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Abstract

OSTEOPROGENITOR CELL ADHESION AND GROWTH ON THE BIOACTIVE
SILICON NITRIDE SURFACE FOR CRANIOFACIAL IMPLANTS
APPLICATIONS

Kamal Awad, MS

The University of Texas at Arlington, 2018
Supervising Professor: Pranesh B. Aswath

As a novel biomaterial, silicon nitride (SisNs) has been used for orthopedic and
spinal fusion applications. Its ability to promote continuity for structural support of missing
bone, by in/on bone growth, gives it advantageous properties and potential for mandibular
and craniofacial reconstruction applications. Yet, the surface properties of this material and
its effect on the osteogenic properties have not been fully realized. Thus, the aim of this
study was to evidently investigate the surface properties of the bioactive SisNs that enhance
the calvarial osteoblasts cell adhesion, growth, and differentiation when compared to con-
ventional implant materials such as titanium (Ti) and polyetheretherketone (PEEK).

This study tests the hypothesis that silicon nitride induces the nucleation of hydrox-
yapatite (HA) crystals and enhances the formation of biominerals on its surfaces in cell-
free environments and in presence of osteoprogenitor cells as well. Comprehensive stud-
ies of the bare surface properties, HA and biomineral formations, and cell culture studies
of osteoprogenitor cells were conducted. We present the results of surface properties that
enhance the formation of biomineral and osteoprogenitor responses as compared to tradi-
tionally used Ti and PEEK. X-ray Absorbance Near Edge Structure Analysis (XANES) in-

dicated the presence of Si-Si, Si-O, and Si-N bonding, which suggested random mixing of



these bonding structures. Atomic Force Microscopy (AFM), and optical and stylus profilom-
etry successfully assessed the morphological features and the roughness parameters of
the surfaces. The Sessile drop technique was used to study the surfaces’ wettability, and
the resultant contact angles were used to calculate the surface energy of each material.
FT-IR and Raman spectroscopy were used to characterize mineral formations on the sur-
face of all samples before and after in vitro studies. Each material was imaged for its re-
spective surface morphology using an Ultra HR-SEM, and the elemental composition was
determined by the energy-dispersive x-ray spectroscopy (EDS). X-ray diffraction was used
to investigate the HA formation on sample surfaces after 7 days of immersion in a-MEM.
Meanwhile, murine calvarial MC3T3-E1 osteoblast in vitro cell studies and quantitative pol-
ymerase chain reaction will illustrate the enhancing nature of silicon nitride to promote os-
teogenesis. Furthermore, comprehensive study of the extracellular matrix (ECM) deposi-
tion was conducted after 30 and 60 days of the MC3T3-E1 osteoblast in vitro cell culture.
Our study concludes and illustrates the ability of silicon nitride to promote rapid hydroxy-
apatite formation in cell-free environments and induce rapid osteoblast adhesion, growth,
and dense ECM deposition compared to the conventional implant materials (Ti) and

(PEEK).

Keywords: Silicon nitride; craniofacial implants; hydroxyapatite nucleation; hy-

droxyproline; amide surface formation; matrix deposition.
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CHAPTER 1

GENERAL OVERVIEW

A recent market overview of bone grafts and substitutes procedures reported $2.4
billion in 2015, and this value is expected to reach $3.4 billion by 2022; furthermore, glob-
ally 4 million bone grafting procedures and nearly 600,000 in the USA are performed every
year [1] . Within the bone grafts and substitutes market, craniomaxillofacial implants have
become an important branch that is controlled by several factors. It is now generally ac-
cepted that an increase in the number of road accidents, trauma cases, the rate of con-
genital facial deformities, as well as, invasive reconstruction surgeries, and technological
advancements increase the demand of craniomaxillofacial implants procedures [2].

Over the years, bone grafting involved the use of allografts, transplanted from a
donor of the same species, and xenografts, transplanted from a donor of different species.
On the one hand, the rejection rate of allograft and xenograft procedures became high due
to ethical issues and religious affiliations [3]. A recent study has explored that 20 % of
patients refuse the allograft under any circumstances [3]. On the other hand, polymers,
ceramics, metals, and biomaterial grafts provide a reasonable solution for the current de-
bates about the allografts and xenografts. Although, these biocompatible bone grafts do
not face the issues of rejection from the host, reduce the implant failure, and enhance the
rate of bone formation [1] [2], they still have minor issues and drawbacks.

To date, the vast majority of the work in craniofacial reconstruction has focused on
polyether ether ketone (PEEK), and titanium (Ti) as more widely employed implant mate-
rials. Due to its biocompatibility, low elastic modulus close to the bone, colorlessness, re-

sistance to simulated in vivo degradation, and inert nature, PEEK is used in a number of



orthopedic applications such as spinal fusion cages, trauma, and arthroplasty [4] [5]. De-
spite decades of research on PEEK, its use has been less than satisfactory due to its
increasingly apparent limitations. PEEK’s fundamental flaw is its lack of bioactivity which
prevents any adequate biological or mechanical integration with bone. Its smoothness,
poor wettability, and low surface energy limit osteoblastic differentiation and bone regen-
eration [6][7][8][9]. As a result, recent observations reported that PEEK’s osseointegration
is not always a straightforward biological process [4].

Titanium and titanium aluminum vanadium (Ti6Al4V) alloys have also been used
in orthopedic, dental, skeletal, spine fusion procedures, and craniofacial reconstruction ap-
plications [6][10][11]. Due to its biocompatibility and inherent ability to osteointegrate, Ti
implants have been selected in various orthopedic applications for many decades [10][11].
On the other hand, stress shielding effect, aseptic loosening [12][13][14], poor long-term
stability, absence of antioxidant effects [15], and prolonged healing time remain as critical
issues for Ti implants. Indeed, the previous issues and limitations make the use of PEEK
and Ti implants for craniofacial reconstruction and orthopedic applications less than opti-
mal for bone healing. Therefore, the use of an implant material in which its surface induces
rapid osteoprogenitor growth is desirable.

Non-oxide silicon nitride (SisNs) ceramic has a unique combination of material
properties such as high strength and fracture toughness, low wear properties, inherent
phase stability, low friction coefficient, hydrophilicity, and biocompatibility[16][17]. Further-
more, this relatively new bioactive SisNs4 has shown improved osteoconductivity, cytocom-
patibility, and biomineralization comparable to the non-stoichiometric natural hydroxyap-
atite[18][19]. These features make it a material of interest for orthopedic applications such
as craniofacial and dental procedures[17][20]. In 2008, SisNs+ has been approved by the
US FDA and EU regulatory agencies for intervertebral spacers implantation in cervical and
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thoracolumbar spine stabilization[21]. Recent studies have indicated bioactive SisNs en-
hances biomineralization as well as the osteogenic differentiation of mesenchymal and
osteoblast cells when compared to Ti and PEEK][10][16][18][22][23][24][25]. This was at-
tributed to many facts related to the nature of bioactive SisNs, including its hydrophilicity,
surface chemistry with strong electronegative surface sites, that promoted cell attachment

and migration when compared to HA, Ti, or PEEK [17][18][26].

