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Abstract: The application of bioactive coatings onto orthopae-

dic appliances is commonly performed to compensate for the

otherwise bioinert nature of medical devices and to improve

their osseointegration. Calcium phosphates, hydroxyapatite

(HAp), and bioglasses are commercially available for this pur-

pose. Until recently, few other inorganic compounds have

been identified with similar biofunctionality. However, silicon

nitride (Si3N4) has emerged as a new orthopaedic material

whose unique surface chemistry also enhances osteoconduc-

tivity. Recent research has confirmed that its minority inter-

granular phase, consisting of silicon yttrium aluminum

oxynitride (SiYAlON), is principally responsible for this

improvement. As a result, it was hypothesized that SiYAlON

itself might serve as an effective osteoconductive coating or

glaze for medical devices. To test this hypothesis, a process

inspired by traditional ceramic whiteware glazing was devel-

oped. A slurry containing ingredients similar to the

intergranular SiYAlON composition was applied to a Si3N4 sur-

face, which was then subjected to a heat treatment to form a

glaze. Various analytical tools were employed to assess its

chemistry and morphology. It was found that the glaze was

comprised predominately of Y5Si3O12N, a compound com-

monly referred to as N-apatite, which is isostructural to native

HAp. Subsequent exposure of the glazed surface to acellular

simulated body fluid led to increased deposition of biomimetic

HAp-like crystals, while exposure to Saos-2 osteosarcoma cells

in vitro resulted in greater HAp deposition relative to control

samples. The observation that SiYAlON exhibits enhanced

osteoconductivity portends its potential as a therapeutic aid in

bone and tissue repair. VC 2017 Wiley Periodicals, Inc. J Biomed

Mater Res Part B: Appl Biomater 00B: 000–000, 2017.
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INTRODUCTION

Beyond restoring bodily function, the goal of every alloplas-
tic medical device is its rigid and permanent integration
with musculoskeletal tissue. This is particularly crucial for
large weight-bearing implants such as spinal arthrodesis
devices and total hip or knee arthroplasty systems. Over the
past 50 years significant advancements in implant design
and biomaterials have occurred, including the development
of coatings and composites containing bioactive constituents
such as calcium phosphates (CaP), synthetic hydroxyapatite
(HAp), and bioglasses.1–3 Yet, despite these valued efforts,
aseptic loosening remains as the leading cause for revision
surgery, requiring the removal of poorly fixated implants.4,5

Clearly, there is a continued need for new and novel

materials to improve the osseointegration of biomedical
devices. However, other than CaP-based ceramics and bioac-
tive glasses, few inorganic materials have similar
biofunctionality.

A relatively recent addition to this list is silicon nitride
(Si3N4),

6 a nonoxide material that possesses ideal properties
for use in orthopedic applications.7–11 It is prepared as a
two-phase composite composed of interlocking anisotropic
Si3N4 grains separated by a thin continuous intergranular
phase (IGP) of silicon yttrium aluminum oxynitride (SiYA-
lON). Dense monolithic Si3N4 exhibits a favorable combina-
tion of wear resistance, flexural strength, and fracture
toughness.12–15 However, Si3N4 can also be formed as a
highly porous construct, ideal for use in bone scaffolds and
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arthrodesis devices.16–18 It is biocompatible,19–25 partially
radiolucent,10,26,27 integrates well with bone,6,28,29 and pro-
vides intrinsic resistance to bacterial colonization30–32 when
compared to polyetheretherketone (PEEK) and titanium.28,31

Si3N4 was first used as a spinal implant in a small clinical
trial in Australia in 1986.23 Since 2008, it has been rou-
tinely used for spinal fusion cages, with >30,000 implanta-
tions to date and few reported adverse events.33

Previous efforts demonstrated that the concentrations of
BSiAOH and BSiANH2 functional groups at the surface of
Si3N4 could be tuned by subjecting the material to chemical
etch treatments and controlled atmosphere annealing
cycles.34 These treatments were shown to disrupt the native
Si2N2O passivation layer by either stripping it away to
expose the underlying Si3N4 grains (viz., by HF etching) or
further oxidizing it to produce an amorphous SiO2 layer
(viz., by annealing in air). Relevant biomaterial properties,
such as hydrophilicity and surface charging, were strongly
influenced by manipulating Si3N4’s surface in this manner. It
was further demonstrated that annealing Si3N4 in a nitrogen
atmosphere caused a portion of its minority SiYAlON IGP to
exude from the ceramic and form small discrete islands on its
surface, effectively forming a partial glaze. Surprisingly, it was
discovered that the presence of this intermittent glaze gave
the surface superhydrophilic behavior (that is, a static water

contact angle <108) and a robust net negative surface charge
at physiologic pH.34 A subsequent in vitro study used Saos-2
osteosarcoma cells to assess this surface’s osteoconductivity
potential and demonstrated that cell density and osteoid min-
eralization were both maximized on the discrete SiYAlON pre-
cipitates. Further, when osteoid mineralization was prevented
by exclusion of ascorbic acid from the culture medium, prefer-
ential cell clustering on these SiYAlON islands was still
observed.6 In light of these results, it was hypothesized that
the SiYAlON glaze itself might be a potential new and novel
bioactive glass. It was further postulated that the use of SiYA-
lON, either as a coating or glaze, on an implantable biomate-
rial might lead to enhanced eukaryotic cell responsiveness
and improved osseointegration.

