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Abstract

The bioactive silicon nitride (SigN4) has been FDA cleared for use as spinal intervertebral
arthrodesis devices. Because its surface properties promote bone ongrowth and ingrowth, it

also has the potential to benefit craniofacial reconstruction. Thus, the aim of this work was to
determine whether the surface properties of SigN4 could enhance the osteoblast cell growth,
differentiation and nucleation of hydroxyapatite (HA) crystals compared to conventional implant
materials such as titanium (Ti) and polyether ether ketone (PEEK). X-ray absorbance near-edge
structure analysis (XANES) indicated the presence of Si-Si, Si-O and Si-N bonding. Surface
wettability studies confirmed that SigN4 exhibits the lowest contact angle and highest surface
energy. Cell culture studies showed that osteoblast growth was enhanced on SizN4 after 1 day and
up to 7 days. SizN4 surface induced highest surface coverage and thickness of nanocrystalline HA
(211) and (203) in cell-free in vitro studies after 7 days of culture. Raman spectroscopy analysis
confirmed the presence of surface functional groups consisting of phosphate and carbonate
species. Interestingly, SisN4 surface showed amide and hydroxyproline groups, the precursors

to collagen, which were not observed on Ti and PEEK surfaces. Furthermore, SigN4 surface
indicated high expression of RUNX2, enhanced cell differentiation and dense collagenous ECM
after 30 days of the in vitro study. The present study concluded that SizN4 surface enhances
osteoprogenitor cell adhesion, growth, RUNX2 expression and ECM formation via the coupled
effects of higher surface energy and the presence of amide and nanocrystalline HA functional
groups.
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INTRODUCTION

Nearly 600,000 bone grafting procedures are performed in the United States and 4 million
globally every year at a cost of approximately $2.3 billion annually; this healthcare burden
is projected to reach $3.4 billion in 2023 (Transparency Market Research, 2016). Of greater
concern is that the number of these procedures is estimated to rise 400% by 2050 as a result
of increases in both population and life expectancy (National Center for Health Statistics,
2006). Craniofacial reconstructive procedures are often required for facial trauma, tumour
resection, for congenital and birth defects. These reconstructive procedures require the

use of implants made of autologous and heterologous bone grafts, or abiotic biomaterials.
Autograft, allograft and some biomaterials provide good biomimetic properties whereas
others, like titanium, have higher primary tear resistance (Zanotti et al., 2016). The use of
autologous bone grafts for repair and regeneration of critical-sized defects (CSD) is not
feasible and difficult due to the 3-dimensional complexity of structures, limited secondary
site volumes along with donor site comorbidities. Bioceramics such as hydroxyapatite (HA)
are used clinically for bone repair and reconstruction, and their ability to promote bone
integration by rapid cellular proliferation makes them suitable for limited reconstruction
(Dorozhkin, 2015). However, HA's fragile nature, lack of osteosynthesis capacity (Itoh et
al., 2002), risk of secondary infections (Laure et al., 2008) (especially in frontal sinus,
orbital and paranasal regions) and lack of long-term stability make it unfavourable for long-
term craniofacial implants (Itoh et al., 2002; Lazarinis et al., 2017). Multiple studies have
documented poor healing of CSD traumatic fractures for patients receiving standard-of-care
medical treatments. Large gaps of missing bone in CSDs require fixative implants to provide
structure and strength for load-bearing applications (Turk et al., 2004). Consequently,
various implant materials such as PEEK and Ti are widely employed for craniofacial
reconstruction.

Polyether ether ketone is used in a number of orthopaedic applications including trauma,
arthroplasty and spinal fusion because of its biocompatibility, inert nature and low elastic
modulus (Kurtz & Devine, 2007). PEEK's modulus is designed to mimic bone, and
therefore, it minimizes stress shielding when compared to Ti (Rao, Pelletier, Walsh, &
Mobbs, 2014; Steinberg et al., 2013). Yet, PEEK's fundamental flaw is its lack of bioactivity
which precludes any adequate biological or mechanical integration with bone. Its low
surface energy, smoothness and poor wettability limit osteoblastic differentiation and bone
regeneration when compared to Ti (Olivares Navarrete et al., (2012); Pelletier et al., 2016).
Surface modifications and coatings (e.g., HA and tri-calcium phosphate [B-TCP]), as well as
plasma treatments, help facilitate cell adhesion, differentiation and overall integration with
bone (Kurtz & Devine, 2007; Webster, Patel, Rahaman, & Sonny Bal, 2012). These coatings
increase surface bioactivity but at the expense of reduced strength, particularly in the case of
HA (Abu Bakar et al., 2003; Petrovic et al., 2006), and reduced cellular growth for g-TCP
(Petrovic et al., 2006). These types of coatings show low bonding to PEEK, leading to poor
interfacial interaction and delamination (Abu Bakar et al., 2003). Although they are still
under development, coated PEEK is less than ideal as a fixative implant material.

Titanium and its alloys are biocompatible and have an inherent ability to osteointegration.
They have been widely used in orthopaedic, dental, skeletal and craniofacial reconstruction
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for many decades (Dabrowski, Swieszkowski, Godlinski, & Kurzydlowski, 2010; Webster
et al., 2012). Calcium phosphate coatings on Ti surfaces help increase its bioactivity and
osteointegration (Kulkarni Aranya et al., 2017; Lee et al., 2016). However, complications,
such as post-implant fractures due to stress shielding, aseptic loosening (Jokstad, 2004;
Maclnnes, Gordon, & Wilkinson, 2012), poor long-term stability, absence of antioxidant
effects (Iwai-Yoshida et al., 2012) and prolonged healing, remain as critical issues. To
improve outcomes of fracture repairs using Ti implants, HA coatings have been attempted
(Jones, Saigusa, Sickels, Tiner, & Gardner, 1997; Teraoka et al., 2000). However, these
coatings proved to be unsatisfactory due to the thermal expansion mismatch at the Ti-HA
interface (Hayashi, Matsuguchi, Uenoyama, Kanemaru, & Sugioka, 1989; Klein, Patka,
Lubbe, Wolke, & Groot, 1991), the poor quality of HA formed by plasma spraying (Chou &
Chang, 1999; Filiaggi, Pilliar, & Coombs, 1993) and poor long-term stability. Bioglass®, an
alternative to HA, is also a mechanically weak biomaterial (Braem et al., 2012; Lusquifios
et al., 2014). It similarly exhibits cracking at the Ti-glass interface due to its brittleness and
thermal expansion mismatch (Bloyer et al., 1999). Additionally, composite coatings, based
on HA and Bioglass®, demonstrated immature bone healing and fibrous tissue attachment
after 12-week in vivo (Oirschot et al., 2014). Although MgO or Ny-annealing reduced their
thermal expansion mismatch and interfacial adhesion (Gomez Vega, Saiz, Tomsia, Marshall,
& Marshall, 2000; Oku et al., 2001), these glasses and composites had reduced bioactivity
due to the release of Mg2* ions that down-regulated osteogenic markers (Saffarian Tousi