1.1 Motivation for the Research

Due to the increase in the rejection rate of allografts and xenografts procedures,
the need of synthetic biocompatible bone grafts for orthopedic applications has been in-
creased. Furthermore, the drawbacks and limitations of the current implant materials (Ti,
PEEK) for craniofacial reconstruction and orthopedic applications make the bioactive sili-
con nitride the subject of research in this area due to its unique properties. Ample evi-
dences exist to prove that SisNs enhances biomineralization and osteogenic differentiation
when compared to Ti and PEEK, but the correlation between osteoprogenitor adhesion
and growth and SisNs surface activity is still poorly understood. So, this study seeks to
correlate the osteoprogenitor adhesion and growth to surface roughness, surface energy,
and surface functional group formation to identify differences in the osteogenic potential of

Si3N4, Ti, and PEEK implant materials.

1.2 Objectives for the Research

The aim of this study was twofold. The first was to determine the effect of SiaNs on
the biomineral formation and hydroxyapatite (HA) crystals nucleation (free cells in vitro)
when compared to conventional craniofacial reconstructive implant materials such as Ti
and PEEK. Determining this effect focused on comprehensive evaluation of the surface
properties for the three tested materials: SisNs, PEEK, and Ti. XANES analysis, surface

roughness and morphology, contact angle, and surface energy calculations were carried
3



out before and after the free cells in vitro study to understand the nature of each material’s
surface. Raman Spectroscopy, FT-IR analysis, X-ray diffraction, atomic force microscopy,
and scanning electron microscopy were used to investigate the HA nucleation and bio-
minerals formation after the in vitro studies.

The second aim was to assess the impact of SisNs on osteoprogenitor cell adhe-
sion and growth and correlate it to the surface roughness, surface energy, and surface
functional group formation. Cellular adhesion was studied by culturing murine calvarial
MC3T3-E1 osteoblast cells on sample surfaces for 24 hours, and at the end of experiment
the cells were fixed and imaged via SEM at various magnifications. For cell proliferation
studies, cells were cultured and incubated for 1, 4, and 7 days, then the MTS Cell Prolifer-

ation Assay Kit was used to evaluate the cellular proliferation.

1.3 Research Outlines

This thesis represents the research work in total of five chapters. Following is the
list of chapters with brief content to guide the readers on the authors approach to whole
research.

Chapter 1 provides a brief introduction to the current study and provides the basic
research motivation and the expected research objectives.

Chapter 2 explores background information on the craniofacial implant materials
and reviews the existing literature on Titanium and PEEK as a conventional craniofacial
implant material. Also, it provides important concise information regarding the silicon nitride
as a novel biomaterial for spinal fusion procedure.

Chapter 3 gives an overview of the experimental approach and techniques used

in this research as well as the rationale behind the use of each technique.



Chapter 4 addresses the first manuscript that presented the enhancement of os-
teoprogenitor cell growth via the increased surface energy and formation of amide, calcium
and phosphate functional groups on the silicon nitride surface versus titanium or peek cra-

niofacial implant materials.

Chapter 5 discusses further characterization for the biological samples and fo-
cuses on the matrix deposition analysis after 30 and 60 days of cell culture. This chapter

also provides the general guidelines and the salient features of the future work.



CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

Fractured or missing bones and the various endeavors to fix or replace them have
presented a remediation challenge that has attracted researcher’s attention throughout hu-
man history. The recent era witnessed a dramatically increase in bone grafts and substitu-
tion procedures due to the massive increase in the number of road accidents, wars, trauma
cases, the rate of congenital facial deformities, and technological advancements. Then,
orthopedic implants were manufactured to replace or support the missing or damaged bone
or joint and restore the normal skeletal function of the body. According to Allied Market
Research (AMR) reports, the global orthopedic implants market achieved $47.2 billion in
2016 and is expected to reach $75 billion by 2023 [27]. Deep view within this market indi-
cated that bone grafts and substitution procedures reported $2.4 billion in 2015, and this
value is expected to jump to $3.4 billion by 2022 [1], which confirms the rapid increase in
bone grafts and substitution procedures. Within the bone grafts and substitutes market,
craniomaxillofacial implants have become an important branch that is controlled by several
factors [2]. In this chapter, we will discuss the meaning of craniomaxillofacial and review
the conventional materials that are currently used in the craniofacial implant procedures.
Also, we will present the unique properties of the novel bioactive silicon nitride that make

it a promising material for the craniofacial implants.

2.1 Craniomaxillofacial

Craniomaxillofacial is a term that is related to the whole area of the mouth, jaws,
face, skull, and associated structures. While maxillofacial refers only to the jaws and face,

craniofacial relates to, or involves both the cranium and the face. Craniomaxillofacial bone


https://www.merriam-webster.com/dictionary/cranium

defects, resulting from trauma, cancer, resection, or congenital defects can affect either
the bony contour, or the bony continuity, or both [28][29]. These facial skeleton deformities
used to be reconstructed using autografts, xenografts, or allografts [30][31]. Autologous
bone grafts are considered the gold standard due to the consideration of full integration
and regeneration in the host body [32]. Although autografts are the gold standard for cra-
niofacial skeletal reconstructions, they have serious limitations and drawbacks. Availability
of a suitable donor, large defect sites, tissue harvesting problems, resorption of the graft,
donor site morbidity, chances of infection at both the recipient and donor sites, increased
surgical time, patient discomfort, ethical issues, risk of infection, and religious affiliations
are the common limitations and disadvantages of autografts [33][34][32]. On the other
hand, allografts and xenografts have potential infectious and immunological risks, and
some ethical issues and religious affiliations [1][34]. To avoid these disadvantages and
limitations, various alloplastic materials have been developed and are in clinical use for
bone replacement procedures [31]. Alloplastics are biological materials either produced by
extensive physical/chemical processing of xenogeneic or completely synthetic materials.
Alloplastic materials could be a material of animal origin, plant origin, or synthetic biomateri-
als. These biomaterials could be metal (titanium), ceramics (calcium phosphate cements
and HA), and different types of polymers such as acrylic bone cement, polymethylmethac-
rylate (PMMA), polyethylene (PE), and polyetheretherketones (PEEK) [34]. The main roles
of these biomaterials are to support function or replace a part of aliving system. So, there
are necessary properties that must be found in a material to be an ideal scaffold or implant
and get approved for medical applications. The first property is biocompatibility, which is
defined as the ability of a material to support normal cellular activity, including molecular
signaling systems, without any local and systemic toxic effects to the host tissue. It is the
most important challenge that distinguishes a biomaterial from any other material and tests

7



its ability to be an ideal implant or scaffold [35][36]. Second, properties of osteoinduction,
osteoconduction, and osseointegration are of great importance for any biomaterial to
lead to an ideal osteogenesis (development and formation of bone). The process by which
osteogenesis is induced is known as osteoinduction and it means the ability to induce
new bone formation or the stimulation of primitive, undifferentiated, and pluripotent cells to
develop into the bone-forming cell lineage [36][37]. Osteoconduction means that bone
grows on a surface, so the osteoconductive material is one that permits bone cells to ad-
here, grow, proliferate, and form an extracellular matrix on its surface or down into chan-
nels, pores or pipes [37]. Ideal osteoconductive materials could improve the fixation of solid
implants to the surrounding bone tissues by the formation of strong bonding between the
implant and the bone. Direct contact between implants and living bones that end up in the
formation of bony tissue around the implant without any growth of fibrous tissue at the
bone/implant interface is known as Osseointegration [37]. Last, Mechanical strength of
the biomaterial also plays an important role in the implant stability [36]. The implant must
have a sufficient mechanical stability to withstand the implantation procedure and resist the
collapse during a patient's normal activities. So, selecting a biocompatible material that
serves as matrices for tissue formation, promotes cell adhesion, proliferation, and differen-
tiation, as well as supports mechanical stability, is a crucial matter for any medical implant
[36].

