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Abstract

The current study provides more insights about the surface bioactivity of the silicon nitride
(SizNy) as a potential candidate for bone regeneration in craniofacial and orthopaedic applications
compared with conventional implantation materials. Current skeletal reconstructive materials
such as titanium and polyether ether ketone (PEEK) are limited by poor long-term stability,
biocompatibility and prolonged healing. SigNy4 is an FDA-approved material for an intervertebral
spacer in spinal fusion applications. It is biocompatible and has antimicrobial properties. Here,
we hypothesize that SizN4 was found to be an osteoconductive material and conducts the

growth, differentiation of MC3T3-E1 cells for extracellular matrix deposition, mineralization and
eventual bone regeneration for craniofacial and orthopaedic applications. MC3T3-E1 cells were
used to study the osteoblastic differentiation and mineralization on sterile samples of SigNy,
titanium alloy and PEEK. The samples were then analysed for extracellular matrix deposition and
mineralization by FTIR, Raman spectroscopy, SEM, EDX, Alizarin Red, qRT-PCR and ELISA.
The in vitro study indicates the formation of collagen fibres and mineral deposition on all three
sample surfaces. There was more profound and faster ECM deposition and mineralization on
Si3Ny surface as compared to titanium and PEEK. The FTIR and Raman spectroscopy show
formation of collagen and mineral deposition at 30 days for SigN,4 and titanium and not PEEK.
The peaks shown by Raman for SizN4 resemble closely to natural bone. Results also indicate

the upregulation of osteogenic transcription factors such as RUNX2, SP7, collagen type | and
osteocalcin. The authors concluded that Si3zNy4 rapidly conducts mineralized tissue formation via
extracellular matrix deposition and biomarker expression in mouse calvarial pre-osteoblast cells.
Thus, this study confirms that the bioactive SizNy4 could be a potential material for craniofacial
and orthopaedic applications leading to rapid bone regeneration that resemble the natural bone
structure.
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INTRODUCTION

Trauma, tumour resection, congenital defects and various medical conditions result

in craniomaxillofacial (CMF) and orthopaedic bone defects, which affect either the

bony contour or continuity, or both (“Bone Grafts & Substitutes Market by Product
(Allografts, Bone Grafts Substitutes, and Cell-based Matrices), by Application (Spinal
Fusion, Long Bone, Foot & Ankle, Craniomaxillofacial, Joint Reconstruction, and

Dental Bone Grafting),” 2015-2023; Craniomaxillofacial Implants Market by ProductMid
Face Implants,Cranial or Neuro Implants,Man-dibular Orthognathic Implants,Distraction
Systems,Bone Graft Substitutes, Thoracic Fixation Systems, Total TMJ Replacement
Systems,Dural Repair Product, 2017-2023; Neovius & Engstrand, 2010). Although
autografts are the gold standard for healing small bone defects, they have limitations in
larger defects due to limited bone volume availability at donor site, resorption of the

graft, donor site morbidity, chances of infection at both the recipient and donor sites,
increased surgical time, patient discomfort and prolonged hospital stay (Kwarcinski et al.,
2017; Rogers & Greene, 2012; Zanotti et al., 2016). Further, allografts and xenografts
have potential infectious and immunological risks (Hardy & Resident, 2008; “Bone Grafts
& Substitutes Market by Product (Allografts, Bone Grafts Substitutes, and Cell-based
Matrices), by Application (Spinal Fusion, Long Bone, Foot & Ankle, Craniomaxillofacial,
Joint Reconstruction, and Dental Bone Grafting),” 2015-2023; Chiarello et al., 2013).
Various alloplastic materials have been developed and are in clinical use for bone
replacement procedures (Kwarcinski et al., 2017; Neovius & Engstrand, 2010; Zanotti

et al., 2016). A useful reconstructive material/ fixative plate should have the ability to
induce new bone formation while stabilizing the defect site without any growth of fibrous
tissue at the bone/plate interface (osseointegration) (Albrektsson & Johansson, 2001).
Lastly, the reconstructive material should have a sufficient mechanical stability to withstand
the implantation procedure and resist the collapse during the patient’s normal activities
(Thrivikraman et al., 2017).