Consequently, the primary objectives of this study were
twofold: (1) Demonstrate that a SiYAlON glaze can be
applied to an implantable biomaterial’s surface; and (2)
Characterize the glaze in terms of its morphology, chemistry,
and potential for enhanced osteoconductivity. To achieve the
first objective, a process inspired by traditional ceramic
whiteware glazing was developed. For simplicity, Si3N4 was
selected as the implantable biomaterial. An aqueous slurry
containing the SiYAlON ingredients (as a frit) was applied to
this Si3N4 substrate and subsequently fired to form a glaze.
The glaze was then extensively characterized using various
microscopic and spectroscopic techniques. The potential for
enhanced osteoconductivity was subsequently evaluated
using two in vitro methods. First, the glaze’s affinity for apa-
tite formation and deposition was determined using an in
vitro acellular ISO protocol.35 Second, Saos-2 osteosarcoma
cell adsorption, proliferation, osteoid deposition, and HAp
formation were examined using a previously validated
procedure.29

MATERIALS AND METHODS

SiYAlON glaze preparation
The selected composition of the SiYAlON glaze was experi-
mentally determined from an EDS analysis of a glass filled
defect on a polished cross-section of a Si3N4 component as
shown in Figure 1, with the specific elemental ratios given
in Table I. This component was prepared in accordance
with standard manufacturing practices described else-
where.36 After determining the composition, a glass frit was
prepared by mixing silica (SiO2, 0.5 mm, Alfa Aesar, Ward
Hill, MA), yttria (Y2O3, Grade C, H. C. Starck, Munich, Ger-
many), aluminum nitride (AlN, Grade C, H. C. Starck, Munich,
Germany), theta-alumina (u-Al2O3, APA-0.2, Sasol, Houston,
TX), and Si3N4 (Ube SN-E10, Ube City, Japan) in deionized

FIGURE 1. Back-scattered electron micrograph of cross-sectioned and

polished Si3N4 component showing pooled IGP filling bulk defect and

associated EDS spectrum (inset, bottom-left). Box drawn on micro-

graph indicates area of EDS scan.

TABLE I. Designed Elemental and Molecular Compositions of SiYAlON Glazing Slurry

Element IGP Composition (at.%) SiYAlON Slurry (at.%) Compound SiYAlON Slurry (mol %)

Si 20.81% 15.6% SiO2 48.8%
Y 20.81% 15.6% Y2O3 28.0%
Al 9.50% 7.1% AlN 16.0%
O 44.34% 54.6% Al2O3 4.8%
N 4.52% 7.1% Si3N4 2.4%

Observed elemental composition of IGP via EDS is included for comparison.
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water at 5 volume % (vol %) solids. Citric acid (Sigma-
Aldrich Corp., St. Louis, MO) was employed as a dispersant
at 1 weight % (wt %) of solids, and ammonium hydroxide
(Sigma-Aldrich Corp., St. Louis, MO) was added in sufficient
quantity to increase the pH of the slurry to 10. The slurry
was rolled on a laboratory jar mill (U.S. Stoneware, East Pal-
estine, OH) for about 18 h within a polypropylene jar using
Si3N4 milling media (Ø5 mm spheres, St. Gobain North
America, Malvern, PA) to facilitate mixing and the break-
down of soft agglomerates. After milling, the slurry was
diluted to 0.25 vol % solids and ammonium bicarbonate
(NH4HCO3, Sigma-Aldrich Corp., St. Louis, MO) was added at
a concentration of 0.1 mol/L of water to facilitate particle
rearrangement during drying.37 Finally, the diluted slurry
was equilibrated by rolling it on the mill for a minimum of
2 h prior to being used for glazing.

The diluted SiYAlON slurry was then applied to Si3N4

biomaterial discs (Ø12.7 3 3 mm2) using a dip-coating tech-
nique. Processing of the discs was in accordance with stan-
dard commercial manufacturing methods.36 The discs were
used in their “as-fabricated” (AFSN) state, meaning that
they were not subjected to any post densification machining
operations. Each disc was coated by gripping its edges with
stainless steel tweezers, immersing it into the slurry, and
then slowly withdrawing it. Each coated disc was then
placed into an acrylic desiccator cabinet (Ted Pella, Redding,
CA) containing hygroscopic media (Indicating Drierite, W.A.
Hammond DRIERITE Co., Xenia, OH) for a minimum of 2 h
for drying. Following initial drying, the samples were placed
in a drying oven (Binder, Bohemia, NY) and held at 908C for
at least 2 h to further facilitate drying and decomposition of
the NH4HCO3 additive. After this heated drying step, the
slurry-coated samples were placed in a batch furnace
(Model 121224, Centorr Vacuum Industries, Nashua, NH),
evacuated to 250 mTorr, then back-filled with filtered N2

(1–2 psi), and subsequently heated to 14008C for 30 min to
form the fired glaze.34

SiYAlON glaze characterization
Scanning Electron Microscopy (SEM) and Energy Dispersive
X-Ray Spectroscopy (EDS) – SEM was carried out using a
field emission gun scanning electron microscope (FEG-SEM,
Quanta, FEI, Hillsboro, OR). All samples were sputter-coated
with a thin (�20–30 Å) layer of gold (108auto, Cressington,
Watford, UK) or gold-palladium (Model 682 Precision Etch-
ing Coating System, Gatan, Pleasanton, CA). Samples were
typically imaged using an accelerating voltage of 10 kV at
working distances of 7–10 mm and a spot size of 4.5 mm.
EDS was performed simultaneously while imaging using a
spectrometer (EDAX, Mahwah, NJ) attached to the SEM.
Quantitative compositional analysis of the EDS spectrum
was acquired using commercial software (EDAX Genesis,
EDAX, Mahwah, NJ) which employed matrix corrections for
atomic number, absorption, and fluorescence (ZAF matrix
correction).