Over the years, an enormous amount of research has been done on titanium, tita-
nium alloys, and polymers, especially PEEK, as materials of interest for craniofacial bone
defect procedures. The next section will explore the recent studies related to Ti and PEEK

materials and highlight the advantages as well as the limitations of using these implants.



2.2 Titanium as Craniofacial Implants Material

As early as 1965, pure titanium plates and screws were introduced for orthopedic
applications [38], and for many decades, metallic materials like titanium (Ti) and its alloys
have been used as biomaterials for medical applications, such as orthopedic and dental
fields [11]. The main reasons for using titanium as biomedical implants are due to its ex-
cellent biocompatibility [39], high corrosion resistance [40], and specific mechanical prop-
erties [11][38][41][42]. Over the years, numerous studies have investigated the properties
of Ti and its alloys in an effort to find a superior material for long-time implantations. In his
2000 study, Pohler argued that commercially pure titanium is an excellent implant due to
its outstanding biocompatibility that is expressed by two important observations: the favor-
able response of tissues to Ti surfaces and the absence of allergic reaction [38]. Further-
more, he mentioned that using Ti alloys, such as Titanium-6Aluminium-7Niobium
(TiIBAI7ND) or Titanium-6Aluminium-4Vanadium (Ti6Al4V), resulting in B- and B+a alloys
that have higher strength and mechanical properties [38]. B-alloys offer the unique charac-
teristic of low elastic modulus and superior corrosion resistance [43].

Although Ti has a low elastic modulus compared to other metals (110 GPa), it is
still 3-11 times greater than the human bone modulus (10-30 GPa). This mismatching of
Young’s modulus between the bone and Ti implants leads to major problems such as the
stress-shielding effect [41]. This shielding effect makes the bone insufficiently loaded that
results in bone remodeling and healing retardation as well as loss of density and increase
in porosity [41][44]. One approach to mitigate this problem is to reduce the elastic modulus
by introducing pores [45]. These pores minimize the damages to tissues adjacent to the
implant, increase bone/implant bonding by forming interconnections between the bone and
porous implants, and allow extensive body fluid transportation [41][11]. So, the porous Ti
scaffolds/implants have been extensively studied. For example, I.-H. Oh et al. reported that
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Young’s modulus and three-point bending strength of porous Ti compacts having the po-
rosity around 30 vol.% are close to those of human cortical bone [41]. Also, Dabrowski et
al concluded that porous Ti scaffolds with 75% porosity can assure ingrowth of bone tissue
that results in good bonding between metallic implants and bone. Furthermore, highly po-
rous Ti scaffolds with ~1 GPa modulus may be effective in reducing the stress shielding
effect in load-bearing applications [11]. Another study reported that porous Ti with 40%
porosity and bioactive Ti (chemically and thermally treated) produced enhanced bone in-
growth and apposition [42]. In a word, from these different studies that investigated the
relation between porous implant surface and bone ingrowth, we can conclude that the po-
rous implant surface introduces interconnections between the implant and the bone that
result in alleviating the stress shielding effect.

Although alloying of pure Ti with different elements (Al, V, and Nb) results in higher
strength and enhanced mechanical properties alloys, all these alloying elements have been
reported as highly cytotoxic elements inside the human body. Vanadium is classified in the
sterile toxic group, aluminum included in the scar tissue group, and Niobium in the loose
connective vascularized group regarding tissue reaction [39]. So, from the biological point
of view, these Ti alloys (the most common implant) are not the ideal alloys for long term
implantation in the human body due to their high content of cytotoxic elements [39]. Fur-
thermore, meshes made of Ti showed an infection rate average of 7.71%, and the Ti-plates
reported 8.31% accordingto a 2017 study by Kwarcinski et al.[32].

Aseptic loosening of titanium-alloy components is the most common complication
of these implant materials [46][47][13]. The failure of the bond between the implant and the
bone in the absence of infection is known as aseptic loosening. Metallic debris from Ti

alloys induces aseptic loosening that result in severe osteolysis [47]. Within this area of
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investigation, several studies have reported on Ti implants failure due to this impaired im-
plant fixation, which accounts for 75 % of the failure occurrences [13][14][46]. Furthermore,
another study recommended to avoid the use of implants made of titanium alloys in which
ions have not been implanted [47].

Oxidative stress and absence of antioxidant effects of Ti implants are also com-
mon issues that these materials present. R. Tsaryk et al. reported that Ti6Al4V alloy-in-
duced permanent oxidative stress during the in vitro study of endothelial cells on the sur-
face of Ti6A4V alloy [15][48]. So, from the previous studies we can conclude that stress
shielding effect [41][44], cytotoxicity of alloying elements [39], aseptic loosening
[12][13][14][46][47], poor long-term stability, absence of antioxidant effects [15][48], and
prolonged healing time remain critical issues for Ti implants. Therefore, using Ti implants
for craniofacial reconstruction and orthopedic applications is still less than optimal for bone
healing and long-term applications.

2.3 PEEK as a Craniofacial Implant Material

Polyaryletherketones (PAEKS) are arelatively new series of high temperature ther-
moplastic polymers that have been introduced since 1980. This family includes two very
important polymers: poly(aryl-ether-ether-ketone) (PEEK) and poly(aryl-ether-ketone-
ether-ketone-ketone (PEKEKK). PAEKs consist of an aromatic molecular chain that is in-
terconnected by ether and ketone functional groups [5]. The polyaromatic ketones struc-
ture offers some important properties that allowed these polymers to be used as biomateri-
als for orthopedic, trauma, and spinal implants [5][49][50]. Among these properties are its
stability at elevated temperature (300°C); un-reactivity and inherent resistance to chemical,
thermal, and post-irradiation degradation; biocompatibility; and its relatively low elastic

modulus (3-4 GPa) that closely match cortical bone (12-20 GPa) [5].
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Although PEEK has very attractive properties that make it a critical component in
the field of biomaterials, it still has some limitations and drawbacks. The main concerns
that have been raised against PEEK are its bio-inertness and hydrophobic surface proper-
ties that result in limited fixation with bone and poor osseointegration [5][49][50]. As a result
of its bio-inertness, PEEK surfaces do not integrate with the surrounding bone and can
form a fibrous connective interface that allows micromotion and eventually leads to implant
failure [6][5][32].