et al., 2013). Antibiotics (Zhao, Chu, Zhang, & Wu, 2009) and coatings such as silver
(Song, Ryu, & Hong, 2009), zinc (Chou, LeGeros, Chen, & Li, 2007), copper (Zhao

et al., 2009) and fluoride (Liu et al., 2008) have been used to incorporate antibacterial
effects on Ti surfaces to overcome secondary infections (Kulkarni Aranya et al., 2017).

Yet, antibacterial coatings do not induce a more rapid osteoblast and bone growth response,
which is needed for long-term osteointegration. Overall, the use of monolithic or coated
PEEK and Ti implants for craniofacial reconstruction and orthopaedic applications is still
less than optimal for bone healing. Therefore, using an implant material with a surface that
induces rapid osteoprogenitor growth is desirable.

Silicon nitride (SigNy) is a novel biomaterial that has shown improved cyto-compatibility
and biomineralization versus traditional hydroxyapatite (Pezzotti, McEntire, Bock, Boffelli,
et al., 2016; Pezzotti, McEntire, Bock, Zhu, et al., 2016). It was cleared by the FDA

for use in spinal fusion procedures in 2008 and serves as intervertebral spacers for
stabilization of cervical and thoracolumbar spine. Studies have also been conducted on

the development of SigNy4 for reconstructive applications (McEntire et al., 2016). SigNg
ceramics have high strength and fracture toughness, inherent phase stability, high wear
resistance, low coefficients of friction, hydrophilicity and biocompatibility (Pezzotti et al.,
2017). These traits make it a material of interest for craniofacial and dental applications (Bal
& Rahaman, 2012; Mazzocchi, Bellosi, & On, 2008). Studies have also shown that SigNy4
is anti-infective and enhances osteogenic differentiation of mesenchymal and osteoblast
cells when compared to Ti and PEEK (Bal & Rahaman, 2012; Bock et al., 2017; Gorth

et al., 2012; Pezzotti, McEntire, Bock, Zhu, et al., 2016; Webster et al., 2012). Chemical
modifications to the surface of SigN4 enhanced its biomineralization relative to HA and
other competitive biomaterials (Bock, 2018). This was attributed to many factors, including
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its surface chemistry, hydrophilicity and its strong electronegative surface sites, which
promoted cell attachment and migration when compared to HA, Ti or PEEK (Bock et

al., 2015; Pezzotti et al., 2017; Pezzotti, McEntire, Bock, Zhu, et al.,2016). Based on prior
work with amorphous silicon nitride (Ilyas, Lavrik, Kim, Aswath, & Varanasi, 2015), the
presence of surface nitrogen induces the formation of N-H moieties that act as precursors to
the amide groups present in collagenous extracellular matrix (ECM). These moieties (e.g.,
Si-N or N-H bonding) in amorphous silicon nitride (index of refraction = 2.02) elevated
specific expression of runt-related transcription factor 2 (RUNX2), a key transcription
factor involved in rapid regeneration of new bone, by nearly 2.5-fold versus control-treated
samples (llyas et al., 2016). This study will seek to determine whether such functional group
formation occurs on monolithic ceramic surfaces and if such functional groups enhance
osteogenic responses by osteoblasts in this study.

Thus, it is hypothesized that SigN4 enhances osteoprogenitor cell adhesion, growth, RUNX2
expression and ECM deposition via higher surface energy and the presence of amide
surface functional groups. The aim of this study was to correlate osteoprogenitor adhesion,
growth and differentiation to surface roughness, surface energy and surface functional
group formation in order to identify differences in the osteogenic potential of each implant
material.

MATERIALS AND METHODS
Study design

The surface properties (roughness, energy and functional groups) of each material before
and after cell-free in vitro immersion were analysed at the Center for Characterization of
Materials and Biology at the University of Texas at Arlington (CCMB, UTA). Methods
used to determine surface roughness included atomic force microscopy (AFM), contact and
non-contact surface profilometry. Contact angles of two different liquids were measured
using sessile drop methods; the collected data were used for the surface energy calculations.
In vitro cell-free study using alpha minimum essential medium (a-MEM) was conducted

to study biomineral formation on the surface. All samples were immersed in a-MEM and
incubated at 37°C in a humidified 5% carbon dioxide (CO,) atmosphere for 1, 4, and 7
days. Surface functional group formation and biomineral characterization were investigated
using Raman spectroscopy, Fourier transform infrared spectroscopy (FT-IR) analysis, high-
resolution scanning electron microscopy (HR-SEM) and electron dispersive spectroscopy
(EDX/EDS). FT-IR and Raman spectroscopy are particularly unique in that these methods
can easily obtain the structural groups that represent collagen type | on non-transparent
surfaces. Histological evaluation for collagen requires a transparent light path through the
material and polarized light microscopy to image the collagen fibres. The samples studied in
this work are non-transparent; thus, FT-IR was chosen to chemically identify collagen type |
and SEM was used to image the fibre bundles of collagen.

Unique in vitro cell culture testing was conducted using murine calvaria osteoblast cells
(MC3T3-E1) seeded onto each material's surface. Imaging of adherent cells and cell

growth measurements were conducted using SEM and cell proliferation assays, respectively.
Statistical evaluation of the surface property data and in vitro results was used to determine
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significant differences between groups. These statistical analyses were conducted via
analysis of variance (ANOVA) using the general linearized model in SPSS (SPSS software;
IBM Corporation). A post hoc Tukey's analysis was used to determine statistical significance
between each group. Statistical significance was signified by the following convention: *p <
0.05, **p < 0.01 and ***p < 0.001.