In our previous study, we compared the use of three basic types of fixative implant/
reconstructive material (polyether ether ketones (PEEK), titanium (Ti6AI4V) and silicon
nitride (SigNg4)) on their suitability to facilitate surface formation of Ca-P aggregates. Our
goal in the prior work was to determine whether a ceramic silicon nitride could produce
possible non-cellular-driven mineral formation to assess the potential to form a direct bond
with Ca-P aggregates in a similar role as that of Ti-fixative plates. We found that such an
effect was comparable with titanium and slightly elevated the potential (in vitro) growth of
such aggregates on PEEK (Awad, et al., 2019).

In the present study, we hypothesize that silicon nitride could be an osteoconductive material
and enhance growth, differentiation, extracellular matrix (ECM) and mineral deposition of
the murine calvarial MC3T3-E1 pre-osteoblast cells. The authors tested this hypothesis by
conducting a comparative study of the cellular response to the three surfaces: Ti6AI4V,
Si3N4 and PEEK. In vitro cell culture studies were performed on the samples surface for

30 and 60 days using MC3T3-E1 cell line. At each time points, samples were collected and
used to study the osteoblastic differentiation and mineralization on the sterile samples. The
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samples were then analysed for extracellular matrix deposition and mineralization by FTIR,
Raman spectroscopy, SEM, EDX and Alizarin Red stain. For gRT-PCR and ELISA, the
cells were grown, seeded and differentiated using previously established protocol for 1, 3, 7
and 14 days. Then, gRT-PCR and ELISA studies were performed following our previously
published protocol. The results were analysed in a comparative way to cleary compare the
surface activity of the SigN,4 with Ti6Al4V and PEEK as presented below.

MATERIALS AND METHODS

Sample preparation

Samples of silicon nitride were provided and processed by Amedica Corporation with
physical properties as given previously (McEntire et al., 2016; Pezzotti et al., 2016).

Disc of @12.7 x 2.5 mm was prepared for further characterization and in vitro testing.
PEEK (ASTM D6262, Ketron® PEEK 1000, Quadrant EPP USA, Inc.; distributed by
McMaster-Carr) and titanium alloy (ASTM F136, Ti6Al4V-ELLI, distributed by Vincent
Metals) samples with the same diameter (212.7 x 2.5 mm) were used for comparison.

The samples were immersed in 100% ethanol and ultrasonicated for 5 min to remove any
possible surface debris. Sterilization was achieved as previously described (Awad, et al.,
2019) using gas sterilization with ethylene oxide for 12 h, and then, vacuum desiccation was
performed for 24 h to remove any residual absorbed ethylene oxide gas. Surface cleaning
and sterilization were conducted at standard temperature and pressure (i.e. 25°C and 1 bar).

In vitro studies

In vitro cell study using murine calvarial MC3T3-E1 pre-osteoblast cells was accomplished
to investigate cell differentiation and mineralization on each surface. The experimental
studies were conducted at the Bone and Muscle Research Center and Department of
Material Science and Engineering at University of Texas at Arlington. All characterizations
were carried out at the Center for Characterization of Materials and Biology at the
University of Texas at Arlington (CCMB, UTA).

Murine calvarial MC3T3-E1 pre-osteoblast cells (American Type Cell Culture Inc.,
Manassas, VVA) were cultured using a-MEM supplemented with 10% foetal bovine serum
(FBS) and 1% penicillin/streptomycin (pen-strep) until 75-90% confluence in 75 sg. cm
flasks (Corning Life Sciences Inc.). These cells were used between passages 21 and 29 and
incubated at 37°C, 100% relative humidity and 5% CO, (according to the manufacturer’s
specifications). Ethylene oxide-sterilized samples of each test material (/7= 3) were washed
twice with PBS, placed in 24 vacuum gas-treated standard tissue culture well plates
(Corning Life Sciences Inc.) and seeded with 10° MC3T3-E1 cells for 24 h. To study

