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Abstract

The surfaces of silicon nitride (𝛽-Si3N4) and zirconia toughened alumina (ZTA) 

were patterned using a high-energy laser source, which operated at a wavelength of 

1064 nm. The patterning procedure yielded a series regular, cylindrical cavities 500 

and 300 μm in diameter and depth, respectively. These cavities were subsequently 

filled with bioglass mixed with different fractions of Si3N4 powder (0, 5, and 

10 mol.%) to obtain bioactive functionalized bioceramic surfaces. The laser-

patterned samples were first characterized using several spectroscopic techniques 

before and after functionalization, and then tested in vitro with respect to their 
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osteoconductivity using a human osteosarcoma cell line (SaOS-2). After in vitro 

testing, fluorescence microscopy was used to address the biological response and 

to estimate osteopontin and osteocalcin protein contents and distributions. The 

presence of bioglass greatly enhanced the biological response of both ceramic 

surfaces, but mainly induced production of inorganic apatite. On the other hand, the 

addition of minor fraction of Si3N4 into the bioglass-filled holes greatly enhanced 

bio-mineralization and stimulated the SaOS-2 cells to produce higher amounts of 

bone extracellular matrix (collagen and proteins), thus enhancing the osteopontin to 

osteocalcin ratio. It was also observed that the presence of a fraction of Si3N4 in 

the powder mixture filling the holes bestowed more uniform cell colonization on the 

otherwise bioinert ZTA surface.

Keywords: Biomedical engineering, Materials chemistry, Materials science

1. Introduction

Bioceramics have increasingly been employed to replace metallic components 

with the purpose of exploiting their friendly behaviour in the human body. The 

most common bioceramics on the market are nowadays oxides including alumina 

(Al2O3), zirconia (ZrO2) and zirconia-toughened alumina (ZTA) [1, 2]. Believed to 

possess intrinsic chemical stability, oxide bioceramics have long been considered 

to be completely bioinert, meaning that they induce no measurable reactions 

with biological tissues. Note, however, that this definition refers to “standard 

working conditions”, thus excluding complications, such as the formation of 

wear debris. Moreover, no specific “response limit” has yet been provided [3]. 

Exploiting an improved chemical stability in the human body certainly represents a 

great improvement in comparison with metals, whose overestimated bioinertness 

has brought on a number of unfortunate consequences in patients, including 

hypersensitivity [4] and pseudo-tumour formation caused by wear debris [5] (e.g., 

reported as two of the major causes for revision surgery in orthopaedic implants [6]). 

Such adverse effects can be greatly mitigated by employing oxide bioceramics, 

although they are not completely eliminated [7]. There are indeed few studies that 

report adverse reactions to ceramic oxide debris. High levels of tumour necrosis 

factor (TNF) were revealed by in vitro testing Al2O3 debris vs. human peripheral 

blood mononuclear cells [8]. In addition, both Al2O3 and ZrO2 debris were found to 

induce tissue inflammation during in vivo testing in a murine model [9]. Therefore, 

the search for new bioceramics with friendly chemistry and improved biological 

response in the human body is yet ongoing.

Recently, the non-oxide bioceramic silicon nitride (Si3N4), has emerged as a suitable 

material for spinal implant applications [10]. This material offers a mechanical 

performance comparable if not even superior in toughness to bioceramic oxides. 
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Moreover, both retrieval analysis and in vitro experiments have shown that this 

non-oxide ceramic can enhance differentiation of mesenchymal progenitor cells into 

osteoblasts [11], and promote osteoblastic activity [12]. Similarly to bioglasses [13]

and hydroxyapatite/calcium phosphate based materials [14], Si3N4 greatly promotes 

the formation of bone tissue. This arises from the presence of both negatively and 

positively charged terminal groups on its surface, which promotes cell adhesion, 

and to its pH-dependent ability to concurrently release ammonia and silicic acid 

into the surroundings [15]. The chemical stimulus for bone tissue formation by both 

mesenchymal and osteoblast cells were related to NO elution, which is interpreted 

by the cells as a signal for proliferation and activity [11, 12].