Recent studies have explored the impact of PEEK implant materials on the oste-
oblast and in vitro bone forming capacity. Olivares-Navarrete et al. compared the osteo-
blast differentiation on Ti and PEEK surfaces and reported that osteoblasts differentiate to
a lesser degree on PEEK versus Ti surfaces, which means that the PEEK surface has a
lower level of support for osteogenic tissues [6]. Furthermore, M. H. Pelletier et al. reported
that Ti implants had a significant higher bone contact percentage compared to PEEK sur-
faces [7]. This lower bone contact can be attributed to the hydrophobic nature and bioin-
ertness of PEEK materials that do not allow protein absorption as well as cell adhesion on
the surface [7]. Also, it has a high average infection rate of 7.89%, as well as a zero inter-
active surface form and tissue attachment bioactivity [32].

Although coating of PEEK surface with osteoconductive materials like hydroxyap-
atite (HA) has introduced as an alternative approach to improve its osseointegration [50],
PEEK implants are still less than optimal for craniofacial reconstruction and orthopedic
applications. Lack of bioactivity, smoothness, poor wettability, and low surface energy are
still the main issues that limit osteoblast differentiation and bone regeneration on PEEK

surfaces [6][7][8][9].
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2.4 Bioactive Silicon Nitride as an implant material

Silicon nitride (SisNs) is a relatively new synthetic material that has been synthe-
sized by Deville and WOnhler in 1859, and it was first used as refractory material in the
1960s [21][51]. In the 1980s, non-oxide SisN4 ceramic was introduced as a potential high-
temperature structural engine material [51]. Since then, it has been used in a wide range
for internal components of combustion engines. Over the years, several strands of SisNa
have been developed, such as porous SizNs, dense SizNs, amorphous thin films, and pow-
der production. Furthermore, it has been used in various industries and applications such
as refractory materials, engine materials, atomic-energy jets and rockets, reinforcement of
metals, and recently bioactive materials for orthopedic applications [21][51]. The main rea-
son behind this considerable attention paid for SisNs is its unique combination of excellent
properties. Silicon nitride’: excellent properties include: mechanical strength; high fracture
toughness; oxidation, corrosion and thermal shock resistance; inherent phase stability; low
wear; scratch resistance; hydrophilicity; improved radiographic imaging; biocompatibility;
and bacteriostasis effect [51][21][16][17][20][26].

Over the last 50 years, SisNs has been produced by one of these three following
strategies: reaction bonding, sintering, and pressure-assisted sintering, respectively. In the
reaction bonding method, silicon nitride ceramic material is produced by nitridation of a
porous-shaped silicon (Si) powder. This porous-shaped material is heated in N2 at temper -
ature range of 1200-1400 °C that allows Si to react with N2 and form bonded particles of
SisNs. The formed SisNs has high porosity, and relatively low density and strength (200-
300 MPa) [16]. The second approach is preparing SisNs by sintering, in which additives
(typically Y203 and AlOz) mixed with SisNs powders are compacted in an N2 atmosphere
of 10-20 MPa pressure and heated at temperature of ~1700 °C. These additives aid in the
densification process by forming a liquid phase from the reaction of the native SiO: layer
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on the SizNs powder. By cooling, this liquid phase solidifies to form a glassy (amorphous)
or partially crystallized glassy phase at the SisNs grains boundaries [16]. The last technique
is known as pressure-assisted sintering which uses pressure to address inadequate den-
sification of sintered SisNs. This technique can be done by hot pressing or hot isostatic
pressing (HIP). In the hot-pressing method, a powder of SisNs with additives is placed in a
graphite die and then subjected to high applied pressure (~50 MPa) at 1700 °C. On the
other hand, in HIP, SisNs powder with additives is encapsulated in a metal can and pres-
surized at 150-200 MPa in 1700 °C [16][21]. Although this method has a higher manufac-
turing cost, the prepared SisN4 gains improvements in strength and toughness [16][52].

In recent years, researchers have become increasingly interested in silicon nitride
as a new bioactive material for biomedical implants, and an enormous amount of research
has been done in this field. Recent studies proved that non-oxide SizNs ceramics have a
similar, favorable biocompatibility profile compared to ZrO. and Al.Oz oxide ceramics that
used in orthopedic applications. Furthermore, biocompatibility of SisNs has validated by the
complete spectrum of ISO-10993 biocompatibility testing. Also, SizsNs has been success-
fully implanted in spinal surgery without any adverse effects for over 3 years [16]. Neumann
et al. studied the biocompatibility of SizsNs invitro and confirmed a favorable biocompatibility
of silicon nitride ceramic [53]. Also, the L929-mice fibroblast cell culture showed that Cell
growth, viability and morphology on the SisN4 surface were comparable to Ti surfaces [53].
Further investigation by Kue et al. confirmed the non-toxicity and the biocompatibility of the
ceramic SisNs surface using human osteoblast-like MG-63 cell line in vitro testing [54].

Mazzocchi et al. successfully prepared three different silicon nitride-based materi-

als, using the hot-pressing technique, and studied the microstructure, cytotoxicity, and me-
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chanical properties of these compositions. Their findings proved outstanding characteris-
tics of the three-different silicon nitride-based ceramics. Also, the cytotoxicity studies con-
firmed inertness and biocompatibility for all of these materials [20].

In 2004, Neumann et al. investigated the cytotoxicity of different qualities of SisNa
ceramics using in vitro L929-cell line culture. Different biomedically approved materials
such as Ti, AlOs, and polyvinylchloride (PVC) used as control materials. They reported
that there was no observation of cytotoxicity effect of the SisNs; furthermore, the cell mor-
phology remained the same as on Ti and alumina samples, and the polished surfaces
showed an advanced biocompatibility and higher numbers of cells [55].

In his 2006 study, Neumann et al. implanted a mini-fixation system prototype made
of Si3N4 in 3 minipigs to study the osteosynthesis in an artificial frontal bone defects [56].
By the end of the study, they reported that Si3N4 miniplates and screws showed satisfying
intraoperative workability, no implant loss, displacement, or fracture. Also, the bone healing
was complete in all animals and new bone formation was observed in direct contact to the
implant. This study concluded that Si3N4 ceramic has a good biocompatibility in both in
vitro and in vivo, and may serve as a biomaterial for midface osteosynthesis including re-
construction of the floor of the orbit and the skull base [56].

In 2012, Webster et al. investigated the anti-infection and osteointegration proper-
ties of silicon nitride compared to PEEK and Ti implant materials by implantation of these
materials into matching rat calvarial defects. The animals’ bacterial infection was induced
by injection of 1 x10* Staphylococcus epidermidis. The results emphasize that the new
bone formation around Si3N4 was ~69% compared to 24% and 36% for PEEK and Ti,
respectively, in absence of bacterial injection. In the presence of bacteria new bone for-
mation for Si3N4, Ti, and PEEK was 41%, 26%, and 21%, respectively. Moreover, no live
bacteria were present adjacent to Si3N4, compared to 88% on PEEK and 21% on Ti. This
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study concluded that bioceramic SisNs implants demonstrated superior new bone formation
and resistance to bacterial infection compared with Ti and PEEK [10].