the osteoblastic differentiation and mineralization on the surface of the samples, the culture
medium was replaced with differentiation medium after 24 h of seeding, which consists of
a-MEM supplemented with 10% FBS, and 1% pen-strep enriched with 50 pg/ml ascorbic
acid (Sigma-Aldrich). The differentiating media were changed every 2 days, and cells were
cultured on the surface for 30 days to study ECM deposition and 60 days to study the
mineralization. After 30 and 60 days, the samples were washed in PBS twice to remove
non-adherent cells and transferred to fresh well plates. The samples were fixed using 2%
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glutaraldehyde (Sigma Inc.) for 1 h. The samples were then sequentially alcohol-dehydrated
using an ethanol-water mixture using sequential concentrations of alcohol (i.e. 25%, 50%,
75% and 100%) to preserve the intact cellular structure on the sample surfaces. The samples
were then analysed using FTIR, SEM and Raman Spectroscopy and then stained with
Alizarin Red.

FTIR and Raman spectroscopy

FTIR and Raman spectroscopy were conducted on all samples cultured for 30 and 60

days to characterize the ECM formation and mineralization on the different surfaces.

FTIR analysis was performed using Thermo Nicolet 6700 FTIR Spectrometer (Thermo
Electron Corporation) with a smart attenuated total reflectance (ATR) accessory. The FTIR
absorbance spectra were collected over the range of 4000-500 cm~1, with an aperture of
150, 128 scans and resolution of 4 cm™1. Raman spectroscopy (DXR, Thermo Scientific)
was conducted for SigN,4 and Ti6Al4V samples with a 780 nm excitation laser at 100 mW,
10x objective and a 50 um slit, whereas for PEEK, Raman spectroscopy was conducted
using same excitation laser at 1 mW, 10x objective and a 25 um pinhole. Photobleaching for
4 minutes was used prior to spectra collection with a 10-s exposure time. Thirty-two spectra
per location were recorded between 400 and 2000 cm™~1. Raman data from the surfaces

of all samples after 60 days of the in vitro study revealed the ECM and mineralization
composition. ECM composition can be revealed by the amide peaks and proline of collagen,

the mineral content can be indicated by the presence of POz ~ symmetric stretching

vibrational modes (phosphate group of HA), and the Raman intensity is proportional to
the mineralization content.

HR-SEM and EDS analysis

High-resolution scanning electron microscopy (HR-SEM) was used along with energy-
dispersive X-ray spectroscope (EDS) mapping to study the surface morphology of the ECM
deposition and mineralization on Si3Ng4 and other samples. All samples were coated with
silver using a sputter coater (CrC-100 sputter, Plasma Sciences Inc.) for imaging using an
Ultra HR-SEM (Hitachi S-4800 Il FE SEM, Hitachi). Working distance of 10 mm under 20
kV was used, and images were taken at different magnifications. EDS mapping of sample
surfaces was observed with an EDS detector connected with a Hitachi S-3000N Variable
Pressure SEM.

Alizarin Red staining

Alizarin Red S staining was performed on the sample surface after 60 days of cell

culture to detect calcium by forming Alizarin Red S—calcium complex by chelation. 2%
Alizarin Red solution (neutralized by 10% acetic acid and 10% ammonium hydroxide to
pH 4.1-4.3) was used to stain all samples for 15-30 minutes to be observed under the
microscope for red-orange staining of calcium. The samples were washed to remove excess
dye and dehydrated using acetone, and images were conducted using a digital microscope
(VHX-6000, Keyence).
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2.6| gRT-PCR analysis

