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A B S T R A C T   

In recent decades, due to some limitations from alumina (Al2O3) and zirconia (ZrO2), silicon nitride (Si3N4) has 
been investigated as a novel bioceramic material, mainly in situations where a bone replacement is required. 
Si3N4 ceramics and its derivative form, SiAlON, possess advantages in orthopedics due to their mechanical 
properties and biologically acceptable chemistry, which accelerates bone repair. However, biological applica
tions require additional properties, enabling stronger chemical bonding to the surrounding tissue for better 
fixation and the prevention of bacteria biofilm formation. Therefore, two commercial Si3N4 and SiAlON ceramics 
were investigated in this study and compared to each other according to their material properties (like wetting 
angles and surface chemistry) and their antibacterial behaviors using E. coli. Results provided evidence of a 15% 
reduction in E. coli colonization after just 24 h on Si3N4 compared to SiAlON which is impressive considering no 
antibiotics were used. Further, a mechanism of action is provided. In this manner, this study provides evidence 
that Si3N4 should be further studied for a wide range of antibacterial orthopedic, or other suitable biomaterial 
applications.   

1. Introduction 

Silicon nitrides provide an excellent combination of material prop
erties and have been intensively studied and widely used in structural 
applications at both room and elevated temperatures [1–6]. Their high 
fracture toughness - as a fact of their microstructural development - 
makes them resistant to impact and high wear resistance owing to the 
covalent nature of their bonding, paving the way for the use of these 
materials in bio-applications. Another principal advantage of using 
Si3N4 as a biomaterial is based on its biologically accepted elements. N is 
a natural component in the human body and Si ion release has been 
shown to contribute to osteoblast (bone forming cells) formation and to 
inhibit osteoclast (bone resorbing cells) activity [7,8]. Moreover, studies 
carried out in recent decades on Si3N4 ceramics also revealed their good 
bioactivity and osseointegration [9–14]; non-cytotoxicity [15–18] and 
because they are partially radiolucent, a better performance in visuali
zation techniques than some other biomaterials [19]. 

However, despite the many different potential applications of Si3N4 
in the human body, only spinal spacers are commercially available in the 
market. For example, successful outcomes of the first clinical study after 
a 30-year follow-up for lumbar fusion was reported by an Australian 
group [20]. Subsequent studies have shown effective bone ingrowth into 
porous Si3N4 even without an added autograft [19,21]. Moreover, in a 

recent in vivo study it was also explained that the osseointegration of 
Si3N4 occurred since the Si and N elements stimulated progenitor cell 
differentiation and osteoblastic activity, which ultimately resulted in 
accelerated bone ingrowth [21]. Si3N4 may also be particularly suitable 
in the treatment of pyogenic infectious discitis (infection of the discs 
between the vertebra of the spine) owing to its good antibacterial 
behavior [22], which was also reported by several other in vitro studies 
[10,11,23–25]. 

There have also been some in vitro studies of SiAlON ceramics 
indicating their viability for clinical applications [26–28]. SiAlONs are 
solid solutions of Si3N4 with Al2O3, in which silicon and nitrogen are 
replaced by aluminum and oxygen, respectively. The two forms of 
SiAlON ceramics are α-SiAlON (abbreviated as α′) and β-SiAlON (β′) and 
they have advantages of better sinterability, wide compositional design 
between full α′ and full β’ compositions, and different intergranular 
phase chemistry over Si3N4 ceramics, which effects their mechanical 
properties [29]. Densification of both Si3N4 and SiAlON requires the 
addition of metal oxides in order to form liquid phases at evaluated 
temperatures and provides liquid phase sintering which, when cooled, 
remains as an intergranular oxynitride glassy phase. This intergranular 
film is approximately 1–1.5 nm thick and plays a key role in identifying 
the mechanical and high temperature properties of Si3N4 and related 
materials [30–33]. Therefore, in reality, Si3N4 and SiAlON ceramics are 
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like composite systems where grains are distributed in a glassy grain 
boundary phase. Moreover, the glassy grain boundary phase may exhibit 
different biochemical properties from the Si3N4 crystal itself and there 
are also several studies supporting this behavior [13,17,34]. When two 
ceramic materials have been compared, SiAlONs offer the advantages of 
incorporating some of the sintering additives into the lattice structure, 
thus, reducing the overall amounts of a grain boundary phase and 
potentially improving properties especially at elevated temperatures 
compared to Si3N4 [29]. This is also believed to be effective towards 
their antibacterial behavior when compared to Si3N4, which is investi
gated in this paper. 