In 2017, Pezzotti et al. reported that different heat-treatments of the bioactive SizNa
result in peculiar crystallographic characteristics of the N-apatite (Y10(SiO4)eN2) and Y-dis-
ilicate (B-Y2Si20y) surface phases [17]. These phases promote protein adhesion and dif-
ferentiation of progenitor cells into mature osteoblasts. Furthermore, the number of cells
per unit area on SisN4 surfaces was four-fold and two-fold higher than the Ti alloy and
AlQOgz, respectively. The study concluded that SisN4 surfaces enhance progenitor cells ad-
hesion, osteoblast differentiation, and bone formation more efficiently than conventional
substrates (Ti alloy and Al-Oz) [17].

Later in 2017, Pezzotti et al. provided the evidence for the unique behavior of the
bioactive SizNs in bone tissue engineering [24]. By comparing two short-term intervertebral
spinal spacers made of SizNs (cervicalimplant) and PEEK (lumbar device) with comparable
in vivo service, they confirmed that the amount of bone growth within SisN4 implant was
significantly greater than in PEEK implant. Furthermore, the release of Si, and N elements
from the SisNs ceramic surface upregulates the metabolic activity of osteoblasts, and re-
sults in rapid and efficient bone growth [24].

From the previous studies, we could conclude that SisNs enhances biomineraliza-
tion and osteogenic differentiation when compared to Ti and PEEK implants, but the cor-
relation between osteoprogenitor cells adhesion/growth and SisNs surface activity is still
poorly understood. So, our study seeks to correlate the osteoprogenitor cells adhesion and
growth to surface roughness, surface energy, and surface functional group formation to

identify differences in the osteogenic potential of SisN4, Ti, and PEEK implant materials.
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CHAPTER 3
EXPERIMENTAL APPROACH AND TECHNIQUES

3.1 Sample Preparation

Silicon nitride (SisNs) samples were provided by Amedica Corporation (Salt Lake
City, UT, USA). Details of their processing and basic properties are provided elsewhere
[21][19]. This bioceramic has a nominal composition of 90 weight % (wt.%) SisNs, 6 wt.%
yttrium oxide (yttria, Y20z), and 4 wt.% aluminum oxide (alumina, Al2Oz). The Y20z and
AlOs serve as densification additives. From this composition, a quantity of disc samples
(212.7 x 2.5mm) was prepared for characterization and biological testing. They were sep-
arated into two groups — as-fired and polished. The as-fired samples had no post-densifi-
cation treatments whereas the polished samples were abrasively lapped to a near-mirror
finish. Dimensionally identical samples were also prepared from PEEK (ASTM D6262, Ket-
ron® PEEK 1000, Quadrant EPP USA, Inc., Reading PA, USA; distributed by McMaster -
Carr, Santa Fe Springs, CA, USA) and a titanium alloy (ASTM F136, Ti6Al4V-ELI, distrib-
uted by Vincent Metals, Minneapolis, MN, USA). 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 respectto in vitro osteoblast cell
adhesion and growth.

Prior to all experiments, samples were immersed in 100% ethanol and ultrasoni-
cated for 5 minutes to remove any possible surface debris. Prior to the in vitro studies,
samples were gas sterilized using ethylene oxide for 12 hours and then vacuum desiccated
for 24 hours to remove residual absorbed ethylene oxide gas. Surface cleaning and steri-

lization were conducted at standard temperature and pressure (i.e., 25°C and 1 bar).
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3.2 Samples Characterization

The current study was performed in three different steps. First, study and charac-
terization of the bare samples’ surfaces in a way to understand the chemistry of each ma-
terial before any in vitro studies. Second, free cells in vitro studies were conducted on all
samples (SisN4, PEEK, and Ti) to investigate the effect of each material on the biominerals
formation. Last, in vitro cell study using Murine calvarial MC3T3-E1 osteoblast cells was
accomplished to investigate the cell adhesion and proliferation on each surface. The ex-
perimental studies were conducted inthe Department of Material Science and Engineering
at the University of Texas at Arlington and the Department of Biomedical Sciences at Texas
A & M University’s College of Dentistry. All characterizations were carried out at the Center
for Characterization of Materials and Biology at the University of Texas at Arlington (CCMB,
UTA).

3.2.1 X-ray Absorbance Near Edge Structure (XANES) Analysis:
X-ray Absorbance Near Edge Structure(XANES), also known as Near Edge X-ray

Absorption Fine Structure (NEXAFS), spectroscopy is a powerful, highly selective, non-
destructive technique. XANES enables the study of the chemical bonding nature in a ma-
terial as well as the element-by-element analysis of the local atomic environment (i.e. val-
ance, coordination, and distortions in geometry due to nearest neighbor atoms) [57]. This
technique uses the synchrotron facility that generates an intense electromagnetic beam by
accelerating charged particles at speeds close to that of light. This electromagnetic radia-
tion (i.e. X-ray) has sufficient energy to excite a core electron of an atom to an empty hole
below the ionization threshold “excitonic state” or above the ionization threshold “contin-
uum state.” When a core electron absorbs an X-ray photon with energy matched to its

distinct binding energy, it will be ejected from its core leaving a core hole. These extremely
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energetic core holes have an average life span of 1 femtosecond due to their unstable
nature, so it is rapidly decaying through auger electron ejection or X-ray emission.

Fig. 3-1 shows a schematic illustration of an X-ray absorption edge, the structure
found within 50 eV of the absorption edge refersto XANES. However, the structure beyond
XANES, that can be extended to 1000 eV or more above the absorption edges, refers to
the Extended X-ray Absorption Fine Structure (EXAFS) caused by the interference be-
tween the outgoing and the back-scattered photoelectron waves [57][58]. The typical
XANES spectra consists of three different zones: a pre-edge, an absorption edge, and a
post edge. The ‘edge’ means that each spectrum is taken around an element-specific core-
electron excitation energy. The absorption edge is a phenomenon that corresponds to ab-
sorption of the X-ray photon by a specific type of core electron and appears as an abrupt
increase in the absorption as shown in Fig. 3-1. The absorption edge is mainly used to
determine the oxidation state and it can be shifted up to 5 eV per one-unit change. The
pre-edge structures appear as a weak transition below the absorption edge and it can be
used to investigate the local geometry around an absorption atom [58]. The absorption can
be measured through the current or total electron yield (TEY) or the fluorescence signal
(FLY) of the materials during the absorption. The detectors are beamline dependent, so a
beamline can be thought of as an end station equipped to detect a certain energy range of
signals [58]. For the current study, Si-L edge and Y-M edge are the edges of interest for
SisNs samples to determine the presence of Si-O, Si-N, and Si-Si bonds and how the pres-
ence of Y affects these coordination structures. Later for the in-vitro studies, Ca-L edge,
O-K edge, N-K edge, and P-K edge might also be of interest. Due to the large difference
in energy between the edges, multiple beamlines must be used to collect the spectra. All
XANES spectra were collected at the Canadian Light Source Synchrotron Facility (Saska-
toon, Canada) using the High Resolution Spherical Grating Monochromator (SGM, 11I1D-
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1) and the Variable Line Spacing Plane Grating Monochromator (VLS PGM 111D-2) beam-
lines. The beamline parameters including available detectors, energy range, edge col-

lected, resolution, and beam spot size are summarized in Table 3-1.
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Figure 3- 1. Schematic illustration of X-ray absorption edge. Figure courtesy of Wikipedia.