X-Ray Photoelectron Spectroscopy (XPS). A spectrometer
(Axis Ultra, Kratos, Manchester, UK) was employed with an

Al Ka monochromatic X-ray source. Low-resolution spectral
scans were conducted using a pass energy of 160 eV, with a
compositional resolution of �0.1 atomic percent (at.%).
High resolution scans bracketing peaks of interest were con-
ducted using a pass energy of 40 eV, which was expected to
improve the compositional resolution to approximately 0.01
at.%. The analysis area was set to 700 3 300 lm2 to aver-
age the polyphasic surface’s compositional heterogeneity.
Data obtained were processed using commercially available
software (CasaXPS, Casa Software, UK). Charging effects
were mitigated using a low energy electron source and
application of ultrahigh vacuum-rated colloidal silver (Ted
Pella, Redding, CA) to the contact points between the sam-
ples and the fixture. All reported data were obtained follow-
ing argon sputtering to remove adsorbed surface
contaminants, at a beam energy of 4.2 keV, gun angle with
respect to sample of 458, raster area of 3 3 3 mm2, and a
sample current of �2 lA.

X-Ray Diffraction (XRD). Samples were examined using an
X-ray diffractometer (Panalytical X’Pert MPD, Philips,
Almelo, The Netherlands) with instrument and program set-
tings as follows: Voltage: 45 kV, Current: 40 mA, Divergence
Slit: 1=2 degree, Anti-Scatter Slit: 1=4 degree, Receiving Slit: 1/
8 degree, Scan range: 20–708 2h, Step Size: 0.0158 at a rate
of 1.5 s/step. Specimens were analyzed using commercial
software (X’Pert Highscore Plus, Philips, Almelo, The Nether-
lands). Raw data were first treated by searching for peaks
and determining background. The resulting patterns were
then matched with ICCD/ICSD database reference patterns
after applying elemental database restrictions. The database
search provided a list of reference patterns with a match
score, indicating each pattern’s overlap with peak intensity
and position in the experimental spectrum. The phases
were matched based on scoring from the software, refer-
ence pattern quality, and qualitative analysis.

Raman Spectroscopy. Raman spectra were acquired from
the inorganic samples using a confocal (optical) microprobe
at room temperature and a single monochromator (T-
64000, Jobin-Yvon/Horiba Group, Kyoto, Japan) equipped
with a nitrogen-cooled 1024 3 256 pixels CCD camera
(CCD-3500 V, Horiba Ltd., Kyoto, Japan), and analyzed by
using commercially available software (LabSpec, Horiba/
Jobin-Yvon, Kyoto, Japan). The excitation frequency used in
the experiment was the 532 nm blue line of an Ar-ion laser
operating at a power of 100 mW. The spectrum integration
time was typically 30 s, averaging the recorded spectra over
three successive measurements. A confocal configuration of
the Raman probe was adopted throughout all of the experi-
ments using a 1003 objective lens to exclude the photons
scattered from out-of-focus regions of the probe. A signal
from a He-Ne lamp was collected throughout all measure-
ments as an internal reference for Raman peak positions.
Raman band parameters were obtained by fitting the raw
experimental spectra with Lorentzian curves. An additional
set of Raman experiments was carried out on living cells by
means of different Raman equipment and modalities, which
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will be described in the next subsection together with the
explanation of cell culture.

Osteoconductivity tests
Immersion in Simulated Body Fluid (SBF). An in vitro ISO
protocol was used to assess the potential for the SiYAlON
glaze to induce precipitation of HAp onto its surface.35

Kokubo and coworkers demonstrated that immersion of
prospective biomaterials in SBF per this protocol can pre-
dict osteoconductive behavior.38–47 Specifically, materials
that exhibit the ability to induce precipitation of biomimetic
HAp from SBF via a surface charge-initiated mechanism in
vitro48 also tend to display osteoconductive49,50 and poten-
tially osseoinductive51 characteristics in vivo. In this study,
the SBF was prepared according to an established recipe
(viz., m-SBF) which closely approximates the ionic composi-
tion of human blood plasma.44,52 The batched SBF was
stored overnight at 58C and used for experiments within
24 h. Samples were placed roughly horizontally in the coni-
cal bottoms of polypropylene tubes (50 mL, CentriStar,
Corning Life Sciences, Corning, NY) which were sealed with
rubber septa (self-sealing, 24/40, Ace Glass, Vineland, NJ).
SBF was pumped (Variable Flow Peristaltic, Control Com-
pany, Friendswood, TX) into each tube through a needle
(18 G, Nokor, BD, Franklin Lakes, NJ) via silicone tubing
(0.2500 I.D.) containing an inline filter (0.2 lm, Polycap TC,
Whatman, Buckinghamshire, UK). The filter was employed
in order to both sterilize the SBF and minimize the presence
of fine particulates in solution that could act as potential
heterogeneous nucleation sites. Prepared samples were then
placed in a test tube rack held within a water bath (W-10,
Anova, Stafford, TX) whose temperature was maintained at
36.560.158C via a digitally controlled thermostat to conform
to the established procedure.35,39 The sample surfaces were
faced downward during the experiment. This was done to
prevent potential settling of dispersoid precipitates onto
observation surfaces and skewing results. Following 28 days
of immersion in the heated water bath, the tubes were
removed and the samples recovered. Samples were then
rinsed in a succession of three deionized water baths in order
to minimize the chance of remnant SBF ions causing supple-
mental postexperiment precipitation on their surfaces during
drying. Following recovery, samples were placed in a desiccat-
ing cabinet containing hygroscopic media for a period of at
least 24 h prior to their characterization. Two sets of control
samples, identical in geometry to the test samples, were sub-
jected to the same SBF immersion test. These control discs
consisted of both as-fabricated (AFSN) and nitrogen-annealed
(N2ASN) Si3N4. They were selected because they had previ-
ously demonstrated enhanced osteoconductive behavior
using living Saos-2 osteosarcoma cells.6,29 When not being
evaluated, all samples were stored in a desiccating cabinet to
minimize inadvertent surface contamination.