Lasers represent invaluable tools in modern materials processing. They can be 

used to alter the surface stoichiometry of a biomaterial, to texture it at different 

length scales, to engineer the surface of biomedical components with generating 

complex patterns, and even to produce new materials. By exploiting modern laser 

technologies, it is possible to create advanced biomedical devices that exhibit 

unique biological characteristics and patient-specific attributes at their surface. Laser 

processing of biomaterials also presents several advantages over other methods, 

namely low surface contamination, low mechanical damage, and high output 

controllability in processing geometrically complex three-dimensional components 

[16]. These advantages combined with the multiple choices offered by lasers with 

different wavelengths have recently stimulated a number of research efforts, which 

include surface modifications with textures, patterns, and coatings [17, 18, 19], and 

the fabrication of complex three-dimensional parts from bulk blocks of biomaterials 

[20].

In this study, Si3N4 and ZTA bulk bioceramics were laser-patterned on their surfaces 

at the scale of the hundreds of micrometers. The cavities obtained by such patterning 

were filled with powder mixtures of bioglass and Si3N4 in different fractions with 

the scope of functionalizing the surfaces for an increased bioactivity. In this study, 

we monitored cell proliferation, bone tissue formation, and quality of bone tissue 

in terms of mineral-to-matrix ratio. This attempt represents a first step toward a 

multiscale surface engineering aimed at tailoring the surface of bioceramics for 

different applications in the human body such as improved osteointegration of 

ceramic spinal implants.

2. Experimental

2.1. Substrate samples

Sintered 𝛽-Si3N4 discs were provided by Amedica Corporation (Salt Lake City, UT). 

The disc samples had diameter and thickness of 12.7 mm and 3 mm, respectively. The 
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Figure 1. Schematic draft of the procedure of surface patterning by laser beam.

Si3N4 material consisted of a two-phase microstructure including acicular 𝛽-Si3N4

grains separated by a continuous and sub-micrometric sized film of Si–Y–Al–O–N 

grain-boundary phase. ZTA samples (Biolox® delta, CeramTec, GmbH, Plochingen, 

Germany) were machined starting from 36 mm diameter femoral heads (year of 

production: 2014) [21] in squared slabs of 1 × 1 cm with a thickness of 3 mm using 

a slow speed diamond coated blade. All used surfaces were finely polished down to 

the scale of the tens of the nanometer. Polished titanium Grade 5 alloy (Ti–6Al–4V 

ELI) discs were used for comparison.

2.2. Laser patterning

Laser patterning was performed using a Vision LWI V ERGO-Workstation mounting 

a Nd:YAG laser with a wavelength of 1064 nm. The focusing distance was 25 cm, 

the nominal maximum power was 17 kW, and the burst energy was up to 70 J. The 

applied potential and discharge time were regulated in the range 160∼500 V and 

1∼20 ms, respectively. The work-station was equipped with a gas nozzle connected 

to an Argon source at 1.2 Atm to prevent oxidation. A motorized x–y stage with a 

precision of 10 μm was used to align the sample with the laser source and to produce 

a regular grid of equidistant cavities with an interspace of 1.0 mm. A schematic 

drawing of the sample production protocol is presented in Figure 1.

2.3. Bioglass preparation

Standard 45S5 Bioglass® powder (Mo-Sci Corporation, Rolla, MO, USA) was 

preliminary mixed with 5 or 10 mol.% 𝛼-Si3N4 powder with nanometer scale particle 
on.2018.e01016
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Table 1. Composition of the bioglass used in the present 
experiments.

Bioglass SiO2
%

CaO 
%

Na2O 
%

P2O5
%

Si3N4
%

Standard 45.00 24.50 24.50 6.00 –
5% Si3N4 41.22 23.72 23.72 5.83 5.51
10% Si3N4 37.66 23.00 23.00 5.65 10.69

size. The 𝛼-Si3N4 powder was a commercially available brand (SN-E10, Ube Co., 

Ube City, Japan). Powder mixtures of bioglass with 5 and 10 mol.% 𝛼-Si3N4 had 

compositions in wt.% as shown in Table 1 (measured by the authors on batches 

prepared by Mo-Sci Corporation). After mixing and homogenizing the powders, 

each patch was melted in a platinum crucible in N2 atmosphere, and subsequently 

quenched, crushed, and commuted back into fine powder.