Table 3- 1: Canadian Light Source Beamline Parameters.

‘ Beamline SGM VLS PGM
Energy Range (eV) 250 - 2000 5.5-250
Edges N-K, O-K, Ca-L P-L, Si-L
Spot Size (um) 1000 x 100 500 x 500
Source 45 mm planer undulator 185 mm planar undulator
Resolution (eV) 0.2 0.1
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3.2.2 Surface Roughness

It is generally accepted that the surface roughness and composition of the test
material have a great effect on cell activity: cell adhesion and proliferation. Recent studies
have shown that cell adhesion depended on titanium oxide thickness, roughness, and sur-
face microporosity [59][60]. Ponsonnet et. al. demonstrated a strong correlation between
surface roughness of Ni-Ti alloy and cell proliferation [61] and it also can disturb the rela-
tionship between the surface free energy and the cell proliferation [62]. For the current
samples, to correlate the effect of surface roughness on the cell adhesion and proliferation,
a comprehensive surface roughness study will be conducted using the following tech-
niques:

3.2.2.1 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a very-high resolution type of scanning probe
microscopy, with unprecedented resolution on the order of frictions of a nanometer, which
makes it 1000 times better than optical diffraction limit. AFM is a powerful and multifunc-
tional technique that allows for imaging, probing, and manipulating materials (Metals, Ce-
ramics, and Polymers) as well as biological samples [63][64]. It can be used to form a
three-dimensional shape image (topography) by imaging the reaction of the probe to the
forces that the sample surface imposes on it. AFM can be also used to determine the
mechanical properties of the sample by measuring the force between the probe and the
sample as a function of their mutual separation. Furthermore, this force can be used to
change the properties of the sample in a controlled way that enables AFM manipulation.

Since the AFM operates by allowing the probe to scan and build up a map of the
height or topography of the sample surface, it is one of the most important tools to measure
and map the surface roughness. According to the nature of the tip motion, AFM has three

different imaging modes; contact, tapping, and non-contact modes. In the Contact mode,
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the tip is directly dragged on the sample surface and the surface features are measured

through the cantilever deflection or the feedback signals required to keep the cantilever at

constant position. In the Tapping mode, the cantilever is driven to oscillate up and down
at or near its resonance frequency and the AFM image is produced by imaging the force
of the intermittent contacts of the tip and the sample surface. On the other hand, Non-

Contact mode does not allow the cantilever tip to touch the sample surface, but instead the

cantilever oscillates with an amplitude of a few nanometers (<10 nm) down to a few picom-

eters. Vander Waals forces of sample surface decrease the resonance frequency of the
cantilever that correlated to adjust the tip-to-sample distance. Measuring the tip-to-sample
distance allows the scanning software to construct a topographic image of the surface.

Then, using AFM will provide topography imaging as well as estimating the roughness

parameters such as [65]:

e Roughness Average (Ra), or arithmetic average height, which is the average of the
absolute deviation of the roughness irregularities from the mean line over the sampling
length.

e RMS Roughness (Rq), which is the root mean square roughness and represents the
standard deviation of the distribution of surface features heights. Then, Rq is an im-
portant parameter that describes the surface roughness by statistical methods.

e Maximum Profile Peak Height (Rp) represents the distance between the highest point
of the profile and the mean line within the evaluation length.

e Maximum Profile Valley Depth (Rv) gives the distance between the deepest valley of
the profile and the mean line within the evaluation length.

e Tin-point height or Average Maximum Height (Rz) estimates the difference in height
between the average of the five highest peaks and the five lowest valleys over the

evaluation length.
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e Maximum Height of the Profile (Rt or Rmax) isthe vertical distance between the highest
and lowest points of the profile within the evaluation length.

The current study used the AFM (AFM, Park XE 70, Park Systems, Suwon, Kore)
contact mode to assess the morphological features and surface roughness of the samples.
Ra and Rq roughness parameters, as well as AFM three-dimensional images of the sam-
ples surface before and after in-vitro studies, will be presented.

3.2.2.2 Contact Stylus Surface Profiler

Stylus profilometers use a probe that physically moves along the surface to acquire
the height of surface features. A feedback system monitors the force from the sample
pushing up the probe as it moves along the surface, and the changes in Z position of the
arm holder can be used to reconstruct the surface. In the present study, the contact stylus
surface profiler (Alpha Step 1Q, KLA Tencor Corporation, Milpitas, CA) at UTA Nanofab,
was used to scan and reconstruct the samples surface and roughness parameters. Alt-
hough the stylus profiler analyzes thin-step heights, measures surface micro-roughness,
and combines high measurement precision and versatility, its stylus tip size and shape can

influence the measurements and limit the lateral resolution.

3.2.2.3 Optical Profilometer

Recently, a non-contact optical profiler (NOP), based on the principle of two-beam
optical interferometry, became a widely used device for surface characterization in re-
search and industry [66]. Optical profilers are interference microscopes that use the wave
properties of light to compare the optical path difference between the reference surface
and the test material surface. So, NOP can measure the surface height variations - such
as surface roughness — and enables three-dimensional mapping of the surface with great

precision. Since the optical profilometer can perform analysis on a relatively large surface
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area and allows for a non-contact mapping, it is a suitable device to capture the surface
topography images and estimate the different surface roughness parameters.

Inthe currentstudy, NPFLEX Optical profilometer (NPFLEX, Bruker, Billerica, MA)
was used to map the surfaces of the samples and estimate the roughness parameters. It
is the first optical metrology system built to handle nano - to macro - features on samples
of widely varying shapes and sizes. NPFLEX also provides data-rich, three-dimensional
images, superior resolution, and repeatability beyond what is possible with contact instru-
mentation. By using the optical profilometer, we can scan and analyze a large surface area
in an effort to create a good representation of the whole sample and avoid the scan area
limitation of the AFM. Also, using a non-contact mapping device allows to capture the tiny
features on the surface that cannot be achieved by using the alpha KLA contact profiler
with its stylus tip diameter limitation.