Osteosarcoma Cell Test. Cells from the Saos-2 cell line were
cultured in an osteogenic medium consisting of 4.5 g/L glu-
cose DMEM (D-glucose, L-Glutamine, Phenol red, and Sodium
Pyruvate) with 10% fetal bovine serum and allowed to

incubate for about 24 h at 378C resulting in a final Saos-2 con-
centration of 5 3 105 cells/mL. Cultured cells were seeded
onto sample surfaces previously subjected to UV sterilization,
in an osteogenic medium consisting of DMEM supplemented
with 50 lg/mL ascorbic acid, 10 mM b-glycerol phosphate,
100 mM hydrocortisone, and 10% fetal bovine calf serum. The
seeded samples were incubated for 7 days at 378C and the
medium was refreshed twice during that period. At the conclu-
sion of their incubation, Raman image maps were generated
with a Laser Raman Microscope (RAMANtouch, Nanophoton,
Osaka, Japan) using a 203 immersion-type objective and a
532 nm wavelength laser source. Each pixel measured 1.02 3

1.02 lm and each image was composed of 171 horizontal
rows of 400 pixels. Two regions of the resulting spectra were
used for assessment of osteoid formation and mineralization –
the principal band associated with PAO stretching within
PO23

4 tetrahedra located at 965612.5 cm21,53,54 and a band
indicative of CAH bond stretching within collagen located at
2939.5642.6 cm21.53,54 When overlaid on each other the
maps illustrate the deposition of collagen, the primary ingredi-
ent in osteosarcoma’s extracellular polymer (ECP),55 and the
amount of HAp deposited onto the collagen matrix. This allows
for qualitative and quantitative comparison of the proliferation
of osteosarcoma cells and the volume of deposited apatite.
Note that the spectrometer employed in living-cell experi-
ments allowed for ultra-fast imaging with Raman maps being
collected in a time faster than the movement of cells. The soft-
ware attached to this equipment automatically provided aver-
age spectra on selected areas. Raman spectra from living cells
active on different surfaces were compared by averaging over
�103 measurements for each sample. Following the experi-
ment, one sample from each condition was removed from the
osteogenic medium and prepared for fluorescence microscopy
by rinsing twice in phosphate buffered saline (PBS), fixing in
4% formaldehyde with a 15 min incubation period at room
temperature, rinsing twice more in PBS, adding mouse anti-
human antibody (osteocalcin; Clone2H9F11F8, Isotype IgG2a,
Bio-Rad, Japan) diluted to 1% in PBS, a 30 min incubation
period at room temperature, rinsing twice more in PBS, adding
a mixed staining solution consisting of a 1% solution in PBS of
Hoechst 33342 (kex5 352 nm, kem5 461 nm, Dojindo, Japan)
and 1% in PBS goat anti-mouse antibody anti-igG FITC conju-
gate (kex5 490 nm, kem 5520 nm, Bio-Rad, Japan), a 30 min
incubation in darkness at room temperature, and a final two
rinses in PBS. Stained samples were imaged using a fluores-
cence microscope (BZ-X700, Keyence, Japan). Obtained fluo-
rescence micrographs were analyzed using commercially
available software (Fiji, Fiji contributors).56,57 Integrated
intensities for both fluorophores were calculated from each
sample’s representative image. An additional sample from
each condition was rinsed in PBS, dried, and then imaged
using an SEM as described in section “SiYAlON Glaze
Characterization.”

RESULTS

SiYAlON glaze characterization
The SEM images of Figure 2 depict Si3N4 sample surfaces
coated with the SiYAlON slurry before and after firing.
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Shown in in Figure 2(a) is the particulate coverage of the
dip-coated and dried slurry. Under back-scatter imaging,
contrasting light and dark areas within the image provide
evidence of its multiphase nature.58 Intermixed SiO2

spheres, Y2O3 platelets, and AlN needles were all visible.
Less conspicuous were the u-Al2O3 and Si3N4 particles,
which were present in the SiYAlON slurry at much lower
concentrations than the other constituents. Figure 2(b)
shows this sample subsequent to the glazing heat-
treatment. The resultant glaze was uniform in surface cover-
age but highly textured and discontinuous. Evidence of liq-
uid phase formation, likely the result of a low melting point
eutectic between two or more of the constituents, and foam-
ing were also observed. The glaze exhibited fine (�100 nm
to 1 lm) open porosity, and a higher average atomic weight
(based on the increase in back-scattered electron intensity)
than for Si3N4 substrate. Minimal back-scatter image con-
trast within the glaze also indicated significant migration,
mixing, and reaction of the constituent particles during the
heat treatment cycle.

Provided in Table II are XPS data for the surface compo-
sitions of the AFSN, N2ASN, and SiYAlON glazed samples.
The presented data have carbon removed (<10% in all
cases) to allow for direct comparison of specific elements
from one sample to another. As expected, the yttrium and
aluminum content of the SiYAlON glazed sample and its
Si:N:O ratio were significantly different from the AFSN and
N2ASN samples.