Quantitative reverse transcriptase—polymerase chain reaction (QRT-PCR) was used to study
the gene expression of the MC3T3-E1 cells as previously described (Varanasi et al., 2009)
on the surface of silicon nitride as compared to PEEK and titanium alloy. The cells

were grown, seeded and differentiated using the previously established protocol above

for 1, 3, 7 and 14 days. Culture media were collected at each time point and stored

at —80°C for further evaluation. gRT-PCR was performed on all samples after days 1,3

and 7 using previously established protocol (Varanasi et al., 2009). Following cell lysing,
MRNA was extracted (RNeasy Mini Kit, Qiagen) and reverse-transcribed to cDNA (reverse
transcription System, Promega) based on the manufacturer’s guidelines. Samples were
tested for relative expression of runt-related transcription factor 2 (RUNX2, accession no.
NM_009820.2), transcription factor SP7 (SP7, accession no. AF184902.1), collagen type I,
alpha 2 (Colla2, accession no. NM_007743.2) and bone gamma carboxyglutamate protein
(BGLAP, accession no. NM_007541.3) using glyceraldehyde 3-phosphate dehydrogenase
(GAPDH, accession no. NM_008084.2) as the internal housekeeping gene. Quantification of
the relative gene expression was performed with delta—delta CT (A-A-CT) method.

2.7| ELISA

The cell culture media were collected at 1, 3, 7 and 14 days to evaluate the protein
expression of different samples. The concentration of osteocalcin was determined using an
enzyme-linked immunosorbent assay (ELISA) kit (ELISA, Alfa Aesar) per manufacturer
guidelines and previously described procedures (Varanasi et al., 2009). Samples were

thawed and pipetted into the well plate along with kit standards. The plate was incubated and
washed several times. Stop solution was added, and the optical density was measured using a
spectrophotometer at 450 nm.

2.8 | Statistical analysis

Statistical analysis was performed with SPSS (IBM Corporation) and Microsoft Excel
(Microsoft Corporation), and all data are represented as mean + SD. Mean “average” is an
important measure that incorporates the score from every participant in the research study,
while the standard deviation is one of the most used statistical measures to demonstrate

data variability. Thus, mean and standard deviation are best used when data are normally
and symmetrically distributed (Rodrigues et al., 2017). Paired #test and one-way analysis of
variance with post hoc Tukey’s test (between-group comparisons) were used, and the p value
was set to 0.05. * represents p < 0.05, ** represents p < 0.01, and ***represents p < 0.001.

3| RESULTS
3.1| FTIR and Raman spectroscopy

To identify the organic and inorganic components of the ECM environment on the surface
of each sample, FTIR analysis within 600-2000 cm™1 spectral range was performed. Figure
la—c represents the FTIR spectra of the samples seeded with MC3T3-E1 cells and cultured
in differentiation media for 30 days. Both SigN,4 and Ti6Al4V samples exhibited peaks
indicating the presence of collagen fibres and mineralization, while the PEEK sample did
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not exhibit any significant peaks for the ECM environment. The spectra indicated several
vibrational bands related to the ECM components such as ECM proteins (collagen) and P-O
bonds of POz ~ mineral ions on SigN4 and Ti6Al4V surfaces. The presence of ECM proteins
on SizN4 and Ti6AI4V surfaces is indicated by the presence of vibrational bands of amide |
(peak a at 1637 cm™1), amide 11 (peak b at 1532 cm™1) and amide 111 (peak c at 1228 cm™1).
The stretching P-O bond (peak d) of PO3 ~ at 1030 cm™1 confirmed the mineral formation of

“inorganic components of the ECM” on SigN,4 and Ti6Al4V surfaces, and the presence of a
single broad peak spanning by 900-1200 cm™~2, which indicated the formation of amorphous
calcium phosphate (ACP; Davies et al., 2017). After 60 days of in vitro cell culture, the
FTIR spectra revealed the presence of amides I, Il and Il and the vibrational bands for P-O
bond of POz~ ions on the surface of all samples (SizNg4, Ti6Al4V, and PEEK), indicated in

Figure 1d-f.