2.4. Cell culture studies

The SaOS-2 human osteosarcoma cell line was selected for its capacity of quickly 

producing bone tissue. The cells were first cultured and incubated in an osteoblast-

inducer medium consisting of 4.5 g/l of glucose DMEM (D-glucose, L-glutamine, 

phenol red, and sodium pyruvate) and containing 10% of fetal bovine serum. 

Cells were allowed to proliferate within Petri dishes for 24 h at 37 ◦C. The final 

SaOS-2 concentration was equal to 5 × 105 cell∕mL. The cultured cells were then 

deposited on the top surface of previously UV-sterilized samples and unpatterned 

controls. Cell seeding was performed using an osteogenic medium consisting of 

DMEM supplemented with 50 μg/mL of ascorbic acid, 10 mM 𝛽-glycerol phosphate, 

100 mM hydro-cortisone, and 10% fetal bovine calf serum. All samples were 

concurrently tested for their osteoconductivity upon incubation of 168 h at 37 ◦C.

2.5. Sample characterization

2.5.1. Fluorescence microscope

After exposure to osteoblasts, each batch of different samples was observed using 

fluorescence microscopy (BZ-X700; Keyence, Osaka, Japan). Prior to examination, 

the samples surfaces were treated with different immunostaining reagents, including 

Hoechst 33342 (Dojindo, Kumamoto, Japan), anti-Human Osteocalcin Clone

2H9F11F8, Isotype IgG, Rabbit polyclonal antibody (IBL, Gunma, Japan). Hoechst 

33342, a cell nucleus stain, served to visualize cell proliferation, while the other 

two antibodies were used to stain matrix proteins osteocalcin and osteopontin, 

respectively, whose concentration quantifies the process of mineralization and bone 
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matrix formation. Subsequently, a secondary antibody, Goat anti-Mouse IgG1 

Antibody FITC Conjugated (Bethly Laboratories) was added to enhance signal 

detection and visualization.

2.5.2. Laser microscope

Micrographs were taken by mean of a 3D laser-scanning microscope (VKX200K 

series, Keyence, Osaka, Japan) with magnifications ranging from 10× to 150× with 

numerical apertures between 0.30 and 0.95. The microscope was equipped with an 

automated x–y stage and with autofocus function for the z-range. Assembled maps 

covering the entire surface of the tested samples were then used for calculating both 

areas and volumes of the bone tissue grown by SaOS-2 cells on the respective sample 

surfaces.

2.5.3. FTIR spectroscopy

FTIR spectra were obtained using a high sensitivity spectroscope (Spectrum 100FT-

IR Spotlight400; Perkin-Elmer Inc., Waltham, MA, USA). The spectral resolution 

of this equipment was 0.4 cm−1. Average FTIR spectra were computed for each 

substrate from eight independent measurements. Pre-processing of raw data included 

baseline subtraction, smoothing, normalization, and fitting of the raw spectra using 

“R” [22].

2.6. Statistical significance

To ensure statistical significance, all biological testing was performed n = 6 

times. Three randomly selected samples for each batch were used for fluorescence 

microscopy, while the remaining three were used for FTIR and laser microscopy.

3. Results

3.1. Preliminary characterization

3.1.1. Laser drilling calibration

The depth and diameter of the cylindrical holes obtained by laser drilling were 

accurately calibrated upon controlling four parameters: laser focusing diameter (f ), 

applied voltage (V), discharge time (t), and number of bursts (n). Figures 2 and 3

show the results obtained on Si3N4 by optical microscopy and laser topography, 
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Figure 2. Optical micrographs showing the results of a calibration procedure on laser power to achieve 
cylindrical holes 500 and 300 μm in diameter and depth, respectively.