Figure 3(a) shows overlays of the XRD spectra from 208

to 558 2h obtained from the AFSN and N2ASN controls in
addition to the SiYAlON glazed sample. All three patterns
were effectively identical at diffraction angles >558 and
exhibited only peaks consistent with b-Si3N4 (per JCPDS
33–1160). Peaks not present in the AFSN Si3N4 control
(that is, presumed to be indicative of the glaze composition)
were identified and matched to a majority phase of hexago-
nal N-apatite (Y5Si3O12N, JCPDS 48–1625) and a minority

phase of monoclinic yttrium silicate (Y2SiO5, JCPDS 36–
1476) at the surface of the N2ASN control sample. N-apatite
was also the majority phase in the SiYAlON glaze along with
a minority amount of yttrium aluminum garnet (YAG, JCPDS
73–3184) and possible residual SiO2 in the form of cristoba-
lite (JCPDS 76–1625). An additional unidentified peak at
�42.58 2h with similar shape and intensity was present in
all three patterns.

Figure 3(b) shows the Raman spectra collected on the
surfaces of the different Si3N4 samples in the 150–
250 cm21 region. The spectra for the control samples were
very similar and were deconvoluted into three bands at
�186, 210, and 224 cm21. The most striking feature in the
Raman analysis was that the SiYAlON glazed sample exhib-
ited similar bands at 186 and 210 cm21 in addition to
bands at 160, 188, 221, and 229 cm21.

Immersion in SBF
Representative micrographs of samples prior to SBF expo-
sure are shown in Figure 4(a–c) for the AFSN and N2ASN
control samples, and for the SiYAlON glaze, respectively.

FIGURE 2. Back-scattered electron micrographs of as-fabricated Si3N4surface following dip-coating with 0.25 vol % SiYAlON slurry and subse-

quent drying (a) prior to and (b) following annealing at 14008C for 30 min in 1–2 psi N2. Silica (dark spheres), yttria (light platelets), and alumi-

num nitride (light rods) particles along with exposed Si3N4 substrate grains are indicated in (a).

TABLE II. Surface Elemental Composition via XPS for the As-

Fabricated Surface Without Further Treatment, Following

Exposure to 14008C for 30 min in 1–2 psi N2, and Following

Dip Coating in 0.25 vol % SiYAlON Slurry and Subsequent

Exposure to 14008C for 30 min in 1–2 psi N2

Element
As-Fabricated

(AFSN)
N2-Annealed

(N2ASN)
SIYAlON
Glazed

Si 38.9% 36.4% 28.1%
Y 0.1% 2.3% 10.9%
Al 2.3% 5.7% 3.4%
O 19.4% 18.5% 33.1%
N 39.3% 37.1% 24.6%

Carbon (4–10% for all samples) was removed to allow for direct

comparison of other constituents. The Si3N4 material’s theoretical

bulk composition is included for reference.
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These same samples are respectively shown again after
exposure to SBF in Figure 4(d–f). In the cases of AFSN and
N2ASN control samples, a fine deposition layer was
observed on the grain surfaces. However, for the SiYAlON
glazed sample, regions of thicker deposition are clearly visi-
ble. Further, as illustrated in Figure 4(g), larger islands of
material rich in the constituents of biomimetic HAp were
also deposited on the SiYAlON glazed surface. Using XPS
data obtained prior to and following the SBF immersion
experiment, a graph displayed in Figure 4(h), correlates the
observed postimmersion surface concentration of calcium
plus phosphorus with the substrate surface concentration of
aluminum plus yttrium relative to all cations (a proxy for
SiYAlON surface coverage) prior to immersion. A simple lin-
ear interpolation demonstrates that the deposition of Ca
and P is directly proportional to SiYAlON surface coverage.

In vitro osteosarcoma exposure
Figure 5(a–c) provides Raman image maps generated for
treated Si3N4 surfaces exposed to Saos-2 cell cultures in an
osteogenic medium for a period of 7 days. The major band
for PAO stretching within PO3–

4 tetrahedra (9656

12.5 cm21) of HAp is intensity-contrasted in red, and the
major band for CAH stretching in collagen is intensity-
contrasted in green (2939.56 42.6 cm21). In these images,
the AFSN [Figure 5(a)] and N2ASN [Figure 5(b)] specimens
appear to show similar collagen and HAp coverage. How-
ever, the SiYAlON glazed sample [Figure 5(c)] showed signif-
icantly more surface coverage and more HAp deposition
relative to the two controls. Figure 5(d) presents the Raman
spectra, averaged over each sample’s respective image map,

in the vicinity of the PAO stretching band within PO3–
4 tetra-

hedra. The area under the peak, defined within the window
of 9656 12.5 cm21, is proportional to the volume of HAp
within the sampled volume. Plotted in Figure 5(e) are each
sample’s average peak area (normalized to the AFSN sam-
ple) as a function of surface atomic percent of Y and Al
(also normalized to total surface cation concentration by
XPS). This graph approximates the relationship between the
volume of deposited HAp and the degree of SiYAlON cover-
age on the surface. A clear trend is evident demonstrating
increaseed HAp deposition as SiYAlON coverage increases.

Figure 6 shows fluorescence micrographs, capturing the
520 nm emission associated with osteocalcin, for (a) AFSN,
(b) N2SN, and (c) SiYAlON, along with the 461 nm emission
associated with DNA present within the osteosarcoma cell
nuclei, for (d) AFSN, (e) N2SN, and (f) SiYAlON, at low mag-
nification. Figure 6(g) is a chart that shows the emission
intensity for each of the fluorophores at their respective
emission wavelengths integrated over each sample’s respec-
tive image and normalized by the largest integrated inten-
sity within the sample group. Both treated samples show an
approximate twofold increase in osteocalcin. The annealed
sample shows a modest increase in nuclear density while
the SiYAlON-glazed sample shows a more than twofold
increase in nuclear density relative to the as-fired sample.