To gain more details about the composition of ECM and mineral formation on the samples
after 60 days of the in vitro cell culture study, Raman analyses were conducted on the

three different samples compared with the glass coverslip (GCS) as a control. Figure 2
shows the Raman spectra on the surface of each sample compared with the bare surface and
GCS. After analysing the Raman spectra for SigNyg, it is clear that SigNy4 surface displays
peaks for amide | (1665 cm™1), amide 111 (1255-1272 cm™2) of collagen and the four
vibrational modes of phosphate group (symmetric stretching vibration of POz ~ of HA) at
11:962 cm™L, 15:428 cm™1, 151044 cm™! and 14:589 cm~1. Additional functional groups
indicated by peaks included a carbonate peak at 1033 cm™1, collagen proline (853 cm™1)
and hydroxyproline at 872 cm™2, as well as CH, deformation of proteins at 1446 cm™1.
Spectra results for Ti6Al4V samples only confirmed the presence of amide | and amide I11
of collagen, 11 and v3 modes of phosphate and the CH, deformation peak. The GCS control

only displayed peaks for amide Il, v4 — Poﬁ ~ and CH, deformation peak, and PEEK only
showed the amide Il peak as indicated in Figure 2.

HR-SEM and EDS analysis

HR-SEM was used to capture the surface morphology and investigate the formation

of collagen fibres and mineral on the different samples. Figure 3 indicates the surface
morphology of the samples after 30 days of the in vitro study. From Figure 3a, it should

be noted that the SigN4 surface was completely covered with the collagen fibrils that turned
into collagen bundles as indicated by the arrows. Furthermore, mineral (ACP) deposition
was observed on the surface using high magnification imaging and confirmed the FTIR and
Raman results. HR-SEM images also confirmed the presence of collagen fibres and mineral
deposition on the surface of Ti6Al4V samples (Figure 3b). Although the high magnification
images indicated that collagen fibres started to form collagen bundles on Ti6Al4V, the
surface was not completely covered by the collagen fibres. Also, sparse deposition of ACP
was detected on the surface of Ti6AI4V samples. On the other hand, SEM images of the
PEEK samples revealed the presence of collagen fibrils, but no collagen bundles were
detected. Moreover, the PEEK surface was not completely covered by collagen fibres. The
poor ECM formations on the PEEK surfaces could be attributed to the low number of
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attached cells leading to low differentiation and poor ECM deposition. Figure 4 presents
the HR-SEM images at different magnifications for all samples to investigate the ECM
mineralization after 60 days of the in vitro study. A “flower-like” porous ACP structure
was deposited on SigN,4 and Ti6Al4V samples, covering the surfaces. Although mineral
deposition on Ti6Al4V surfaces covered a comparable area to SizNy4 deposition, the later
still has the highest coverage area as indicated in Figure 3a. After 60 days, PEEK sample
surfaces were covered with collagen bundles, while ACP deposition was sparse.

The energy-dispersive X-ray spectroscopy (EDS) mapping was used to determine the
surface morphology, composition and element distribution of the mineral deposition.
Regions of interest corresponding to ACP deposition were defined by mapping the surfaces
and detecting the Ca and P K edges. After 30 days of the in vitro study, only Ca and P
deposition was observed on the surface of SigN,4 samples as shown in Figure 5a. This could
be attributed to the high density of mineral deposition on the surface of SizN4 compared
with Ti6Al4V and PEEK samples. Figure 5b—d presents the EDS mapping of the samples
after 60 days which clearly identified the presence of mineral deposition on the surface of all
samples, with high-density deposition of Ca and P deposition on SigN,4 surfaces (Figure 5b).

3.3 | Alizarin Red staining

Alizarin Red S staining confirmed calcium deposition on the sample surfaces. Similar to

the SEM results, a deep red-orange stain was observed on Si3zN4 and Ti6Al4V indicating

extracellular calcium deposition, shown in Figure 6. Calcium deposition was observed on
PEEK surfaces but with less intensity.