3.2.3 Wettability and Surface Energy

Surface hydrophilicity, or wettability, of a biomaterial is a key factor that has a
strong effect on cell response and biocompatibility of the surface itself [67]. Studies of the
bone/implant interface have shown that increased hydrophilicity increases the rate and
extent of new bone formation around the implant due to faster cell adhesion and spreading
through the adsorbed protein layer [68]. So, the hydrophilicity study of the samples surface
in the current work will reflect a clear image of the cells response on each surface. The
relative wettability of each sample was investigated through contact angle measurements.
Sessile’s drop technique was used to determine the contact angle of deionized water on
the surface of each sample. Each material was tested in triplicate (3 samples), and 9 drops
of the water were used for each sample. The images were captured using a high-speed
camera (WATEC, high resolution, NAVITAR lens) synced to FTA32 software (First Ten

Angstroms Inc, Portsmouth, VA).
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It is well known that Young’s equation (Equation 3.1) gives the relationship be-
tween the interfacial tensions of solid-vapor, liquid-vapor, solid-liquid interfaces, and the
contact angle. Also, surface energy can be broken down into dispersive and polar compo-
nents according to equation 3.2. Then, the polar and dispersive components of a solid’'s
surface energy could be calculated by applying the Owens-Wendt-Kaeble equation (Equa-
tion 3.3), that treats the total surface energy as the geometric mean of the dispersive and
polar components [69][70]. To achieve this, dispersive and polar components of the surface
tension of at least two probing liquids must be known as shown in equation 3.4. So, the
contact angles, of the well-known dispersive and polar components, of deionized water
and diiodomethane (> 99% purity, Sigma-Aldrich, St. Louis, MO, USA) on the sample’s
surfaces were determined, and the surface energy was calculated using the polar and the

dispersive components values of the testing fluids as taken from literature (table 3-2).

YLV cos @ = ySV — St 3.1

y =yi—vyP (3.2

YSL — Ys _ YL _ 2( YE yg )1/2 _2( YEYIS) )1/2 (3.3)
0.5y (1+ cosB) = ( yiyd)v2+( yPyR P2 (3.4)

Table 3- 2: Surface energy (y*") and its corresponding dispersive (yd)and polar (yp) com-
ponent values for probing liquids [71][72].

Probing liquid YV (md/m2) y? (mJ/m2) yP (mJ/m2)
Water 72.8 21.8 51.0
Diiodomethane 50.8 50.4 0.4
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3.2.4 Scanning Electron Microscopy and EDS

Scanning Electron Microscopy (SEM) allows for creating high-resolution images
with a relatively large depth of focus, so it can provide surface topography and morphology
images. Inthe current study, an Ultra HR-SEM (Hitachi S-4800 Il FE SEM, Hitachi, Tokyo,
Japan) and Hitachi S-3000N Variable Pressure SEM were used to capture the surface
features, as well as the interface between the sample surface and the HA layer that formed
after in vitro studies. Due to the nonconductive nature of PEEK and SizsNs samples, these
samples were sputter-coated with a conductive silver layer using the CrC-100 sputter
(Plasma Sciences Inc., Lorton, VA) prior to imaging. Compositional analysis and mapping
of the surface after the free-cells in vitro studies as well as the matrix deposition were
obtained using the Energy Dispersive Spectroscopy (EDS). EDS spectra and surface map-
ping were collected using the EDS detector connected with a Hitachi S-3000N Variable
Pressure SEM.

3.2.5 Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier Transform Infrared Spectroscopy (FT-IR) is a technique used to collect
infrared spectra of absorption or emission of the test materials; it can collect high-spectral-
resolution data over a wide range of spectra. In the current study, Thermo Nicolet 6700
FT-IR Spectrometer (Thermo Electron Corporation, Madison, WI USA) equipped with a
smart attenuated total reflectance (ATR) accessory, was used to investigate the surface
functional groups and biominerals formation after the in vitro studies. ATR is one accessory
of FT-IR spectrophotometer that allows to measure the surface properties (1-2 ym pene-
tration depth) of solid or thin film samples rather than their bulk properties. All FT-IR ab-
sorbance spectra were collected for 128 scans over the range of 4000-500 cm™, with an

aperture of 150, and a resolution of 4 cmrL.
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3.2.6 Raman spectroscopy

Raman spectroscopy is a vibrational spectroscopic technique that can be used to
optically investigate surface functional groups, bonding types, and molecular confor-
mations. This technique basically depends on the inelastic or raman scattering, which
means the scattered photon has less or higher energy than the incident one due to the
inelastic collision of the photons with the material molecules. This vibrational spectroscopic
technique is relatively simple, reproducible, and nondestructive to the tissue. In addition,
only small amounts of material are required, so it became an important tool for biomedical
applications and clinical evaluations. In the present study, raman spectroscopy (DXR,
Thermo Scientific Waltham, MA, USA) with a 780 nm excitation laser at 100 mwW, 10x ob-
jective, and a 50 pym slit was used to collect the spectra for all samples except PEEK, which
needed a different setup (1 mW, 10x objective, and a 25um pinhole). The samples were
photo-bleached for 4 minutes prior to spectra collection and a 10 s exposure time was
used. Thirty-two spectra per location were recorded within the range of 400 - 2000 cmL.

3.2.7 X-ray Diffraction (XRD)

X- ray diffraction (XRD) is considered as one of the most important diffraction
methods among all available characterization techniques. Atomic arrangement patterns in
crystalline solids can be determined using x-rays radiation [73]. By studying the diffraction
of x-ray resulting from the geometry of a crystal lattice, the crystal structure and phase
composition of unknown material can be determined [74]. Itis well known that X-ray powder
diffraction not only using for identifying the structural of unknown sample, but also it can be
used for finding the grain size, presence of texture and other key microstructural factors for
a well-known material. Debye-Scherrer equation (eqg. 3.5) relates the crystallite size to the
full width at half maximum (FWHM) of peaks [74][75][76].

r=0.9\/Bcos 6 (3.5
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where r represents the mean grain size, and B represent the FWHM of the peak in radians
unit. In the current study, X-ray diffraction was used to investigate the 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 (A = 1.5418 A) at room temperature. Data were
recorded over the 20 range of 20—-80° with a 0.04° step size and a dwell time of 1.5 sec-
onds. Then, the Debye-Scherrer equation was used to estimate the grain size of the formed
HA.

3.3 In vitro Experiments

3.3.1 In vitro cells-free Study

In vitro cell-free study, using only the Alpha Minimum Essential Medium (a-MEM)
(Sigma-Aldrich Co., Spruce St. Louis, MO, USA) was conducted to investigate the sample’s
surface activity and the a-MEM effect on the HA and biomineral formations on the surfaces.
According to manufacturer specifications as shown in table 3-3, a-MEM contains and pro-
vides the inorganic salts (Ca?*, HPO3™ , CI7,Na*, K*, Mg?*, HCO3, SO%~), amino acids, vit-
amins, and sugars necessary for cell viability [77]. These components make it a compara-
ble medium to the human blood plasma and the simulated body fluid (SBF) [78][79] as
indicated in table 3-4. So, aMEM is considered as an important source of passive ion ex-
change with the bioactive material surface. Then a primary approximation of biomaterial
response to cell culture media environment can be achieved by studying the response of
the biomaterial to aMEM.