Figure 3. Laser topographical micrographs showing the results of a calibration procedure on laser power 
to achieve a cylindrical hole 500 and 300 μm in diameter and depth, respectively.

respectively. The figures refer to a discharge time of 4 ms and a focusing diameter 

of 500 μm.
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Figure 4. Dependence of cylindrical hole depth upon number of laser bursts (applied voltage 200 V, 
focusing area = 500 μm).

During preliminary calibrations, the focusing diameter was increased from 250 to 

1500 μm at steps of 50 μm. However, an optimal diameter for the cylindrical holes 

was selected according to literature concerning osseointegration of porous implants, 

coatings, and scaffolds [23]. Scientific studies on this topic suggested different ranges 

for the porosity size. Although these suggestions strongly depended on type of 

material, pore shape, wall roughness and size distribution [24, 25, 26], there was 

general consensus in indicating porosities in the range 100∼500 μm diameter for 

optimal adhesion, proliferation, and stimulation of osteoblastic activity.

It was observed that, even at relatively low applied voltages (200 V, Figures 3(f) and 

2(f)), the energy density of the beam sufficed to reach the sublimation temperature of 

Si3N4 (∼1900 ◦C [27]), thus producing a cavity with sharp borders. In comparison, 

an applied voltage of about 175 V (Figures 2(a) and 3(a)) could not produce any 

significant morphological alteration of the surface. Increasing the number of laser 

bursts at the applied potential of 175 V led to the formation of dark, oxidized 

spots without damaging the material underneath (Figures 3(a–e) and 2(a–e)). For 

an applied potential of 200 V and a spot size of 500 μm (Figures 3(f–j) and 2(f–j)), 

the depth of the holes grew almost linearly with the number of laser bursts, as shown 

in Figure 4. For higher applied potentials (Figures 3(k–o) and 2(k–o)), additional 

phenomena were observed: (i) a porous, (likely N-defective) Si3N4 sponge was 

produced at the bottom of the cavity; and, (ii) by exceeding 250 V, solidified droplets 

were re-deposited in the surrounding areas often partially occluding the porosities 

(not shown). Taking into consideration these observations, two bursts of 4 ms at an 

applied potential of 250 V were selected as the optimal range for the fabrication of 

regular homogeneous holes 500 and 300 μm in diameter and depth, respectively. 

The same laser parameters were also applied to the ZTA substrate resulting in 

overall comparable hole geometry. However, unlike Si3N4, which tends to vaporize 

under the laser beam, ZTA melted and was ejected from the pool upon laser beam 

impingement. While this different behaviour in the oxide ceramic did not affect the 
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Figure 5. Optical and laser topographical micrographs of a 6 × 6 laser texture on the investigated ZTA 
surface before (a, b) and after (c, d) hole-filling with bioglass.

geometry of the drilled holes, additional care was required during operation in order 

to avoid burns by the ejected matter.

Figures 5(a–b) and 6(a–b) show 6 × 6 grids of cylindrical holes as obtained by 

applying the above-mentioned parameters in the case of ZTA and Si3N4 substrates, 

respectively. In comparing these two figures, it can be observed that, while the 

shape of the holes on the non-oxide sample is regular with clear and sharp 

edges, holes patterned on the ZTA substrate present splashes of melted material 

surrounding irregularly shaped channels with partly distorted edges. This was a 

clear indicator of the different behaviour in laser drilling of oxide and non-oxide 

bioceramics.

General consensus indicates that, for holes in the range 100–500 μm diameter, 

adhesion, proliferation and stimulation of osteoblastic activity leads to faster and 

healthier bone tissue ingrowth.
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Figure 6. Optical and laser topographical micrographs of a 6 × 6 laser texture on Si3N4 surface before 
(a, b) and after (c, d) hole-filling with bioglass.