Sample preparation

Silicon nitride (Si3Ng4) samples were commercially purchased (Amedica Corporation).
(Pezzotti, McEntire, Bock, Boffelli, et al., 2016). This bioceramic has a nominal
composition of 90 weight % (wt.%) SigN4, 6 wt.% yttrium oxide (yttria, Y,0O3) and 4 wt.%
aluminium oxide (alumina, Al,03). The Y,03 and Al,O3 serve as densification additives.
From this composition, a quantity of disc samples (@12.7 x 2.5 mm) was prepared for
characterization and biological testing. They were separated into two groups—as-fired and
polished. The as-fired samples had no post-densification treatments whereas the polished
samples were abrasively lapped to a near-mirror finish. Dimensionally identical samples
were also prepared from PEEK (ASTM D6262, Ketron® PEEK 1000; Quadrant EPP

USA, Inc.; distributed by McMaster-Carr,) and a titanium alloy (ASTM F136, Ti6A4V-EL I,
distributed by Vincent Metals). The Ti and PEEK samples were also produced in two groups
—as-machined and polished—using 600 grit and 2000 grit abrasive lapping, respectively.
All samples were prepared at two different levels of roughness in an effort to examine each
material's surface morphology with respect to in vitro osteoblast cell adhesion and growth.
All samples were cleaned prior to all characterizations. Samples were immersed in 100%
ethanol and ultrasonicated for 5 min to remove any possible surface debris. After sonication,
samples were allowed to dry and the quick drying of ethanol leads to clean surface before
any characterization. Prior to the in vitro studies, samples were gas sterilized using ethylene
oxide for 12 hr and then vacuum desiccated for 24 hr to remove residual absorbed ethylene
oxide gas. Surface cleaning and sterilization were conducted at standard temperature and
pressure (i.e., 25°C and 1 bar).

Sample characterization

A XANES study was used to determine the type of bonding that exists within the constituent
surface elements of silicon nitride. The theory of XANES methodology can be found in
Koningsberger and Roelof (1988). In this study, evaluations of the Si L- edge and Y M-edge
were conducted at the National Synchrotron Light Source facility (Canadian Light Source,
CLS, University of Saskatchewan, Saskatoon, Saskatchewan, Canada). Details of the beam
energy for each studied element are given in previous publications (llyas et al., 2015,

2016; Varanasi et al., 2017) and in the Results section below. XANES analysis was used

to determine the presence of Si-O, Si-N and Si-Si bonds and how the presence of Yttrium
affects these coordination structures.

Three instruments were utilized in assessing the morphological surface features of the
samples including atomic force microscopy (AFM, Park XE 70; Park Systems), a contact
stylus surface profiler (Alpha Step 1Q; KLA Tencor Corporation) and an optical profilometer
(NPFLEX; Bruker). The stylus-based surface profiler analysed thin-step heights, surface
micro-roughness and overall form error while providing sufficient vertical range for
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large topographical variations. The optical profilometer performed analyses over a larger
surface area via non-contact mapping in three dimensions. It captured surface topography
images and provided estimates of the different surface roughness parameters that were
representative of the entire sample. The optical profilometer overcame some of the
limitations imposed by small area analyses using AFM, and features that are smaller than the
stylus tip diameter of the contact profiler.

The contact angles of deionized water and diiodomethane (>99% purity; Sigma-Aldrich)

on the sample's surfaces were determined using sessile drop techniques. The images were
captured using a high-speed camera (WATEC, high resolution, NAVITAR lens) synced to
FTA32 software (First Ten Angstroms Inc). For each material, three samples were tested
with 9 repetitive drops of DI water and diiodomethane at 25°C. Surface tensions, (1Y),
including polar (M) and dispersive (5P) components, for water and diiodomethane were
72.8,21.8, and 51.0 mJ/m2 and 50.8, 50.4, and 0.4 mJ/m?, respectively (Amaral, Lopes,
Santos, & Silva, 2002; Varanasi et al., 2017). The surface energy of each sample was
calculated using the Owens—Wendt—Kaelble equation as described in prior work (Varanasi et
al., 2017).

Each material was imaged for their respective surface morphology using an Ultra HR-SEM
(Hitachi S-4800 Il FE SEM; Hitachi). Prior to imaging, PEEK and Si3N4 samples were
sputter-coated with conductive silver (CrC-100 sputter, Plasma Sciences Inc.). Images were
acquired at a working distance 10 mm under 20 kV and at different magnifications. EDS
mapping of sample surfaces after 7 days of immersion in a-MEM was observed with an
energy-dispersive X-ray spectroscope (EDS) detector connected with a Hitachi S-3000N
Variable Pressure SEM.

FT-IR and Raman spectroscopy were used to characterize mineral formation on the surface
of all samples. These samples were immersed in a-MEM for 7 days. Thermo Nicolet 6700
FT-IR Spectrometer (Thermo Electron Corporation) equipped with a smart attenuated total
reflectance (ATR) accessory was used to collect the FT-IR absorbance spectra over the range
of 4,000-500 cm™1, with an aperture 150, 128 scans and resolution of 4 cm~1. Raman
spectroscopy (DXR; Thermo Scientific Waltham) with a 780 nm excitation laser at 100

mW, 10x objective and a 50 pm slit was used for all samples except for PEEK, which
needed a different set-up (1 mW, 10x objective and a 25 um pinhole). The samples were
photo-bleached for 4 min prior to spectra collection, and a 10-s exposure time was used.
Thirty-two spectra per location were recorded between 400 and 2000 cm™1.

X-ray diffraction was used to investigate HA formation on sample surfaces after 7 days of
immersion in a-MEM. A Siemens D500 XRD system was used to collect scans using Cu
Ka radiation (1 = 1.5418 A) at room temperature. Data were recorded over the 26 range of
20 — 80° with a 0.04° step size and a dwell time of 1.5 s.

In vitro studies

Murine calvarial MC3T3-E1 osteoblast cells (American Type Cell Culture Inc.) were
cultured in 75-sq. cm flasks (Corning Life Sciences Inc.) using a-MEM supplemented
with 10% foetal bovine serum (FBS) and 1% penicillin/ streptomycin (pen-strep) until
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75%-90% confluence. These cells were used below passage 29 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-well plates and seeded with 10° MC3T3-E1 cells. All well plates used in this study were
standard tissue culture plastic that was vacuum gas treated (Corning Life Sciences Inc.). The
cell proliferation study was performed on both polished (2000 grit) and as-fired/as-machined
samples (600 grit) to compare the cellular proliferation on both types of surface roughness.
The in vitro studies for cellular differentiation and the gene expression were performed on
as-machined samples for clinical relevance.