Figure 7 shows backscatter SEM images after osteosar-
coma exposure at (a, b and c) low and (d, e, and f) high
magnification for AFSN, N2SN, and SiYAlON, respectively.
Low magnification images show the degree of surface cover-
age with ECP and the distribution of mineralized nodule
clusters. High magnification images show details of

FIGURE 3. (a) Representative XRD patterns and (b) Raman spectra obtained for AFSN, N2ASN, and SiYAlON glazed samples.
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mineralized nodule clusters. EDS spectra are inset into high
magnification images to show qualitative atomic composi-
tions of mineralized nodules, which are consistent with a
mixture of native HAp and ECP.

DISCUSSION

SiYAlON glaze characterization
It was hypothesized that a thin layer of material with a
composition mimicking that of the IGP could be applied to
the Si3N4 surface via a glazing approach. This was demon-
strated by applying a dilute slurry containing submicron
particles approximating the composition of the IGP to the
material’s surface followed by a subsequent heat treatment.
As can be seen in Figure 2(a), the slurry dispersion was rea-
sonably uniform, and mixing of the constituents was main-
tained throughout drying. Following the heat treatment, it is
evident that reaction of the constituents with each other
and the substrate occurred along with limited melting and
foaming. Note that the significant amount of porosity seen
within the glaze may be advantageous in enhancing

osseointegration by increasing the surface area available for
charge-mediated and/or dissolution interactions between
the medium and sample surface. The surface composition of
the SiYAlON glaze (cf. Table II) showed a significant increase
in both yttrium and oxygen relative to the theoretical bulk,
AFSN, and N2ASN control samples. This indicates that more
of the underlying Si3N4 substrate had been covered by the
SiYAlON mixture. A significant change in Al concentration at
the surface was not expected since it was already present at
�3 at %. A similar concentration existed within the SiYAlON
glaze itself. Another key difference between the SiYAlON
glaze and the N2ASN control is the nitrogen to oxygen ratio
(i.e., N:O). It is �2:1 for the N2ASN sample and 2:1.5 for the
SiYAlON glazed sample, illustrating the increased SiYAlON
coverage on the glazed sample elatiuve to the N2ASN
sample.

The XRD data presented in Figure 3(a) provide further
evidence of differences in phase composition between the
externally applied SiYAlON glaze and the N2ASN surface
SiYAlON islands. In the N2ASN case, the majority phase was

FIGURE 4. Back-scattered electron micrographs of AFSN, N2ASN, and SiYAlON glazed samples (a, b, and c, respectively) prior to and (d, e, and

f, respectively) following immersion in SBF for 28 days. (g) Island of deposited HAp (presumed) with accompanying EDS spectrum on SiYAlON

glazed surface, and (h) Chart of at% Ca 1 P deposited during SBF immersion as a function of Al 1 Y surface cation concentration, normalized by

total cation concentration, via XPS.
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identified as nitrogen-apatite (Y5Si3O12N), with a minority
phase of monoclinic yttrium silicate (Y2SiO5). Nitrogen apatite
was also present as the majority phase within the spectrum
of the SiYAlON glaze. However, in lieu of a minority yttrium
silicate constituent, yttrium aluminum garnet (YAG, Y3Al5O12)
and cristobalite (SiO2) were identified minority constituents.
Formation of these phases from the original slurry constitu-
ents (Y2O3, SiO2, Al2O3, Si3N4, and AlN) was not surprising
and indicates that while the SiYAlON glaze was similar in com-
position to the IGP, it was not an exact replicate. Furthermore,
the SiYAlON mixture was only exposed to 14008C, which is
significantly lower than �17008C where the IGP is initially
formed. In addition to differences in surface coverage, the
presence of these phases also accounts for the observed varia-
tion in N:O ratios between the N2ASN and SiYAlON samples.
Since the unidentified minority peak at �42.58 2h exhibited
similar shape and intensity across all three sample spectra, it
was assumed to correspond to a substrate constituent.

Analysis of Raman spectra further confirmed the polypha-
sic nature of the SiYAlON glaze. In Figure 3(b), three bands in
the Raman spectra located at 180.1, 201.4, and 224.5 cm21

for all samples represent the E2g, Ag, and E1g vibrational
modes of the skeletal SiAN bonds in the b-Si3N4 crystal,
respectively.59,60 In the case of the SiYAlON sample, the E1g
band is possibly present but obscured by nearby bands at
221 and 229 cm21. In addition, present in this sample’s spec-
trum were two additional bands at 161 and 188 cm21. The
bands at 161 and 221 cm21 correspond to the Eg and T2g
bands from YAG61–63 and the band at 188 cm21 may corre-
spond to the Eg band from cubic yttrium oxide,64,65 which

also exhibits a band for the Ag vibrational mode at 161 cm21.
The 229 cm21 band may correspond to the E1g band of a-
Si3N4,

66 left as an unreacted remnant within the glazing slurry
due to the treatment temperature being lower than required
for inducing a transformation to the b phase. The YAG result
complements the XRD spectrum obtained for this sample,
which exhibited peaks at locations common to YAG standards.
Given that yttria is a majority constituent of the glaze mixture,
the presence of an unreacted remnant was not unexpected.
The lack of non-substrate bands in the N2ASN sample’s spec-
trum is thought to be due to lower coverage and thickness of
the expressed IGP at the surface relative to the SiYAlON glazed
sample.