3.1.2. Bioglass filling

The procedure of filling the laser-patterned cylindrical holes consisted of first 

pressing the bioglass/Si3N4-powder mixtures into the surface using a laboratory 

spatula, and then manually removing the excess materials using a sharp blade. No 

additional effort was needed to keep the powders inside the holes; because of its 

relatively strong cohesion and adhesion to the walls for hole diameters ∼500 μm. The 

results of optical and laser microscopy observations, which document the bioglass 

filling procedure for ZTA and Si3N4, are shown in Figures 5(c–d) and 6(c–d), 

respectively. In both cases, it was observed that the holes were completely filled 

with bioglass.
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Figure 7. Fluorescence microscopy images collected on titanium alloy control (a~c), ZTA (d~f), and 
Si3N4 (g~i) pristine substrates: blue stain (osteoblast nuclei), red stain (osteopontin), and green stain 
(osteocalcin).

3.2. In vitro osteoconductivity

3.2.1. Fluorescence microscope

Figure 7 shows the results of fluorescence microscopy obtained on unpatterned 

ZTA and Si3N4 substrates after exposure to SaOS-2 cells for 168 h. A biomedical 

titanium alloy substrate was also tested for comparison. Both titanium alloy and 

Si3N4 promoted cell proliferation on their surface (Figure 7a and g, respectively), 

which in turn resulted in an enhanced formation of mineralized tissue (Figure 7b, 

c and h, i) as seen from tagging both osteopontin and osteocalcin. However, while 

mineralized tissue concentrated at separate spots on the titanium alloy substrate, it 

appeared quite uniformly distributed overall the entire Si3N4 surface. As for the 

pristine ZTA substrate, (Figure 7d, e, f), no cell proliferation and only quite weak 

signals of osteocalcin/osteopontin were found, which indicates a very limited, if any, 

bioactive response of this substrate to osteoblasts.

Figure 8 summarizes the results of SaOS-2 experiments on hole-patterned Si3N4

substrates with and without filling with 0, 5, and 10 mol.% Si3N4-containing bioglass 

powders. Cell proliferation and production of osteopontin and osteocalcin were 
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Figure 8. FM images collected on Si3N4 patterned and unfilled surface (a~c), Si3N4 patterned and filled 
with bioglass only (d~f), Si3N4 patterned and filled with bioglass-5 mol.% Si3N4 mixture (g~i), and Si3N4

patterned and filled with bioglass-10 mol.% Si3N4 mixture (j~l): blue stain (osteoblast nuclei), red stain 
(osteopontin), and green stain (osteocalcin).

observed on all patterned Si3N4 substrates, but signals from both osteocalcin and 

osteopontin strongly increased in substrates with filled patterns. It is important 

to note that the presence of osteopontin in mineralized tissue grown on Si3N4 is 

important because it shows that this material stimulates the production of biological 

matrix together with mineralized apatite.

Figure 9 shows the results of experiments similar to those described in Figure 8, as 

obtained on patterned ZTA samples after the SaOS-2 tests. Unfortunately, emissions 

from osteopontin staining (Figure 9b, e, h, k) overlapped with the intrinsic red 

fluorescence of the substrate (i.e., due to Cr-dopant, present in the ZTA material). 

This phenomenon greatly disturbed the detection of osteopontin. However, neither 

osteopontin nor osteocalcin, whose green emissions were undisturbed by the 
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Figure 9. FM images collected on ZTA patterned and unfilled surface (a~c), ZTA patterned and filled 
with bioglass only (d~f), ZTA patterned and filled with bioglass-5 mol.% Si3N4 mixture (g~i), and ZTA 
patterned and filled with bioglass-10 mol.% Si3N4 mixture (j~l): blue stain (osteoblast nuclei), red stain 
(osteopontin), and green stain (osteocalcin).

intrinsic red fluorescence of the ZTA substrate, appeared in the ZTA surface with 

unfilled holes (Figures 9(b, c)). On the other hand, we observed an increase in cell 

proliferation on the ZTA surfaces by increasing the fraction of Si3N4 added to the 

bioglass filler (cf. blue emission from cell nuclei in Figures 9(a, d, g, j)). Moreover, 

the green osteocalcin fluorescence, which represented mineralized tissue regions, not 

only showed a strong signal from filled holes on all samples, but it also expanded 
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Figure 10. Summary of quantitative laser microscopy analyses on in vitro biological tissue formation: 
(a) biological tissue area coverage and (b) volume of biological tissue per unit of area, as measured 
on different samples. Areas coinciding with the bioglass filled porosities have been excluded from the 
calculations. Triangles and asterisks indicate a p value ≤0.01 among different treatments and substrates, 
respectively.

into unpatterned regions of the sample surface when the bioglass hole filler contained 

10 mol.% Si3N4 (Figure 9(l)).