Therefore, in this study, two commercial Si3N4 and SiAlON ceramics 
were investigated together and compared to understand the effect of the 
change in chemistry and structure on bio properties like bacterial 
resistance. 

2. Experimental procedures 

2.1. Materials 

The materials used in this study, Si3N4 and SiAlON, were supplied by 
a commercial company (MDA Advanced Ceramics Ltd.). They were both 
sintered via gas pressure sintering with densification additives, similar 
to the methods previously reported [35,36]. Some manufacturing details 
of these ceramic are as follows: the Si3N4 powder (Ube SN E− 10, Ube 
City, Japan) was first mixed with sintering aids (Al2O3, Er2O3, Sm2O3 
and CaO for the SiAlON and Y2O3-HfO2-MgO for the Si3N4) and 
cold-pressed at room temperature into square-shaped samples. For the 
production of Si3N4, sintering additives other than Al2O3 were used and 
for the SiAlON system, Al2O3 was also introduced into the system as well 
as other sintering aids. Then, the cold-pressed samples were sintered 
under nitrogen via gas pressure sintering at a temperature in excess of 
1700 ◦C. Both materials were used in the as-received (as-fired) condi
tion. Ultrasonic surface cleaning was performed by acetone, ethanol and 
deionized water (15 min each) before evaluation. 

2.2. Characterization 

2.2.1. Density measurements 
Bulk density was measured by the Archimedes method using 

deionized water as an immersion medium. Theoretic density measure
ments were calculated according to the bulk density results known from 
the literature data. 

2.2.2. Microstructural analysis 
Microstructures of the as-fired surfaces of the bulk samples were 

observed using a scanning electron microscope (SEM) (Hitachi S-4800) 
equipped with a field emission gun using a secondary electron imaging 
mode. Samples were Pt coated before observation. 

2.2.3. Phase characterization/molecular spectroscopy analyses 
Phase identification of the samples was performed by X-ray diffrac

tion analysis (XRD) (RINT2200, Rigaku, Tokyo, Japan) with CuKα (λ =
1.54056 Å) radiation at a scan speed of 1◦/min between 20 and 60 2θ 
angles. Quantitative analysis of the α′ and β′ phases was carried out 
according to the integrated intensities of the (102) and (210) reflections 
of α′ and the (101) and (210) reflections of β’ by the following equation 
[37]: 

Iβ/Iβ+ Iα= 1/1 + K[(1/wβ) − 1] (1)  

where Iα and Iβ are the observed intensities of the α′ and β′ peaks, 
respectively, wβ is the relative weight fraction of β′, and K is the com
bined proportionality constant resulting from the constants in the two 
equations: 

Iβ = Kβ ∗ Wβ (2)  

Iα = Kα ∗ Wα (3) 

K was taken as 0.518 for β (101) – α (102) reflections and 0.544 for β 
(210) – α (210) reflections [38]. 

X-ray photoelectron spectroscopy (XPS) was performed using a 
spectrometer (SPECS Phoibos 100 spectrometer) employing an Al-Kα 
monochromatic X-ray source. Low-resolution spectral scans were con
ducted using a pass energy of 200 eV. Data processing was performed 
with CasaXPS software (Casa software Ltd, Cheshire, UK). 

2.2.4. Contact angle measurements 
In order to assess the wetting characteristics of the samples, a drop 

shape analysis system (Phoenix 150 Contact Angle Analyzer) was used. 
The system consisted of an optical tensiometer equipped with a CCD 
video camera having a specially designed optical system for reducing 
light scattering and mounting an easy camera with ‘all direction’ 
adjustment. Drops were deposited on the surfaces, at room temperature, 
through a needle. Along the test substrates, contact angle measurements 
were performed in triplicate. Images were snapped 5 s after the solvent 
droplets were deposited onto the surfaces under ambient temperature 
conditions. Longer times were avoided because of either the importance 
of the early surface interaction between the biological fluids and the 
solid surface or to prevent changes of the contact angle deriving from 
secondary effects like solid/liquid reactions or liquid evaporation [39]. 