Immersion in SBF
Sample surfaces prior to SBF immersion are imaged in
back-scatter mode in Figure 4(a–c). Stochastically protrud-
ing b-Si3N4 grains with smooth surfaces were observed on
all samples and SiYAlON material was intermixed with and
coating these grains to varying degrees in the N2ASN and
SiYAlON glazed cases [compare Figure 4(b,c), respectively].
These same surfaces are shown following 30 days of SBF
immersion in Figure 5(d–f). In all three cases, a thin, grainy
deposition layer was observed. For the AFSN and N2ASN
control sample, a thin layer of deposition is visible. Unfortu-
nately, this grainy layer was not thick enough to successfully
employ EDS for composition determination. In contrast,
additional large, thick islands of this material, whose EDS
spectrum is suggestive of biomimetic HAp, were clearly visi-
ble across the surface of the SiYAlON glazed sample

FIGURE 5. Raman intensity maps showing representative surface coverage of HAp (red scale, Raman shift 965 6 12.5 cm21) and collagen (green

scale, Raman shift 2939.5 6 42.6 cm21) following osteosarcoma exposure to (a) AFSN, (b) N2ASN, and (c) SiYAlON glazed samples. (d) Averaged

Raman spectra (in region of at 965 6 12.5 cm21) and (e) area under curve at 965 6 12.5 cm21, normalized by the AFSN sample’s value, as a func-

tion of Al 1 Y surface cation concentration, normalized by total cation concentration, via XPS.
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[compare Figure 5(g)]. These islands also appear to mor-
phologically conform to deposited HAp previously observed
by others during similar experiments.47,49,67–69 XPS was
employed to determine the elemental composition of the
observed grainy layers. They were found to be rich in Ca
and P along with minority amounts of Na, Mg, Cl, and C,
consistent with biomimetic HAp or its precursors. The graph
in Figure 5(h) shows surface at.% Ca plus P following SBF
immersion as a function of pre-immersion Al plus Y (nor-
malized by total cation concentration). This graphical com-
parison suggests that deposition of HAp-like material
increases as a function of SiYAlON glaze surface coverage.

In vitro osteosarcoma cell exposure
Representative Raman spectra for each sample type follow-
ing 7-days of Saos-2 cell exposure are provided in Figure
5(a–c). The green-contrasted regions indicate deposition of

collagen, the primary component of the Saos-2 cells’ extra-
cellular matrix. Observation of collagen deposition illustrates
the extent to which the Saos-2 cells have spread out on the
sample surface and formed a pseudo-osteoid. The red-
contrasted regions are areas where HAp has been deposited
onto the pseudo-osteoid. The AFSN [Figure 5(a)] and N2ASN
[Figure 5(b)] control samples appeared to exhibit similar
amounts of collagen coverage and mineralization. However,
the SiYAlON glazed sample [Figure 5(c)] exhibited both sig-
nificantly more collagen coverage and HAp deposition. Fig-
ure 5(d) shows the averaged Raman spectra, centered at
�960 cm21 for PAO stretching within HAp PO32

4 tetrahe-
dra, for each of these samples. A large increase in intensity
and peak area was observed for the N2ASN sample relative
to the AFSN material, indicating substantially more matrix
mineralization. However, even further increased band inten-
sity and peak area were observed for the SiYAlON glazed

FIGURE 6. Fluorescence micrographs showing emission at 520 nm for antibody bound to osteocalcin on (a) AFSN, (b) N2ASN, and (c) SiYAlON

surfaces following 7 day osteosarcoma culture exposure. Fluorescence micrographs of emission at 461 nm showing the location of DNA in cell

nuclei on (d) AFSN, (e) N2ASN, and (f) SiYAlON surfaces following 7 day osteosarcoma culture exposure. (g) Normalized integrated fluorescence

intensities for osteocalcin and DNA in cell nuclei for each specimen.
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sample. Sample peak area, normalized by the AFSN sample’s
peak area, was charted as a function of surface atomic per-
cent aluminum plus yttrium, normalized by total surface
cation content in Figure 5(e). This relationship is a proxy
for volume of deposited HAp as a function of SiYAlON phase
surface coverage. This graph demonstrates a trend of
enhanced mineralization as a function of increasing SiYAlON
coverage.

All three conditions show expression of osteocalcin [Fig-
ure 6(a–c)], which provides evidence of cell-mediated
matrix mineralization and increased cell activity.70 Osteocal-
cin is present at approximately double the concentration on
both treated samples relative to the as-fired sample [Figure
6(g)]. DNA staining indicates spreading of cell nuclei across
all three sample surfaces [Figure 6(d–f)]. In the case of
N2ASN [Figure 6(e)], there is a moderate increase in overall
cell density that corresponds to sporadic clustering at
higher density relative to the AFSN sample [Figure 6(d)]. In
the case of the SiYAlON-glazed sample [Figure 6(f)], the dif-
ference is dramatic with more than double the emission
intensity [Figure 6(g)] relative to AFSN and large regions of
higher density clustering.