Cellular adhesion was studied by culturing cells on sample surfaces for 24 hr (Sista, Wen,
Hodgson, & Pande, 2013). Since MC3T3-E1.4 cells have a doubling time at 36 hr, it is well
accepted to investigate cell adhesion within 24 hr after cell seeding onto biomaterial surface
such that colonies of cells can be easily viewed using various microscopy techniques. At

the end of the experiment, the samples were washed in PBS twice to remove non-adherent
cells. All samples were then removed from culture plates and transferred to fresh well
plates. The samples were fixed using 2% glutaraldehyde (Sigma Inc.) for 1 hr. 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. Cells were then imaged via SEM at various magnifications.

For cell proliferation studies, cells were cultured in a similar manner as adhesion study
except for incubation periods of 1, 4 and 7 days. Samples were washed in PBS to remove
non-adherent cells. Samples were removed from the incubation plates and transferred to
fresh well plates with MTS reagent diluted with a-MEM (20% MTS reagent of total volume
of MEM).

Samples were evaluated for cellular proliferation by an MTS Cell Proliferation Assay kit
(MTS Aqueous One Assay; Promega Inc.). The MTS assay is a colorimetric method for
determining the number of viable cells on sample surfaces. It determines the amount

of formazan produced from the mitochondria of viable cells given the MTS reagent
(tetrazolium reagent) (Coussens et al., 2004). The formazan dye transforms the colour of
the culture media from a yellow (low cell density) to purple colour (high cell density).

The colour of the solution was measured using a spectrophotometer (Spectromax Plus;
Spectromax Inc.) at 540 nm. The measured optical density of the solution was converted to
cell density using a calibration curve of cell density versus optical density.

RUNX2 was chosen for this study due to its vital role in stimulating osteoblast
differentiation. It is stimulated when cells are exposed to ascorbic acid to induce osteoblast
differentiation. Thus, to study the effect of these material surfaces on the expression of
RUNX2, MC3T3-EL1 cells were seeded on the different sample surfaces as described

above. The cells were seeded and treated for 30 days with an ascorbic acid enriched

medium (50 ug/ml ascorbic acid in a-MEM supplemented with 10% FBS and 1% penicillin/
streptomycin) to induce cell differentiation. After 3 days of culture on the control surface
(coverslip) and test samples, quantitative reverse transcriptase polymerase chain reaction
(gRT-PCR) was performed as previously described (Varanasi, Saiz, et al., 2009). Briefly,
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cells were lysed, RNA extracted (RNeasy Mini kit; Qiagen) and converted to cDNA
(Reverse Transcription System; Promega) using manufacturer guidelines. Samples were
tested for runt-related transcription factor 2 (RUNX2, accession no. NM_009820.2) using
glyceraldehyde 3-phosphate dehydrogenase (GAPDH, accession no. NM_008084.2) as
internal housekeeping gene. Quantification of the relative gene expression was conducted
using delta — delta CT (A — A-CT) method.

Scanning electron microscopy can provide insight into the ECM environment and the
collagen fibres by the examination of tissue morphology. Also, EDX/EDS surface mapping
can investigate the mineral deposition and detect Ca and P formation. Thus, SEM and
EDX/EDS mapping were performed after 30 days of culture in differentiation media to
investigate any collagen fibres, Ca or P deposition on the surface.

RESULTS

Figure 1 represents the XANES measurements of silicon nitride's surface chemical
coordination. The fluorescence signal (FY) data for Si L2, 3 edge (Figure 1a) represent

the absorption energy of the p core—shell electrons for Si. Peaks a and b at 105.7 and

106.3 represent 2p spin-orbital splitting, which was described previously (Ilyas et al., 2015;
Varanasi et al., 2017). These were observed in a shifted state in the as-fired and polished
samples possibly indicating a change in the near-surface bonding of the Si atom. Transition
of 2p to 3s/3d orbitals was observed at peak ¢ near 108.1eV. Resonance peaks were observed
in the post-edge data for SigN,4 samples but not seen in SigN4 model compound data. This
could indicate a shape change in the orbital (Bunker, 1984; Martin et al., 1995). Finally, the
pre-edge peak at 104.5 + 0.2 eV is the distinguishing peak between SizNy4 type bonding and
SiO, type bonding. The pre-edge shoulder at this energy signifies the presence of Si-O and
Si-N bonding. These results therefore confirm the formation of a silicon oxynitride surface
with a random mixing of Si-O and Si-N bonding.

Given in Figure 1b is the total electron yield (TY) and fluorescence signal (FY) data for
yttrium M-edge which represents the absorption of d electrons. Peaks a and b represent
3ds/» and 3dy; orbital activity. They are 2eV apart and are expected to occur at 155.7 and
157.7 eV, respectively (Poole, 2017). Their resonance feature was observed ata” and b”.
The silicon nitride samples showed peaks a and b shifted to higher energies at 163.7 and
164.7 eV with just 1 eV difference between them. The peak at 156.5 is likely due to N

1-s peak resonance in the Y spectrum energy range. These shifts may have occurred due

to a change in bonding or electrical coordination of elemental yttrium from its pure state
as yttrium oxide to its combination with SigN,4. These results therefore indicate the shift in
binding energy for electrons on the surface, which contributes to the overall surface energy.

Surface roughness parameters collected from the three different measurement techniques
are shown in Table 1. It is important to note that these different measurement methods
confirmed that polished silicon nitride samples had the lowest roughness parameters
compared to the other samples. Results from both AFM (Figure 2) and optical profilometry
showed that the PEEK 600 grit samples had the highest /, and /&y values. While the

stylus profilometer was effective in measuring general surface parameters, the AFM and
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optical profilometer provided detailed three-dimensional characterization of each sample's
morphological features as shown in Figure 2. Thus, the average roughness according to the
AFM and optical profilometer from highest to lowest was PEEK 600 grit > SigNy4 as-fired >
PEEK 2000 grit > Ti6Al4V 600 grit > Ti6Al4V 2000 grit > SigN4 polished. Both analyses
confirmed the large difference in the surface topography between the as-fired and polished
SizNy, Ti6AI4V 600 grit and 2000 grit, and PEEK 600 and 2000 grit. As-fired SizN,4 showed
a rougher and more granular surface whereas an even, non-granular surface was found for
polished SigNjy.