3.2.2. Laser microscopy

Figure 10 summarizes the full set of quantitative data acquired by laser microscopy. 

The plot in (a) shows biological tissue area coverage for different substrates, while 

the plot in (b) gives the specific volume of the grown biological tissue per square 

micron of surface. In both data sets, holes (and related fillers) were excluded from 

the calculation in an attempt to limit the level of inaccuracy. The bone-tissue area 

coverage on untreated Si3N4 was about 500% higher than that of ZTA and 15% 

higher than that of the titanium alloy control (Figure 10(a)). These data confirm the 

biologically friendly nature of Si3N4, whose peculiar surface chemistry stimulates 

cell proliferation and biological tissue production. The presence of a regular grid 

of cylindrical holes filled with bioglass/Si3N4 mixtures increased the fraction of 

apatite-covered areas in both oxide and non-oxide substrates. In particular, the 

coverage on the ZTA substrate was almost doubled. Clearly, the addition of bioglass 

filler stimulated the biological response, but such an improvement appeared to 

be further boosted when a fraction of Si3N4 was added to the bioglass mixture. 

Similar trends were observed for specific biological tissue volume gain per unit 

area (Figure 10(b)), although with a larger statistical scatter caused by the uncertain 

morphology of the pristine substrates. When compared to areal fractions, the volume 
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Figure 11. FTIR spectra collected on (a) Si3N4 and (b) ZTA substrates before and after patterning/filling 
of the hole grid. The signal intensities in the two spectral regions marked in green (at 900∼1000 cm−1) 
and blue (at 1340∼1700 cm−1) light colours represent the mineral apatite crystal and the organic collagen 
fractions, respectively. The integrated areal ratio of these two spectral zones has been used to estimate the 
composition of the mineralized tissue produced by SaOS-2 cells.

of biological tissue grown on Si3N4 appears to be less affected by the presence of 

the filler, while such presence was crucial in obtaining a bioactive ZTA substrate.

3.2.3. FTIR spectroscopy

Figures 11(a) and (b) show FTIR spectra acquired on Si3N4 and ZTA substrates, 

respectively, in comparison with the titanium alloy substrate control. All bands in 

the spectra are described with respect to their spectral locations and physical origins 

in Table 2.

Two main points were extracted from the spectra, which were common to both 

figures: (i) The addition of only bioglass filler led to an increase in signal intensity in 

the spectral area around 1000 cm−1, which is associated with hydroxyapatite; and, 
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Table 2. Band positions and physical origin of the bands recorded 
in the FTIR spectrum of SaOS-2 grown mineralized tissue.

Band Position Assignment Reference

1 880 cm−1 CO3
2− [28]

2 960 cm−1 PO4
3− (v1) [28]

3 995 cm−1 PO4
3− (v1) [28]

4 1014 cm−1 PO4
3− (v1) [28]

5 1030 cm−1 PO4
3− (v3) [28]

6 1076 cm−1 PO4
3− (v3) [28]

6 1114 cm−1 PO4
3− (amorphous apatite) [28]

7 1239 cm−1 Amide III [28]
8 1395 cm−1 CH2 [29]
9 1445 cm−1 CH2 bend, PO4

3− [29]
10 1520 cm−1 Amide II [29]
11 1634 cm−1 Amide I [29]

(ii) The addition of a fraction of Si3N4 to the bioglass filler led to an increase in 

relative intensity for bands at around 1500 cm−1, which are associated with amides 

and represent the biological matrix of the mineralized tissue.