3.4| gRT-PCR and ELISA

gRT-PCR results indicated significantly higher relative expression of collagen | on day 1
and day 3 of differentiation for titanium alloy and silicon nitride, shown in Figure 7a. There
was an almost fourfold increase in collagen | expression in silicon nitride samples compared
with glass coverslip after 3 days. RUNX2 expression (Figure 7b) was significantly enhanced
for Ti6AI4V at day 1, about threefold greater than RUNX2 expression in GCS samples,

but there was no significant difference in the silicon nitride and GCS samples, despite a
twofold increase compared with glass coverslip. There was a significant 2.5-fold increase in
RUNX2 expression in both Ti6Al4V and SizN4 samples after 3 and 7 days of differentiation
compared with PEEK and glass coverslip. Graph 7 (c) shows the expression of Osterix
determined (SP7) by qRT-PCR. There was a significant twofold increase in SP7 expression
for Ti6AI4V and SizN,4 samples as compared to glass coverslip and PEEK. Osteocalcin
(OCN) concentration, determined by ELISA, was significantly enhanced after 3 days of
differentiation, and relatively increased after 7 days of culture for both Ti6AI4V and Si3Ny4
as shown in graph 7 (d). All gene expression data, and the ECM and mineralization analysis
results are summarized as shown in Table 1.

4| DISCUSSION

Recent studies of silicon nitride have characterized its properties for protein adsorption,
antimicrobial and osseointegration (Pezzotti, et al., 2017; Pezzotti, et al., 2017; Webster et
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al., 2012). These properties may be useful for orthopaedic and craniofacial applications.
In this study, we evaluated the osteoconductive nature of the silicon nitride as opposed to
titanium and PEEK. We found evidence of ECM deposition and mineral formation on all
three different surfaces, that is SigNg4, Ti6Al4V and PEEK after 30 and 60 days of in vitro
study. It was noted that the relatively high densities of ECM and minerals were formed on
the silicon nitride samples, confirmed by HR-SEM. Also, SigNy4 surfaces were completely
covered by collagen bundles and ACP particles, while slightly lower ECM coverage and
minimal ACP deposition were observed on Ti6Al4V and PEEK surfaces. Bare Ti6AI4V
and PEEK surfaces were observed in multiple SEM images. FTIR and Raman spectroscopy
supported SEM findings, revealing enhanced mineral deposition and extracellular matrix
formation on the surfaces of SigN4 surfaces compared with Ti6Al4V and PEEK.

FTIR analysis revealed the presence of vibrational bands and P-O stretching typically
exhibited by ECM proteins based on previously described literature (Davies et al., 2017;
Megat Abdul Wahab et al., 2017ahab et al., 2017). A significant single broad peak spanning
900-1200 cm™ (P-O peak) (refers to the formation of amorphous calcium phosphate (ACP;
Davies et al., 2017)) was observed, indicating the formation of either calcium phosphate or
hydroxyapatite on the surface of SisN,4 and Ti6Al4V after just 30 days of in vitro study.

It is important to note that the intensity of the P-O peak was relatively higher for SigN4
surfaces compared with Ti6Al4V surfaces as shown in Figure 1a,b indicating increased
mineral content on SigN4 surfaces compared with Ti6AI4V surfaces, which is confirmed by
SEM findings. On the other hand, PEEK samples did not show any peaks related to ECM
environment after 30 days as indicated in Figure 1c. The absence of collagen and/or mineral
formation on the PEEK surfaces could be attributed to the low surface energy, hydrophobic
nature and surface smoothness, leading to low protein adsorption and less cell attachment,
resulting in little to no collagen or mineral deposition (Kurtz & Devine, 2007; Pelletier et al.,
2016; Torstrick et al., 2017; Tsougeni et al., 2009). After 60 days of culture, FTIR results
indicated the presence of ECM and mineral on all three sample surfaces (SigNg, Ti6AI4V

and PEEK) as seen in Figure 1d—f. The intensity of amides and POz ~ peaks at 60 days
increased relative to peak intensity at 30 days for SigN4 and Ti6AI4V surfaces. Additionally,

a shift in amide 1 peak position, represented by two closed peaks at 1659 and 1628 cm™1,
could be attributed to the presence of collagen/Ca2* structure (Zhang et al., 2003).

