G.J.; Ohji, T. Porosity and microstructure control of porous ceramics by partial hot pressing. J. Mater. Res. 2001,
16, 1916–1918. [CrossRef]

44. Hampshire, S.; Pomeroy, M.J. Oxynitride glasses. Int. J. Appl. Ceram. Technol. 2008, 5, 155–163. [CrossRef]
45. Hampshire, S. Oxynitride glasses, their properties and crystallisation—A review. J. Non-Cryst. Solids 2003, 316, 64–73. [CrossRef]
46. Yang, J.F.; Ohji, T.; Niihara, K. Influence of yttria-alumina content on sintering behavior and microstructure of silicon nitride

ceramics. J. Am. Ceram. Soc. 2000, 83, 2094–2096. [CrossRef]
47. Fox, K.M.; Hellmann, J.R. Microstructure and creep behavior of silicon nitride and SiAlONs. Int. J. Appl. Ceram. Technol. 2008,

5, 138–154. [CrossRef]
48. Kim, E.J.; Bu, S.Y.; Sung, M.K.; Choi, M.K. Effects of Silicon on Osteoblast Activity and Bone Mineralization of MC3T3-E1 Cells.

Biol. Trace Elem. Res. 2013, 152, 105–112. [CrossRef]
49. Kue, R.; Sohrabi, A.; Nagle, D.; Frondoza, C.; Hungerford, D. Enhanced proliferation and osteocalcin production by human

osteoblast-like MG63 cells on silicon nitride ceramic discs. Biomaterials 1999, 20, 1195–1201. [CrossRef]
50. Awad, K.R.; Ahuja, N.; Shah, A.; Tran, H.; Aswath, P.B.; Brotto, M.; Varanasi, V. Silicon nitride enhances osteoprogenitor

cell growth and differentiation via increased surface energy and formation of amide and nanocrystalline HA for craniofacial
reconstruction. Med. Devices Sens. 2019, 2, e10032. [CrossRef]

51. Gyorgyey, A.; Ungvari, K.; Kecskemeti, G.; Kopniczky, J.; Hopp, B.; Oszko, A.; Pelsoczi, I.; Rakonczay, Z.; Nagy, K.; Turzo, K.
Attachment and proliferation of human osteoblast-like cells (MG-63) on laser-ablated titanium implant material. Mater. Sci. Eng.
C—Mater. Biol. Appl. 2013, 33, 4251–4259. [CrossRef]

52. Davidenko, N.; Schuster, C.F.; Bax, D.V.; Farndale, R.W.; Hamaia, S.; Best, S.M.; Cameron, R.E. Evaluation of cell binding to
collagen and gelatin: A study of the effect of 2D and 3D architecture and surface chemistry. J. Mater. Sci.—Mater. Med. 2016,
27, 148. [CrossRef]

53. Desrousseaux, C.; Sautou, V.; Descamps, S.; Traore, O. Modification of the surfaces of medical devices to prevent microbial
adhesion and biofilm formation. J. Hosp. Infect. 2013, 85, 87–93. [CrossRef]

54. Bock, R.M.; McEntire, B.J.; Bal, B.S.; Rahaman, M.N.; Boffelli, M.; Pezzotti, G. Surface modulation of silicon nitride ceramics for
orthopaedic applications. Acta Biomater. 2015, 26, 318–330. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s12633-022-02252-y
https://doi.org/10.1111/j.1151-2916.2002.tb00365.x
https://doi.org/10.1557/JMR.2001.0262
https://doi.org/10.1111/j.1744-7402.2008.02205.x
https://doi.org/10.1016/S0022-3093(02)01938-5
https://doi.org/10.1111/j.1151-2916.2000.tb01520.x
https://doi.org/10.1111/j.1744-7402.2008.02192.x
https://doi.org/10.1007/s12011-012-9593-4
https://doi.org/10.1016/S0142-9612(99)00007-1
https://doi.org/10.1002/mds3.10032
https://doi.org/10.1016/j.msec.2013.06.020
https://doi.org/10.1007/s10856-016-5763-9
https://doi.org/10.1016/j.jhin.2013.06.015
https://doi.org/10.1016/j.actbio.2015.08.014
https://www.ncbi.nlm.nih.gov/pubmed/26302831

	Introduction 
	Materials and Methods 
	Preparation of Materials 
	Physical Characterization of Materials 
	Cytotoxicity Test 
	Cell Adhesion and Morphology 
	Evaluation of Antibacterial Property 
	Statistical Analysis 

	Results 
	Characterization of Materials 
	Mechanical Properties of Materials 
	Cytotoxicity Determination 
	Cell Adhesion and Morphology 
	Evaluation of Antibacterial Property 

	Discussion 
	Conclusions 
	References