2.3. Bacteria studies 

Samples were tested against a Gram-negative bacteria, Escherichia 
coli (E. coli, ATCC 25922), by a broth dilution test to study. Bacteria were 
obtained from the American Type Culture Collection (Manassas, VA). 
Separate Tryptic Soy Broth (TSB) media were inoculated with one col
ony of bacteria and the bacteria were cultured on a shaking flask at 37 ◦C 
for 24 h. Samples were put in a well plate and covered with the prepared 
bacteria solution at an initial concentration of 105 cells/mL, which was 
prepared using optical absorbance. Each system was tested using three 
samples. After incubation for 24 h, samples were washed with a phos
phate buffer solution (PBS) and introduced in the proper tubes with a 
proper amount of PBS added and sonicated for 10 min followed by 
vortexing for 10 s before preparing four different dilutions (1:1000, 
1:10000, 1:100000, and 1:1000000) of each sample. Three 10 μl drop
lets of each dilution were dropped onto the petri dishes overlaid by 
solidified mixtures containing 1.5% of agar and 3.0% of TSB and were 
allowed to air dry for 15 min in a sterile environment. The plates were 
then incubated in a stationary incubator operating at 5% CO2 and 37 ◦C 
for 12 h until the colonies formed and reached a size that could be 
counted. Since the sizes of the samples were not equal to each other, area 
calculations were carried out and normalized by the bacteria results. 
When calculating the area of the samples, a surface that was in contact 
with the base of the well plate was subtracted since the bacteria were not 
able to attach to that bottom surface. 

2.4. Statistical analysis 

All of the reported values represent the average of three independent 
experiments. Standard errors of the mean were calculated in order to 
define data uncertainty, and representative error bars were included for 
all data figures. Analysis of the results was carried out using the stu
dent’s t-test, with a significance level of p < 0.25. 

S.R. Kushan Akin et al.                                                                                                                                                                                                                        



Ceramics International 47 (2021) 1837–1843

1839

3. Results and discussion 

3.1. Characterization results 

3.1.1. Density, phase characterization (XRD), molecular spectroscopy 
analyses (XPS) and contact angle measurements 

Density measurements of the bulk samples revealed 100% theoret
ical density (TD) as seen in Table 1. 

Phase characterization results of the Si3N4 and SiAlON samples are 
given in Fig. 1. XRD patterns showed that the main crystalline phase was 
β- Si3N4 with traces of α- Si3N4. A slight shifting of the peaks in the 
SiAlON sample was observed when compared with Si3N4 as a result of a 
change in the lattice structure of Si3N4 by the incorporation of Al and O 
atoms. Although α-SiAlON is based on α- Si3N4 and β-SiAlON is based on 
β-Si3N4 hexagonal structures, the change in the XRD patterns caused by 
the change in lattice parameters was obvious. α-SiAlON and β-SiAlON 
are designated in Fig. 2 as α′ and β′, respectively. As a result of this 
quantitative calculation, the α’: β’ ratio was found as 50:50 for the 
SiAlON sample (Table 1). 

The XPS data given in Fig. 2 indicate the changes in surface chem
istry due to the different nitride/oxide atomic ratios. Surface charac
terization carried out by XPS also revealed the high amount of the 
oxynitride grain boundary phase in the Si3N4 samples (Fig. 2). Accord
ing to these results, the O/Si atomic ratios of Si3N4 and SiAlON samples 
were 2.00 and 0.59, respectively, which appeared to be a surface grain 
boundary oxide phase rich in Si3N4. 

Wetting angles measured at the fifth second after placing the water 
drop revealed a significant change in wettability between both materials 
(Fig. 3). A dramatic change was observed in contact angles in the sam
ples as 76◦ and 101◦ for Si3N4 and SiAlON samples, respectively. These 
results demonstrated a more hydrophilic character of Si3N4 compared to 
SiAlON. 

3.1.2. Microstructural analysis results 
Secondary electron images of the as-fired surfaces of the Si3N4 and 

SiAlON samples revealed similar microstructural development of the 
samples with some large elongated grains dispersed in finer elongated 
microstructures, which is typical for β-Si3N4 and β-SiAlON grains 
(Fig. 4). 

3.2. Bacteria and cell culture results 

The results from the antibacterial tests of both samples against E. coli 
via colony counting assays are given in Fig. 5. 