Interestingly, significant peaks for ECM and mineral content observed in the Raman spectra
for SigN,4 surfaces were similar to previously established peaks found in the spectra of
actual bone (Buchwald et al., 2012; Draper et al., 2005; llyas et al., 2016). The intensity

of vi — Poﬁ ~ peak accounts for the mineral content, and the full width at half maximum
(FWHM) of that peak is proportional to the maturity of the crystals, representing the c-axis
length (llyas et al., 2016). Thus, it is very important to note that the PO; ~ peak intensity

was greater for SigN4 surfaces compared with Ti6Al4V surfaces. Also, FWHM was greater
for SigN4 compared with Ti6Al4V, confirming the formation of mature mineral crystals on
the SigN,4 sample surface. The enhanced ECM and mineral formation on the silicon nitride
surface can be attributed to its surface bioactivity and higher surface energy resulting in
rapid and dense ECM and HA formation compared with the Ti6Al4V surface as reported.
On the other hand, the spectra for PEEK samples only revealed peaks for amide 11, and
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the spectra for GCS samples displayed peaks for amide Il, CH, deformation and a broad
peak for v4 — Poi ~, which can be attributed to the bioinertness and hydrophobic properties

of these surfaces. The results of FTIR and Raman Spectroscopy suggest increased mineral
deposition and dense extracellular matrix formation on SizN,4 surfaces, possibly due to
enhanced MC3T3-EL1 pre-osteoblast cell growth and differentiation.

EDS results confirmed the presence of Ca and P deposition on the surface of each sample
that were previously indicated by the SEM images, FTIR and Raman spectroscopy. It is
important to note the regions of high Ca and P deposition density compared with the main
element’s distribution of the sample. For example, on the SisN,4 sample, the increased
density deposition of Ca and P slightly shield the SigNy4 surface, resulting in decreased
displayed Si density in these regions.

To visualize the calcium mineral deposition on material surfaces, Alizarin Red staining
was performed. SEM results, indicating that ECM and mineral formation are delayed on
Ti6Al4V and PEEK surfaces compared with SizN4 due to high-density surface coverage of
the ECM on Si3Ny4 surfaces, were confirmed by Alizarin Red staining. Low surface energy
and lack of surface functional groups that act as precursors for collagenous ECM formation
are likely main reasons for poor ECM deposition on Ti6Al4V and PEEK (Pelletier et al.,
2016; Tsou et al., 2015; Tsougeni et al., 2009). On the contrary, increased cell attachment,
growth, and proliferation and promotion of collagenous biomineral deposition observed on
SizNy surfaces can be attributed to its hydrophilic nature, high surface energy and presence
of Si-O and Si-N surface bonding (Deng et al., 2015; Gorth et al., 2012).

Type 1 collagen is the most abundant extracellular matrix protein in bone and provides
structural support, making it important for differentiation and organization of the bony
tissues. Increased expression of collagen I induced by silicon nitride signifies osteoblastic
induction of collagen synthesis in the extracellular matrix. a2p1 integrin mediator binds the
collagenous matrix to the osteogenic cell membrane, which induces the mitogen-activated
protein kinases (MAPK; Xiao et al., 2002). These kinases phosphorylate and activate
RUNX2 and OSX, bone-specific transcription factors important for bone formation and
mineralization (Artigas et al., 2014; Xiao et al., 2002). These transcription factors bind to
the promoter regions of certain downstream genes such as osteocalcin, often used as a serum
marker to detect osteoblastic activity and bone formation due to its role in osteoblastic
maturation and hydroxyapatite nucleation (Xiao et al., 2002; Zoch et al., 2016). Previous
studies have shown that osteocalcin acts like a bridge between the bone matrix proteins

and mineralization in the process of bone formation (Hauschka & Carr, 1982; Hoang et al.,
2003; Ritter et al., 1992).