Both (i) and (ii) were observed to some extent also for Si3N4 substrates

(Figure 11(a)). Specifically, the addition of only bioglass as filler in patterned Si3N4

led to a relatively stronger signal of the mineral fraction at around 1000 cm−1 with 

respect to the signal of biological matrix at around 1500 cm−1. On the other hand, 

no mineralized tissue was detected on either pristine or patterned ZTA substrates in 

the absence of filler (Figure 11(b)). However, the presence of filler greatly enhanced 

both mineral signals in ZTA, while the presence of minor fractions of Si3N4 in the 

bioglass filler induced an increase in the relative intensity of the biological matrix 

band.

Figure 12 summarizes this latter aspect with a plot of intensity ratios between apatite 

and organic matrix signals in the FTIR spectra as a function of the type of substrate. 

SaOS-2 cells on Si3N4 substrates produced mineralized tissue with inorganic/organic 

FTIR intensity ratios ∼0.5, which were comparable to that of the mineralized 

tissue grown on biomedical grade titanium alloy. Addition of only bioglass as a 

filler in the patterned holes caused an increase in the intensity of hydroxyapatite-

related bands, especially significant in ZTA. The balance between inorganic and 

organic constituents was compensated by adding minor fractions of Si3N4 into the 

bioglass mixture. On pristine ZTA substrates, no signal from mineralized tissue 

was resolved, but the addition of bioglass increased the relative intensity of the 

hydroxyapatite/collagen signal ratio up to ∼2.5 times above those recorded for the 

pristine Si3N4 substrate. Addition of 10% fraction of Si3N4 in the filler was required 

to bring the inorganic/organic band ratio of ZTA in the same range as titanium alloy.

Results presented in Figure 12, show the area intensity ratio of the two regions 

marked on Figures 11(a) and (b) plotted as a function of substrate. Si3N4 was able to 
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produce mineralized tissue with similar mineral over amide ratios when compared 

to biomedical grade titanium alloys. Additions of standard Bioglass caused an 

increase in the intensity of the phosphate-related bands, which was compensated 

by adding relatively small amounts of Si3N4 into the Bioglass mixture. For Biolox®

delta, the signal intensity was too low to be properly resolved, but the addition of 

standard Bioglass increased the relative intensity of phosphate-related bands about 

2.5 times more than for Si3N4 substrates. Adding Si3N4 to the Bioglass mixture 

again reduced the relative intensity of phosphate-related bands, but only about 10% 

of Si3N4 was required in order to obtain values in the same range as titanium 

alloy. Following previous literature results obtained on the same bioglasses using 

Raman Spectroscopy after osteosarcoma treatment [30], and in particular the relative 

intensity and position of the band at about 960 cm−1, it can be assumed that the 

phosphate structures observed by FTIR are organized into hydroxyapatite crystals.

3.2.4. Laser microscopy

Figure 12. Integrated areal ratio of mineral apatite on organic collagen signals as measured by FTIR 
spectroscopy on different samples.

4. Discussion

The key results of this study are schematically summarized in Figure 13, with the 

ratio of inorganic (hydroxyapatite; H) to organic (amide; A) tissue components, as 

quantified by FTIR, indicated on the flank of each item. Osteoblasts are drawn in 

blue, while red and green spots represent osteopontin and osteocalcin (as visualized 

by fluorescence microscopy). The coloured arrows on the top left give a qualitative 

estimate of the surface pH based on literature references, from about 7 (green) to 

about 9 (dark blue) [31, 32, 33]. The schematic also shows the control sample made 
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Figure 13. Schematic draft summarizing the main research findings from in vitro osteoconductivity 
experiments conducted on different substrates before and after patterning/texturing: amounts of 
mineralized tissue, osteocalcin, osteopontin, cell colonization, and FTIR intensity ratio between mineral 
apatite crystal (H) and the organic collagen (A) are represented as a function of surface pH; biomedical 
titanium alloy (a), unpatterned and patterned ZTA (b~e), and unpatterned and patterned Si3N4 (f~i).