Figure 3 provides the static water contact angles for each tested surface. Figure 4a shows

the variation in contact angles on the sample surfaces with water and diiodomethane. Figure
4b presents the calculated surface energies () broken into polar y, and dispersive yy
components for each tested sample. It was observed that the magnitude of contact angle
decreased as the surface roughness of the sample decreased. This was exemplified by
comparing the contact angles for the as-fired silicon nitride (6 = 65.13°, £, = 309.27 nm)
and polished silicon nitride (6 = 55.31°, R, = 9.32 nm). A similar result was observed for
the Ti and PEEK samples. The effect of surface polishing reduced the prominence of peaks
and valleys. This minimized entrapped air at the liquid—solid interface, thereby reducing the
contact angle (Cassie, 1948). Figure 4c shows deionized water contact angles for all samples
before and after immersion for 1, 4 and 7 days in a-MEM. The contact angles of all samples
significantly decreased within the first day. Remarkably, the contact angles for the as-fired
and polished SizN,4 samples decreased from 65.13° + 2.9° and 58.50° + 1.7° to 7.31° + 4.1°
and 7.05° £ 3.15°, respectively, during the first day and then gradually decreased to 0° and
2.89° after 7 days. Statistical analyses confirmed a significant decrease in the contact angle
at 1, 4 and 7 days compared to day 0 of immersion in a-MEM (***p < 0.001).

SEM images of the bare sample surfaces' and the nanocrystalline HA formed on these
surfaces with their representative EDS spectra are presented in Figure 5. Although these
images provide clear evidence for the formation of HA on the surfaces of all samples, it
was noted that its highest density and largest coverage occurred on the as-fired and polished
SizN,4 samples. This was also confirmed from the measured HA-layer thickness as shown in
the cross-section SEM images presented in Figure 6a-c. These images clearly delineated the
HA layer on each sample's surface and allowed an estimate of its thickness using imaging
software. The measured HA thickness exhibited the highest value of 54.8 + 4.3 um on the
as-fired SigN, surface compared to 20.5 + 3.5 um, and 15.9 £ 2.3 ym for Ti6Al4V 600 and
PEEK 600 grit samples, respectively, as presented in Figure 6d. Figure 6e shows the Ca/P
ratio calculated from the EDS elemental analysis. The Ca/P ratio for HA formation on the
as-fired and polished SizN4 was 1.32 + 0.03 and 1.42 + 0.16, respectively. PEEK samples
showed Ca/P ratio relatively similar to SigN,4, while HA formation on Ti surface had a lower
Ca/P ratio, which indicates Ca deficiency in the surface formed HA layer.

Characterization of bare and in vitro immersed surfaces by Raman spectroscopy after

1, 4 and 7 days of incubation in a-MEM is given in Figure 7. Silicon nitride and Ti
surfaces showed the formation of carbonate and phosphate peaks from the first day of
immersion, while PEEK samples exhibited very little to no phosphate or carbonate species
formation after day 7. Only, silicon nitride surfaces indicated the presence of amide, and
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hydroxyproline peaks from day 4 of immersion. The amide and phosphate peaks on SizNy
surfaces increased in height as a function of in vitro immersion time, indicating their
stability to remain bound to this bioactive surface.

FT-IR spectra of all samples after 7 days immersion in a-MEM confirmed the formation

of HA as presented in Figure 8. These spectra indicated the presence of characteristic
absorption bands for the vibrational modes of PO,3" that appeared around 1,019, 962 and
600 cm~L. The broadband that appeared at 3,350-3550 cm™~2 corresponded to strongly
adsorbed and/or bound H,0, as well as the weak bands of OH™ group that appeared at 3,572
and 595 cm™L. Furthermore, the observed bands at 1,420-1465 and 875 cm™1 were attributed
to the CO,3~ group that substituted for the phosphate group in the apatite structure. These
spectra are in agreement with other published data of the HA(Deng et al., 2015; Jia et al.,
2009; Sanosh, Chu, Balakrishnan, Kim, & Cho, 2009; 2008, & Bressiani, 22008; Son et

al., 2012). Of all the samples, only SizN4 showed a weak broadband at 1600-1650 cm™1
corresponding to the N-H of amide I, which can explain the presence of amide peaks found
in the Raman spectra.

To confirm the presence of HA-layer formation on the samples’ surfaces, the structure of the
formed layer compared to the bare samples surfaces was investigated by X-ray diffraction
analysis. The patterns presented in Figure 9. XRD analysis supported the SEM, Raman

and FT-IR results that indicated the formation of HA layer after in vitro testing. When the
bare and the immersed surfaces of each sample were compared, two newly formed peaks
appeared at 32° and 46° 20 that related to (211) and (203) planes, respectively, of the
nanocrystalline hydroxyapatite. The grain size of these HA crystals on each surface was
estimated using the Debye—Sherrer relation (Kamal et al., 2015; Varanasi, Besmann, Hyde,
Payzant, & Anderson, 2009; Varanasi et al., 2011). The estimated values confirmed that the
grain size increases from 30.4 nm for the polished SigNy4 to reach 48.20 nm for the PEEK
2000 grit sample; this increase can explain the highest intensity of the (211) peak for PEEK
2000 grit sample. The lack of the “needle-like” structure of HA and more of a “flower-like”
porous structure as seen in SEM images concur with the oriented polycrystalline grains seen
in Figure 5. The (203) peak shift was likely due to a slight change of lattice parameters
associated with compression or tension within the HA lattice.

AFM 3D images of the surfaces of the tested samples after 7 days of incubation in a-MEM
are shown in Figure 2. After a-MEM immersion, each sample showed a “blister rough”
surface compared to its bare surface (Figure 2). This blister-shape is indicative of the
formation of nanocrystalline HA. Furthermore, the roughness parameters for all samples
increased, which further suggests the deposition of HA. In particular, Figure 2d displays the
topography of the polished SigN4 sample after HA formation. This image clearly shows HA
growth on the Si3gNy4 bare surface; the yellow arrows indicate the bare surface, and the black
arrows refer to HA crystals formation. Table 1 presents the average roughness of the HA
layer and indicates that the HA crystals on the as-fired SigN4 had the highest roughness of
any surface, also confirming the highest HA density on this surface.