While the use of porous ceramic materials (i.e. SigNy) in osseointegration applications

is beneficial due to unique surface properties, some limitations could be arising due to
the use of solid body ceramics for CMF applications. One of the main challenges is the
lack of tensile strength to give the fixative plate some flexure when fixated into curved
bony structures. Therefore, bulk ceramic or polymeric materials with low tensile strength
(i.e. SizN4 ~350-400 MPa, and PEEK ~100-110 MPa) are not optimal for load bearing
applications compared with tensile materials such as Ti-alloys (~920-980 MPa; Bal &
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Rahaman, 2012). The benefits of SizN4 surfaces relative to Ti6Al4V or PEEK in conjunction
with limitations in tensile strength imply that SisN4 may serve as a better coating material
as opposed to a full body ceramic implanted into the bone. In this direction, we investigated
SigNy and silicon oxynitride (SiOxNy) thin film coatings deposited using low-temperature
plasma-enhanced chemical vapour deposition (PECVD) techniques (Ahuja et al., 2020;
AWAD et al., 2020; Awad, et al., 2019; Monte et al., 2019). Currently, studies on the

use of silicon oxynitride coatings, which have demonstrated superior osteogenic properties
compared with the materials studied here, are underway (Ahuja et al., 2020; AWAD et al.,
2020; Awad, et al., 2019; llyas et al., 2015; Varanasi et al., 2017). Using these coatings,

we can bring the unique surface properties of SigN4 and SiOxNy, to the inert surface

of reconstructive fixative materials (e.g. titanium plates). Furthermore, other biologically
important elements such as phosphorus can be incorporated in the coatings for optimal
biological activity (Monte et al., 2019), potentially aiding in the conduction of new bone

on these fixative implant surfaces. Thus, the future research will focus on studying the
viability of the amorphous SiONx/SiONPx-PECVD thin films as potential coatings for Ti
and bioinert implant materials for enhanced osseointegration and rapid bone regeneration.

5| CONCLUSION

In the current study, we report that silicon nitride surface has comparable mineralized tissue
formation via extracellular matrix deposition and bone biomarker expression, in mouse
calvarial preosteoblasts cells, to Ti6Al4V surface activity and superior to PEEK surface
activity. The results revealed that there was ECM deposition and mineralization on silicon
nitride surfaces. The FTIR, Raman spectroscopy and HR-SEM imaging results indicate
formation of collagen and mineral deposition after 30 days on silicon nitride and titanium
surfaces, but not PEEK surfaces, and the peaks displayed by the Raman spectra for silicon
nitride resemble natural biomineral. Results from gRT-PCR assay and ELISA included the
upregulation of osteogenic transcription factors such as RUNX2, SP7, collagen type | and
osteocalcin. While these results indicate that there are some advantages to the use of silicon
nitride surfaces over Ti6Al4V and PEEK, they are counterbalanced by challenges associated
with full body ceramics. We recommend investigation into the crystalline or amorphous
form of silicon nitride as a coating for Ti6Al4V or PEEK for possible CMF applications.
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showing the matrix deposition of MC3T3-EL1 cells cultured in differentiating media for 30
days (a-c) and 60 days (de) of in vitro study. Peaks indicator (a—amide I, b—amide II,
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FIGURE 3.
HR-SEM images at different magnification for (a) Si3N4, (b) Ti6Al4V, and ¢) PEEK

samples showing the matrix deposition after 30 days of the in vitro study.
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FIGURE 4.
HR-SEM images at different magnification for (a) Si3N4, (b) Ti6AI4V, and (c) PEEK

samples showing the matrix deposition after 60 days of the in vitro study.
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FIGURE 5.
(a) EDS mapping of Si3N4 sample showing the matrix deposition after 30 days of in vitro

study, (b-d) EDS mapping of (b) Si3N4, (c) Ti6Al4V, and (d) PEEK sample showing the
matrix deposition after 60 days of the in vitro study.
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100 pm

FIGURE 6.
Alizarin red staining for calcium deposition on the surfaces a) Silicon Nitride, b) Titanium

alloy, and c) PEEK.
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gRT-PCR results show the gene expression of (a) collagen I, (b) RUNX2, and (c) Osterix at
1, 3, and 7 days. (d) Osteocalcin (OCN) measured by ELISA.
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