Backscattered electron micrographs at low magnification
[Figure 7(a–c)] illustrate the degree of surface coverage and
the morphology of deposited material for each sample con-
dition. Patterns of deposited material correspond to pat-
terns observed in fluorescence micrographs (Figure 6) for

osteocalcin and cell nuclei. Approximately half of the AFSN
[Figure 7(a)] surface is covered in a connective web of ECP
(dark material) with islands of mineralized nodular clusters
(light material) typically separated from one another by
�200 lm. The medium gray material is semi-exposed Si3N4

which is coated by a thin layer of ECP. The ECP itself is spo-
radically covered by fine mineral precipitates. These are
potentially heterogeneous nucleation sites due to their dis-
tance from the nodular clusters. The N2ASN sample [Figure
7(b)] shows nearly complete coverage in ECP (dark mate-
rial) with mineralized nodular clusters that are spaced
somewhat irregularly relative to the AFSN sample. Virtually
none of the underlying material surface is visible. Finally,
the SiYAlON glaze sample [Figure 7(c)] shows �65% cover-
age by connective ECP (dark material) with mineralized
nodular clusters (moderately lighter than ECP), spaced
more closely to one another (�100 lm apart) than on the
other samples. Also visible are regions of semi-exposed
porous SiYAlON glaze (lightest). Higher magnification images
and associated EDS patterns [Figure 7(d–f)] give a clear pic-
ture of nodule morphology and quantitative atomic compo-
sition. All mineralized nodules exhibit a spectrum consistent
with mineralized bone: a mixture of ECP (rich in C) and
defective HAp (Ca, P, and O with Na, Cl, Mg, K, and HCO–

3

impurities). Nodules on the AFSN sample [Figure 7(d)] are
mineral rich, exhibiting a relatively high ratio of Ca, O, and
O to C. The N2ASN sample [Figure 7(e)] nodules are rich in

FIGURE 7. Low magnification backscatter SEM images of (a) AFSN, (b) N2ASN, and (c) SiYAlON surfaces following 7 day osteosarcoma culture

exposure. High magnification images of mineralized nodules with EDS spectra inset on (d) AFSN, (e) N2ASN, and (f) SiYAlON surfaces following

7 day osteosarcoma culture exposure.
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ECP as demonstrated by the high ratio of C to the primary
mineral constituents, Ca, P, and O. Finally, the nodules on
the SiYAlON glaze sample [Figure 7(f)] surface appear to
exhibit a mineral-rich composition similar to those present
on the AFSN sample.

Regarding the mechanism of Saos-2 cell adsorption, pro-
liferation, and HAp mineralization, it has been previously
shown that SiYAlON possesses a zwitterionic-like surface at
physiologic pH due to intermixing of surface moieties exhib-
iting negative (BSi–O-) and positive (@YAOH1

2 , @AlAOH1
2 ,

BSiANH1
3 ) charges.6,29 Surfaces engineered to exhibit zwit-

terionic character through grafting of polymers containing
this functionality have also previously demonstrated
extreme hydrophilicity due to their high degree of surface
polarization.71–73 Additionally, a titanium alloy modified by
grafting of a zwitterionic-functionalized polymer exhibited
increased HAp deposition73 when subjected to a variant of
Kokubo’s35 in vitro SBF immersion test. Materials that
exhibit a high net negative surface charge,50 such as high
surface area silica38,39 and Si3N4,

74 have also demonstrated
the ability to induce heterogeneous HAp precipitation from
SBF due to elevated concentrations of Ca21 ions within the
counterion clouds that shroud their highly-charged surfaces
in solution. Additionally, the presence of the N-apatite phase
within the SiYAlON glaze, which is isostructural to native
HAp, likely further facilitates HAp precipitation due to a
reduced energy barrier for heterogeneous nucleation.75

Finally, chemical interactions between the extracellular
medium, biomaterial surface, and osteoprogenitor cells can
influence osteoblast differentiation and metabolism, produc-
tion of extracellular collagen, cell motility, production of
matrix vesicles, and expression of molecules that regulate
the bone remodeling process.76–79 For example, a recent
study found that when amorphous nitrogen-doped silicon
oxide thin films (i.e., materials chemically similar to SiYA-
lONs) were exposed to human periosteal cells, they gener-
ated higher volumes of biomimetically deposited HAp in
vitro. The presence of nitrogen induced expression of osteo-
genic genes80 and SOD1,81 (i.e., an anti-oxidant critical for
cross-linked collagen formation).

CONCLUSIONS

It was found that a process reminiscent of traditional white-
ware glazing could be employed to apply a thin, adherent
SiYAlON coating onto a Si3N4 bioceramic surface. The result-
ing glaze was characterized morphologically and chemically
using a number of microscopic and spectroscopic techni-
ques, revealing that it was multiphasic in nature. The princi-
ple crystalline phase within the glaze was determined to be
N-apatite, Y5Si3O12N. An in vitro assessment demonstrated
the propensity for all Si3N4 surfaces to induce CaP deposi-
tion, increasing as a function of surface SiYAlON coverage
and independent of the presence of bone-forming cells.
When osteoblast-like Saos-2 cells were employed in a paral-
lel in vitro experiment, the SiYAlON glazed surface demon-
strated improved cell proliferation and osteoid
mineralization relative to both uncoated Si3N4 (AFSN) and

nitrogen-annealed (N2ASN) Si3N4 controls, which was once
again correlated to the relative amounts of surface SiYAlON
coverage. In addition to validating previous work demon-
strating improved cell response to SiYAlON surfaces, the
SiYAlON glaze offers a potential new bioactive material that
can not only be applied as a glaze to Si3N4, but also be
employed as a coating for a broad range of existing biomed-
ical devices used in therapies for bone and tissue repair.

Future studies will use different coating techniques, var-
ied glaze compositions and glazing temperatures, and pro-
duction of glaze material monoliths to better understand
the phase composition and structure of these newly discov-
ered bioactive SiYAlON materials. Additional ongoing work
will also focus on coating and infusing of substrates other
than Si3N4 with SiYAlON-type materials. Promising samples
from these experiments will be subjected to in vitro and in
vivo testing to characterize their interaction with the bio-
logic medium and their ability to influence regrowth of
bone and other tissue types.
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