of biomedical titanium alloy (Figure 13(a)), which was bioactive but, ultimately, 

only capable of stimulating a localized production of large clusters of mineralized 

tissue rather than a full coverage. The two investigated ceramic substrates showed 

opposite behaviours. Unpatterned ZTA (Figure 13(b)) conspicuously failed in 

stimulating the production of mineralized tissue, while the unpatterned surface 

of Si3N4 (Figure 13(f)) was completely colonized by the SaOS-2 cells and fully 

covered by mineralized tissue with a hydroxyapatite/amide (H/A) ratio comparable 

to titanium alloy. Patterning alone (Figures 13(c) and (g)) did not significantly 

improve the bioactivity of either substrate. However, filling the patterns with bioglass 

(Figures 13(d) and (h)) stimulated SaOS-2 cells to produce higher amounts of 

mineralized hydroxyapatite on both types of ceramic substrates, resulting in an 

extremely high H/A ratio for the patterned/filled ZTA. Adding Si3N4 to the bioglass 

filler (Figures 13(e) and (i)) always resulted in mineralized tissue with a higher 

amount of osteopontin.

The osseoconductive properties of Si3N4 have been thoroughly explored in literature 

[34, 35]. It was reported that the presence of both positive and negative charges 

resulted in a great improvement in viability, proliferation, and differentiation into 

osteoblasts [36, 37]. In addition, it has been shown that the presence of Si3N4 can 

effectively increase the pH of the surrounding environment [32], thus promoting 

both calcium phosphate precipitation [38] and extracellular matrix formation. On 

the other hand, bioglass acts as a source of ions that osteoblasts can use to produce 

hydroxyapatite [39], while also promoting the spontaneous formation of calcium 

phosphate crystals [40] that are incorporated into the newly formed mineralized 

tissue. This process of spontaneous mineralization leads to the generation of highly 
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mineralized tissue with a relatively low amount of extracellular matrix [41]. As 

schematically depicted in Figures 13(b) and (c), bioglass by itself does not promote 

surface colonization. As a matter of fact, cell nuclei were observed colonizing on 

ZTA only when the bioglass filler was added with Si3N4.

Even if the osseoconductive properties of both ceramics resulted to be greatly 

improved by surface texturing and bioglass introduction, doubts may still rise about 

the influence of texturing on the mechanical properties. Surface texturing has been 

proved to be a viable tool for the improvement of wear and fretting resistance of 

a wide range of materials [42], but porosities can still act as a crack triggering 

location during static and dynamic mechanical loading [43]. The pore geometry, 

size and interaxes have been selected trying to minimize the risk of crack triggering 

or structural collapse [44, 45].

5. Conclusions

We investigated the response of SaOS-2 cells to different ceramic surfaces patterned 

with cylindrical holes which were filled with bioglass and Si3N4-added

modifications. Statistically significant differences were found between different 

substrates and between different compositions of the filler, which can be summarized 

as follows:

• Unlike Si3N4, ZTA possessed no bioactive properties in vitro;

• Surface patterning by itself did not appreciably influence the production of 

mineralized tissue on ZTA;

• Adding only bioglass as a filler in the pattern of cylindrical holes increased only 

the amount of mineralized hydroxyapatite on the ceramic substrates;

• The presence of Si3N4 in the filler, similar to the effect of the Si3N4 substrate 

itself, stimulated the production of higher amounts of biological matrix (seen as 

amide bands in the FTIR spectra);

• The addition of Si3N4 to the bioglass filler promoted cell colonization on the 

ZTA surface thus rendering this material bioactive.

In conclusion, laser patterning combined with bioglass/Si3N4 filling resulted in a 

viable tool to improve the bioactivity of structural ceramic im-plants. The release 

of ions from bioglass has long been known as a phenomenon leading to faster 

osteointegration of biomedical implants over time. However, we were able to 

demonstrate that adding a minor fraction of Si3N4 to bioglass led to larger cell 

colonization and to a more balanced composition of mineralized tissue even on 

bioceramic surfaces otherwise completely lacking bioactive properties.
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6. Data availability

The raw/processed data required to reproduce these findings cannot be shared at this 

time as the data also forms part of an ongoing study.
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