Figure 10 shows the cellular adhesion on polished surfaces of silicon nitride, titanium (2000
grit) and PEEK (2000 grit). Figure 10a shows more cell spreading and a higher density of
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well-adherent cells on the surface of silicon nitride than PEEK (Figure 10c); however, it
had comparable density and cell spreading to titanium (Figure 10b). The images indicate
that polished silicon nitride and titanium are suitable surfaces for osteoblast adhesion and
spreading.

Figure 10d,e shows cell proliferation on the different surfaces. Figure 10d compares as-fired
silicon nitride, as-machined titanium and PEEK, and Figure 10e shows cellular proliferation
on the polished surfaces for 1, 4 and 7 days. It was found that SizN,4 outperforms Ti and
PEEK at a very early stage of seeding (1 day). Silicon nitride also facilitated significant
proliferation of cells as compared to Ti and PEEK after 7 days of culture. This suggests that
SizN4 had a higher affinity for cell attachment at an early time-point, and it more readily
facilitated cellular proliferation.

Figure 11a-c represents HR-SEM images on the surface of as-machined samples of SigNy,
Ti and PEEK, respectively, to study the mineral deposition and ECM formation after 30
days in the in vitro study. In Figure 11a, Si3Ny4 surface is completely covered with collagen
fibres which bind together to form collagen bundles. Furthermore, mineral formation of
calcium phosphate like deposition was found on the surface. SEM images also indicated
that collagen fibres started to form collagen bundles (less dense than SizN4) and sparse
deposition of calcium phosphate like mineral deposition on Ti surface (Figure 11b). On

the other hand, PEEK samples (Figure 11c) revealed the presence of collagen fibres (very
sparse), but no collagen bundles. The EDX/EDS analysis identified the Ca and P deposition
on the surface of SigN4 samples indicated in Figure 11d. As-machined samples of SizN4 and
Ti show more than 2.5-fold difference for relative expression of osteoblastic differentiation
gene marker RUNX2 at 3 days compared to the control (coverslip) and PEEK as indicated in
Figure 11e (statistically different, **p < 0.01).

Figure 12a-c represents the FT-IR spectra of the samples were seeded with MC3T3-E1 cells
and cultured in differentiating media for 30 days. Both SigN,4 and Ti samples show the
presence of collagen fibres compared to the PEEK sample that did not show any significant
peaks for the ECM environment. The spectra indicate several vibrational bands related to the
ECM component, such as ECM proteins (collagen) and P-O bonds of PO43~ ions on SisN,
and Ti surfaces. The vibrational bands of amide | (peak a at 1637 cm™1), amide II (peak b at
1532 cm™1) and amide 111 (peak c at 1,228 cm™1) indicate ECM proteins on both SisN,4 and
Ti samples.

DISCUSSION

The aim of this study was to characterize the surface properties of three clinically relevant
biomaterials—Si3Ny, Ti and PEEK—and subsequently assess their impact on the adhesion
and proliferation of calvarial osteoprogenitor cells. Each material was tested at two different
average surface roughnesses. In addition to roughness, surface energy and surface functional
group formation were also examined (after in vitro immersion). In in vitro cell-free testing,
silicon nitride surfaces formed the highest and most dense nanocrystalline HA layer.

Silicon nitride (either as-fired or polished) outperformed titanium and PEEK in promoting
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osteoprogenitor cell growth. Cells were highly dense and well-adherent when in contact with
the silicon nitride surfaces.

The increased cell growth on the SigN,4 samples was due in part to the difference in

surface energy when compared with titanium and PEEK. Each material was evaluated for
its surface energy by measuring the contact angle of polar and non-polar solvents. It is
well-understood that the surface energy depends on the number of dangling or broken
bonds (Gao, Sun, & Hu, 2014; Gao, Sun, Hu, & Liu, 2012; Hu, Gao, Sun, & Liu, 2012).

By increasing the density of dangling bonds, the surface energy increases and the contact
angle decreases. For the SigsN,4 samples, the significant decrease in the contact angle can be
attributed to the precipitation of calcium phosphates out of the a-MEM solution onto the
sample surfaces that led to the formation of hydroxyapatite as confirmed by XRD and from
the SEM images. The HA significantly enhanced the hydrophilic character of the surface
which ultimately promoted cell proliferation and differentiation. The slightly increased

cell growth on the polished SigN4 compared to the rougher as-fired SigN4 surface can be
attributed to the nanostructured features on the rough surface that initially inhibit the cell
attachment, but the highly reactive as-fired SizN4 with its inherent surface properties lead to
progressive transformation of cells towards enhanced osseointegration over time as reported
by Ishikawa et al. (2017). For both PEEK and Ti6Al4V samples, their contact angles
decreased significantly after the first day, but slightly increased again after 4 days. This later
increase could be attributed to unstable precipitates on their surfaces. Conversely, the SigNy4
surfaces showed evidence of increased bonding density of other functional groups (amide

I, amide 11, hydroxyproline and CH,) that were absent on the Ti and PEEK surfaces. The
presence of these functional groups may explain why the SisN4 samples' surface energies
remained relatively low after 4 and 7 days as compared to Ti and PEEK.

The presence of surface functional groups on silicon nitride can also help explain the
differences in cell adhesion and growth when compared to titanium and PEEK. On one
hand, titanium and PEEK surfaces also showed formation of HA crystals. On the other hand,
the SigN4 surfaces appeared to form other functional groups that are present in collagenous
extracellular matrix. The analysis by SEM of these surfaces showed a higher density of
nanocrystalline HA as compared to titanium and PEEK (Figure 7). The nanocrystalline HA
appeared to exhibit a porous, “flower-like” structure. Indeed, this structure was confirmed
by XRD to be consistent with nanocrystalline HA. (Ramesh, Tan, Sopyan, Hamdi, & Teng,
2007; Sanosh et al., 2009; Turkez et al., 2014). Elemental analysis by EDS showed that the
Ca/P ratio of the HA on the as-fired SigN4 surface was 1.32. This ratio has been associated
with octacalcium phosphate (~1.3 — 1.33) which is a precursor to hydroxyapatite (Brown &
Brent, 2017). Interestingly, the polished SizNg4 surfaces induced nanocrystalline HA with a
Ca/P ratio of 1.42, which is close to that of native HA (Cajg(PO4)g(OH)2: Ca/P = 1.66). For
Ti or PEEK, nanocrystalline HA was confirmed with similar Ca/P ratio as that of as-fired
Si3Ng. Furthermore, the formation of HA structures on the SigN4 surfaces was similar to
that found in prior studies on amorphous silicon nitride (Varanasi et al., 2017). Combining
the results from the SEM, EDS, XRD and Raman spectroscopy analyses, it is reasonable