Results showed a statistical difference (at p < 0.25) between the 
number of colonies between the SiAlON and Si3N4 materials with Si3N4 
possessing better (15%) antibacterial properties against E. coli after 24 h. 
Due to the microstructural similarity between the samples given in 
Fig. 4, close antibacterial results was not surprising. However, it is a 
well-known fact that bacterial response to a material not only depends 
on roughness (which is a fact of microstructure) but also on the chemical 
composition which collectively contribute to surface energy. 

4. Discussion 

As a result of liquid phase sintering, Si3N4 based ceramics form a 
composite like structure in its final form consisting of polycrystalline 
Si3N4 grains distributed in an oxynitride intergranular glass (if addi
tional heat treatment is applied, this phase can be turned into crystalline 

phase). In the case of Si3N4, sintering additives that aids densification 
always exists in the grain boundary phase, whereas aluminum Al and O 
partially replaces with Si and N in the SiAlON system. Moreover, addi
tional sintering additives rather than Al2O3, which are Er-Sm-Ca in the 
SiAlON sample investigated in this study, can also incorporate into the 
α-SiAlON to stabilize this structure by filling the interstitial sites. This 
makes a reduction in the grain boundary phase amount in the final 
material and the grain/oxygen rich grain boundary phase ratio variation 
makes differences in the surface properties of Si3N4 and SiAlON ce
ramics. Comparison of N/Si and O/Si ratios of the samples measured by 
XPS analysis indicate the lower amount of O/Si and higher N/Si ratio in 
SiAlON sample as a result of reduction in oxygen rich grain boundary 
phase. According to the XRD results, the SiAlON sample consisted of 
50% α-SiAlON with a decreased grain boundary phase amount because 
of the reason explained above. The surface reactivity of Si3N4 induced 
the formation of a thin layer composed of mainly silanol (Si–OH) and 
secondary amine groups (Si2–NH) [40]. Therefore XPS results also point 
out that the amine/silanol groups ratio is higher in SiAlON sample. 

Effect of O/Si and N/Si ratios on the surface properties were also 
investigated before for Si3N4 samples after thermal, chemical, and me
chanical treatments in order to induce changes in surface composition 
[41]. The results showed that specimens with higher N/Si and lower 
O/Si ratios were achieved after such treatments (than the as-fabricated 
one) exhibited strong negative surface charging at homeostatic pH and 
moderate hydrophilicity was observed. 

The relatively high contact angle on SiAlON in this study compared 
to Si3N4 as clearly seen in Fig. 3, can be explained on the basis of the 
interaction energy at the solid/liquid interface which can also be 
attributed to the reduced amount of grain boundary phases. Previous 
studies have also indicated that increasing the grain boundary phase 
amount caused a decrease in the wetting angle making the surface more 
hydrophilic [42]. The quantitative indicator of hydrophilicity is given 
by polarity. In the abundance of oxygen rich phase there is a better af
finity towards water since the polar forces also act at the interfere, in 
addition to dispersion ones, and hyrophilicity increases. For the Si3N4 
sample, it was observed that the volume of the oxygen was larger and 
thus, it was observed to be more hydrophilic compared to SiAlON. 

Bacteria such as E. coli cause harmful effects to humans and is still 
known to be the basic problem for implants. Some materials show the 
ability to kill bacteria by the release of diverse antibacterial species, like 
reactive oxygen species (ROS) and the metallic ions. The bacterial 
adherence to Si3N4 is believed to be a result of multivariate mechanisms 
[23,24,43] The reported mechanisms in previous studies both depend on 
the surface morphology and the chemistry. 

Nanostructured surface morphology have been reported to exhibit 
antimicrobial properties [44–46]. It has been suggested that the damage 
to cell membranes by these nano-rough structures might occur through 
changes to the expression of genes related to the cell membrane [44]. 
The surface nanostructure influences their ability to affect the activity of 
bacteria [47,48]. Their antimicrobial mechanisms are presumably 
related to disorder or denaturation of cell walls. However, there are no 
investigations from the biophysical viewpoint about the interactions 
between nanostructured surfaces and the cell wall, and the origin of the 
antimicrobial activity of nanostructured surfaces is unknown. 