to attribute the enhanced osteoblast growth on the SigN,4 surfaces to the presence of these
surface functional groups, relatively dense nanocrystalline HA formation and relatively high
surface energy (i.e., low wetting angles).
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These unique properties of the bioactive SigNy4 surface lead to high expression of RUNX2
that was slightly higher compared to Ti. This contrasts with the control (coverslip) and
PEEK samples which showed lower osteogenic effects. Furthermore, the SizN4 surface
outperformed both Ti and PEEK samples in mineral deposition and formation of dense
collagenous ECM as confirmed from the SEM images and the FT-IR analysis. This can
be attributed to the wettability, high surface energy and functional groups of the bioactive
SizNy surface that lead to rapid cell differentiation and earlier ECM and mineral deposition.
The poor ECM formation on the PEEK surfaces could be attributed to the low number

of attached cells that result in low differentiation and poor ECM deposition. The observed
biological differences are due to the nature of the considered surfaces, differences that can
trigger the adsorption of different proteins and therefore different biological outcomes.

In a prior study using amorphous silicon oxide, silicon oxynitride and silicon nitride (Ilyas et
al., 2015), the addition of nitrogen caused the surface silicon dioxide to become a mixture of
both tetrahedral and trigonal coordination. The added N caused an increase in the carbonate/
phosphate ratio and N-H bond density prior to testing in cell culture. It was also observed
that a large density of collagenous ECM formed on this silicon nitride surface, and it was
speculated that the increased N-H bonding could be integrated into the structure of the
collagen via amine group bonding to the material's surface (Varanasi et al., 2017). In other
investigations, it was found that N increased the expression of enzymes associated with
collagen cross-linking such as superoxide dismutase and lysyl oxidase (llyas et al., 2016).
The results from XANES analysis confirmed the presence of Si-O and Si-N bonding on

the SizN4 surface. Thus, it is reasonable to suggest that the surface of SigN4 may have

the presence of a silicon oxynitride layer. Future investigations will attempt to uncover this
effect and provide evidence of the important role of nitrogen in bone regeneration and the
impact of the Si-O-N elemental system on collagen formation.

It is known that nanometer size HA is the nuclei on which osteoblast cells build apatite
crystals. However, these HA crystals are believed to form in the intracellular space (Nitiputri
et al., 2016). Pezzotti et al. (2017) have observed similar findings in high-resolution
transmission electron microscopy. Nevertheless, the spontaneous formation of Ca-P or HA
on SigNy in the absence of cells has never been reported on the SigN,4 surfaces. However, our
group has reported on this formation in previous work on silicon oxide, silicon oxynitride
coatings (llyas et al., 2015, 2016; Varanasi et al., 2017). Kokubo et al. have extensively
reported on the spontaneous formation of CaP on titanium and other implantable polymers
(Kokubo, 1996). Thus, it was not surprising that precipitation of CaP crystals occurs when
simulated body fluid (or cell culture medium) is used as an immersion environment. The
formation of the amide peaks was also not surprising given prior results indicating that its
formation occurs as a result of hydrogen bonding to the silicon—-nitrogen—oxygen (Si-O-N)
surface (Varanasi et al., 2017). Therefore, the formation of carbonate, phosphate, calcium,
amide and hydroxyproline on these surfaces appears to be a characteristic solely observed on
Si-N, Si-O and Si-O-N elemental constituent surfaces.

gRT-PCR gene expression results indicated that Ti surface highly expressed RUNX2 to a
relatively similar level compared to SizNyg, this can be attributed to the presence of surface
functional groups (PO43~ and CO,3") and nanocrystalline HA on Si3N, and Ti surfaces.
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Furthermore, the absence of these functional groups on the PEEK surface can explain its low
expression of RUNX2. The RUNX2 expression results on SigNy4 are in agreement with what
Ilyas et al previously reported on Si(ON)x surface (llyas et al., 2016); thus, it is possible

to suggest that SizN,4 has a similar surface composition that leads to its bioactivity. On the
other hand, the presence of amide I, amide Il and hydroxyproline groups on SigNy4 surface
can explain the complete ECM coverage on its surface compared to Ti and PEEK. Also, the
limited coverage of ECM on Ti and PEEK surfaces as compared to SizN,4 can be explained
as follows. For titanium, this could be due to the self-passivating nature of its surface with
the formation of a TiO, layer. Although this layer promotes osteoblast attachment, it does
not resorb (Martin et al., 1995). For PEEK surfaces, osteoprogenitor cells have demonstrated
poor proficiency to differentiate into an osteoblast lineage and remain fibrogenic (Anselme,
2000; Lu, Lee, & Park, 1991; Olivares Navarrete et al., 2012; Pelletier et al., 2016). In this
work, the key differences between these surfaces are their relatively low surface energies,

a lack of surface functional groups that act as precursors for collagenous ECM formation,
and relatively sparse deposition of HA crystals. Conversely, the surfaces of SigN4 have been
shown to exhibit Si-O and Si-N bonding as well as the formation of functional groups

that promote collagenous biomineral deposition. This surface has been shown in a prior
study to enhance osteogenic growth, collagen formation and osteogenic marker expression
(Varanasi et al., 2017). It may be possible that the absence of amide and hydroxyproline
causes delays in healing due to the relatively slow-growth of osteoblasts on Ti and PEEK
surfaces. Future work will further analyse the effect of surface functionalization of silicon
nitride on osteogenesis and possibly angiogenesis.

The difference in adsorption of functional groups on the surface of PEEK, Ti and Si3N4 was
characterized by FT-IR and Raman analysis. The high negative charge on the silicon nitride
surface as mentioned in previous literature leads to the hypersaturation of calcium ions in
vitro leading to the increased precipitation of hydroxyapatite on these surfaces. Also, the
relatively low surface energy of PEEK versus Ti or Si3N4 manifests as delayed or mitigated
hydroxyproline and amide groups needed for collagen formation. This can lead to delays

in the adhesion of actin, focal adhesion kinase, integrins and fibronectin proteins that help
to establish the ECM on the biomaterial surface. This delay helps to explain the reason for
PEEK's poor performance in this study and others in which surface modification with HA
is needed to improve biomineral synthesis in vitro and in vivo. On the other hand, Ti and
Si3N4 exhibit marked presence of collagen and hydroxyproline on their respective surfaces,
thereby indicating the their relatively high surface energy is amenable to increased collagen
formation and likely an improved outcome for biomineral formation in vitro and in vivo.

The ability of a material to induce rapid cell growth is an indicator of its potential

to hasten healing and improve the potential for osteointegration by facilitating cellular
attachment and growth. In the application of these materials in bone fixation, each has
shown varying effects on promoting bone growth. Based on the results of this study, the
various surfaces of silicon nitride exhibited high surface energy (i.e., low wetting angles)
which facilitated the rapid growth of cells. These are promising signs that silicon nitride
could be a viable alternative relative to titanium and PEEK for use in craniofacial bone
defect reconstruction and where osseous integration is desired. This is coupled with the
fact that prior work also showed the positive impact of silicon nitride on osteogenesis and
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bone regeneration. Further investigation in potentially integrating silicon nitride on bone
regeneration and reconstruction in complex craniofacial defects, fractures and as implants
is underway. It is clear from the current work coupled with prior studies that silicon nitride
plays a significant scientific role in collagen formation, biomineral deposition and enhanced
osteoblast proliferation.

CONCLUSION

In this study, a comparative analysis of the effect of surface properties of various fixative
bone implant materials was conducted. Silicon nitride, titanium and polyether ether ketone
were compared. It was found that cells were well-adherent, relatively high in density,

and grew at a relatively faster rate on silicon nitride surfaces as compared to titanium

and PEEK. Silicon nitride's surface energy and surface functional group formation were
determined to contribute to this result. Silicon nitride surfaces exhibited lower contact angles
(i.e., higher surface energy) and were deemed more hydrophilic as compared to titanium

or PEEK. Their improved wettability facilitated increased potential for cell migration and
growth. This favourable wetting was coupled with the rapid formation of nanocrystalline HA
along with amide functional group precursors important for collagen formation. Titanium
and PEEK did not exhibit this coupled effect; therefore, it is concluded that the higher
surface energy, formation of collagen precursor functional groups and biomineral on the
surface of silicon nitride enabled well-adherent, rapid growing cells and later enhanced
differentiation as compared to titanium and PEEK. In conclusion, SizNy4 outperformed
conventional craniofacial implant materials due to its ability to enhance the osteoprogenitor
cell adhesion, growth and differentiation via higher surface energy and the presence of
amide and nanocrystalline HA functional groups.
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FIGURE 1.
XANES analysis of as-fired and polished SizN4 showing (a) Si-L; 3 edge and (b) Yttrium
M-edge
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FIGURE 2.
3D-AFM images showing the surface topography before and after HA formation,

respectively, (a, b) as-fired SigNy, (c, d) polished Si3zNy, (e, f) PEEK, 600 grit, (g, h) PEEK,
2000 grit, (i, j) Ti6Al4V 600 grit and (k, 1) Ti6AI4V 2000 grit with colour indicator for
determination of height
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FIGURE 3.
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Static contact angle images of water on the surface of (a) as-fired SizNg, (b) polished SizN4
(c) PEEK, 600 grit, (d) PEEK, 2000 grit, (e) Ti6Al4V 600 grit and (f) Ti6AI4V 2000 grit.
The Si3N4 samples show an acute angle suggestive of hydrophilic surfaces as compared to

PEEK and titanium
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FIGURE 4.
Shows variation in contact angle on samples surface with water and DIM with error bars

showing standard deviation (a), the calculated surface energy () for all samples, broken into
polar »P and dispersive %4 components (b), and (c) indicates the variation in contact angle of
DI water on the sample surface before and after immersion for 1, 4 and 7 days in a-MEM
showing increasing in the hydrophilicity of the sample surface, and error bars showing the
standard deviation
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FIGURE 5.
HR-SEM images before and after 7 days in a-MEM of (a, b) as-fired SizNyg, (d, €) polished

Si3Ny, (g9, h) PEEK, 600 grit, (j, k) PEEK, 2000 grit, (m, n) Ti6Al4V 600 grit and (p, q)
Ti6Al4V 2000 grit. EDX spectra of (c) as-fired SigNg, (f) polished Si3Ny, (i) PEEK, 600
grit, (1) PEEK, 2000 grit, (0) Ti6Al4V 600 grit and (r) Ti6Al4V 2000 grit, after 7 days in
a-MEM
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FIGURE 6.
SEM images show the interface between the formed HA layer and the (a) as-fired SizNg,

(b) Ti6AI4V 600 grit and (c) PEEK 600 grit samples surfaces, (e) HA-Layer thickness (um),
and Ca/P ratio with standard deviation bar, calculated from the EDS data
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FT-IR spectrum of HA formation on the surface of polished SizN,4, PEEK, 2000 grit and

Ti6AI4V 2000 grit
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XRD results for (a) bare SigNy, polished SigN4 + HA and as-fired SisNg4 + HA; (b) bare
Ti6Al4V alloy, Ti6Al4V 600 grit + HA and Ti6Al4V 2000 grit + HA; (c) bare PEEK, PEEK

600 grit + HA and PEEK 2000 grit + HA
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FIGURE 10.

SEM images of cell adhesion on (a) silicon nitride (as-fired), (b) Ti6Al4V (as-machined)
and (c) PEEK (as-machined), C represents the cell and yellow arrows shows the filopodia
on these surfaces, (d) and (e) represent cell proliferation (MTS assay) with MC3T3-EL1 cells;
(d) shows as-machined PEEK, Ti6Al4V and as-fired SigNg4, (e) shows polished samples of

PEEK, Ti6AI4V and SigN,
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FIGURE 11.
HR-SEM images at different magnifications showing the matrix deposition after 30 days of

the in vitro study on (a) silicon nitride (as-fired), (b) Ti6AI4V (as-machined) and (c) PEEK
(as-machined), (d) EDX mapping represents the matrix deposition on the as-fired SigNy
surface, (e) graph indicates the RUNX2 gene expression on PEEK, Ti6AI4V and SigNy4
surfaces compared to glass coverslip as a control after 3 days of the in vitro study, with
standard deviation bar
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