Due to the microstructural similarity between the samples given in 
Fig. 4, close antibacterial results was not surprising. However, bacterial 
response to a material not only depends on roughness (which is a fact of 
microstructure for the samples used as fired) but also on the chemical 
composition as explained above which collectively contribute to surface 
energy and the surface charge which is quite important for the anti
bacterial behavior. Since most bacteria exhibit a negative surface charge 
at a physiological pH value [49,50], the electrostatic component of the 
bacteria-surface interaction will be repulsive if the surface of the ma
terial also exhibits a negative charge. Moreover, the magnitude of the 
repulsion will increase as the magnitude of the surface charge increases. 
The surface charge of the material in biological media, where the pH is 

Table 1 
Percent theoretical density and phase ratio of the samples.  

Sample %TD Phase Composition 

Si3N4 ~100 ~100% β-Si3N4 

SiAlON ~100 50% β-SiAlON + 50% α-SiAlON  
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around 7.4, is estimated by the isoelectric point (IEP). It is well known 
that if the pH of the media is greater than the IEP, than the surface of the 
material will be negatively charged. Therefore, the lower the IEP of the 
surface, the better the repulsion of the bacteria will be. For the pure 
Si3N4 IEP is known to be around ~9.3–9.7 [41,51] which causes a 
positive surface charge, whereas SiO2 has a value of ~2–3 [41,52] and, 
therefore, results in a negative surface charge. As previously explained, 
Si3N4 or SiAlON grains are distributed within a continuous grain 
boundary phase, which should have an IEP lower than the grains since 
grain boundary phase is rich in oxygen content. In this study, since the 
Si3N4 sample is expected to have a lower IEP (as a result of having a 
higher O/Si and lower N/Si ratio on the surface, as determined by XPS in 
Fig. 2), the prevention of bacteria colonization was slightly more suc
cessful. Therefore, the difference in surface chemistry given in Fig. 2 

which also confirms the wetting behavior given in Fig. 3, are reasons for 
the slight improvement in the antibacterial behavior of Si3N4 ceramics. 
It is known from the previous studies that the antibacterial properties 
could be improved by increasing the number of amine rich surfaces, as 
they can repel bacteria [41]. This is believed to be happened in the 
SiAlON system. These amine groups release ammonia (NH3) and silicic 
acid (H4SiO4) into biological fluids and NH3 is converted into perox
ynitride anion (O––NOO) which is toxic to bacteria. 

As it was discussed before by Bock et al. [24], favorable antibacterial 
mechanisms of Si3N4 were depend on multi tasks and can be improved 
by fine surface topography, negative charging for repulsion, chemical 
interactions like peroxynitride anion formation and hydrophilicity. 
Furthermore, as a result of similar microstructure, there was a balance 
between the advantages of silanol and amine groups towards reducing 

Fig. 1. XRD results of the samples.  

Fig. 2. XPS results of the samples.  
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bacteria on Si3N4 and SiAlON, respectively. 

5. Conclusion 

The biophysical properties expected from Si3N4 and related materials 
include its high surface energy (low wetting angle and high hydrophi
licity) and negative surface charge for better osteointegration and to 
repel bacteria. In this study, E. coli colonization on two commercial 
Si3N4 and SiAlON (50%α’: 50%β’) ceramics with similar microstructures 
were examined. Results showed:  

• A high amount of silanol groups were observed due to the higher 
amount of O/Si in Si3N4 ceramics. This behavior is believed to be 
related with a decrease in the amount of grain boundary phases for 
the SiAlON ceramics.  

• In the Si3N4 and related systems, hydrophilic surfaces are preferred 
since in general less bacterial attachment has been observed on such 

surfaces. In this study system, Si3N4, the system with the higher grain 
boundary phase amount showed a more hydrophilic character.  

• The antibacterial behavior against E. coli was similar between the 
two systems but an improvement was observed for Si3N4 due to the 
combination of the hydrophilicity of Si3N4 and a reduction of grain 
boundary phase amount as well as the amine rich surface of SiAlON, 
which slightly increased bacteria colonization. 

• For various applications, SiAlON ceramics are known to be advan
tageous over Si3N4 by means of better sinterability and possibility of 
control of mechanical properties by the control in α′/β’ composition 
design. The results of this study showed that SiAlON ceramics show 
promise even in orthopedic applications as a result of antibacterial 
behavior similar to Si3N4. 
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