In the present study, all samples were immersed in a-MEM and incubated at 37°C
in a humidified 5% carbon dioxide (CO2) atmosphere for 1, 4, and 7 days. The media was
exchanged every other day, and the samples surfaces were washed with Phosphate-buff-
ered saline (PBS) at the end of the study. Then, samples kept in the desiccator overnight
before any characterizations.
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Table 3- 3: Components of a-Modified Minimum Essential Media [77].

Component

M. Formula

M.W1t.

Conc.(mg/L)

Conc. mM

Calcium Chloride (anhydrous) CaCl 111 200 1.8
Magnesium Sulfate (anhydrous) MgSO4 120 97.67 0.814
Potassium Chloride KCl 75 400 5.33
Sodium Bicarbonate NaHCOs 84 2200 26.19
Sodium Chloride NaCl 58 6800 117.24
Sodium Phosphate monobasic NaH2PO4 138 122 0.88

Table 3- 4: Concentrations of inorganic salts found in human blood plasma, SBF, and

aMEM [78][79].

| lon | Plasma (mM) SBF (mM) . o-MEM (mM) |
Na* 142 142 144.3
K* 5 5 5.3
M2 15 15 0.81
Ca?* 2.5 2.5 1.8
Cl 103.0 148.8 124.37
HCO; 27.0 4.2 26.2
HPOZ" 1.0 1 0.88
502" 05 0 0.8

3.3.2 In vitro Cells Study

Murine calvarial MC3T3-E1 osteoblast cells (American Type Cell Culture Inc., Ma-
nassus, VA) were cultured in 75 sg. cm flasks (Corning Life Sciences Inc., Tewksbury, MA)
using a-MEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/ strepto-
mycin (pen-strep) until 75-90% confluence. These cells were used below passage 29 in-
cubated at 37°C, 100% relative humidity, and 5% CO2 (according to the manufacturer’s
specifications). Ethylene oxide sterilized samples of each test material (n=3) were washed
twice with PBS, placed in 24 well plates, and seeded with 105> MC3T3 cells. All well plates
used in this study were standard tissue culture plastic that was vacuum gas treated (Corn-
ing Life Sciences Inc., Tewksbury, MA).

Cellular adhesion was studied by culturing cells on sample surfaces for 24 hours.

At the end of the experiment, the samples were washed in PBS twice to remove non-
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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., St. Louis, MO)
for 1 hour. 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 trans-
ferred 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 As-
say Kit (MTS Agueous One Assay, Promega Inc., Madison, WI). The MTS assay is a col-
orimetric method for determining the number of viable cells on sample surfaces. It deter-
mines the amount of formazan produced from the mitochondria of viable cells given the
MTS reagent (tetrazolium reagent) [80]. The formazan dye transforms the color of the
culture media from a yellow (low cell density) to purple color (high cell density). The color
of the solution was measured using a spectrophotometer (Spectromax Plus, Spectromax
Inc., San Jose, CA) 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.

3.3.3 Extra Cellular Matrix study

Itis well known that collagen type |is the most abundant protein in the extracellular
matrix (ECM) and the human body as well [81]. Collagens represent 90% of bone matrix
protein content [82]. Furthermore, collagen gives the structural support to the bone cells

and it is present in the EMC as fiber-liked proteins [81,83]. In the current study, various
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analysis such as Ft-IR, SEM, and SEM/EDS have been used to investigate the matrix dep-
osition after 30, and 60 days of osteoblast in vitro cell culture.

Murine calvarial MC3T3-E1 osteoblast cells were seeded and treated for 30 and
60 days with an ascorbic acid medium to induce cell differentiation and ECM. After each
time point, the samples were collected from culture plate, washed in DPBS twice, and
transferred to a fresh well plate. Then, the samples were fixed using 2% glutaraldehyde for
1 hour. After then, the samples were sequentially alcohol dehydrated using an ethanol-
water mixture with sequential concentrations of alcohol (i.e., 25%, 50%, 75%, and 100%)
to preserve the intact cellular structure on the sample surfaces. Samples were dry over-
night then used for FTIR analysis. After that, all samples sputtered with silver and examined
by Hitachi S- 3000N Variable Pressure SEM. EDS spectra and surface mapping were col-

lected using the EDS detector connected with the SEM.
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Abstract

As a relatively new and novel biomaterial, silicon nitride (SisNs) has been FDA
cleared for use as spinal intervertebral arthrodesis devices. Because its surface properties
promote bone on-growth and ingrowth, it also has the potential to benefit craniofacial re-
construction. Thus, the aim of this work was to determine if the surface properties of SisN4
could enhance the growth of calvarial osteoblasts and nucleation of hydroxyapatite (HA)
crystals when compared to conventional implant materials such as titanium (Ti) and poly-
etheretherketone (PEEK). The investigated surface properties were contact angle (i.e., sur-
face energy), surface roughness, and surface functional group formation. X-ray absorb-
ance near edge structure analysis (XANES) indicated the presence of Si-Si, Si-O, and Si-
N bonding, which suggested random mixing of these bonding structures. Surface rough-
ness evaluations showed that as-milled PEEK exhibited the roughest surface when com-
pared to as-fired SiaNs and as-milled titanium. Wetting behavior from sessile drop methods
indicated that SisNs exhibited the lowest contact angle and highest surface energy. Cell
culture studies showed that osteoblast growth was markedly enhanced on SisNs after 1
day and up to 7 days. The SisNs surface (as-fired and polished) induced the highest surface
coverage and thickness of nanocrystalline hydroxyapatite in cell-free in vitro studies after
7 days of culture. Electron dispersive spectroscopy analysis revealed that the HA layer had
a Ca/P ratio of 1.34 (as-fired SisNs) and 1.58 (polished SisN4). X-ray diffraction analysis
revealed the formation of (211) and (203) HA nano-crystalline grains. Raman spectroscopy
analysis showed the presence of surface functional groups consisting of phosphate and
carbonate species. Interestingly, the surface also indicated the presence of amide and hy-
droxyproline groups, which are precursors to collagen. HA coverage was less dense on Ti
and sparse on PEEK surfaces, and no formation of amides or hydroxyproline was ob-
served. In conclusion, SisNs outperformed conventional craniofacial implant materials due
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to its ability to induce rapid osteoblast growth, higher surface energy, and formation of

collagenous precursor surface functional groups followed by dense nanocrystalline HA.

Keywords: Silicon nitride; craniofacial implants; hydroxyapatite nucleation; hy-

droxyproline; amide surface formation.
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Introduction

Nearly 600,000 bone grafting procedures are performed in the US and 4 million
globally every year at a cost of approximately $2.3 bilion annually; and this healthcare
burden is projected to reach $3.4 billion in 2023 [1]. 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 [84—86]. Craniofacial reconstructive procedures are often
required for facial trauma, tumor resection, for congenital and birth defects. These recon-
structive 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 re-
sistance [87]. The use of autologous bone grafts for the repair and regeneration of critical
sized defects (CSD) is not feasible or difficult due to the 3-dimensional complexity of struc-
tures, 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 [18,88-91]. However, HA’s fragile nature, lack of osteosynthesis
capacity [92], risk of secondary infections [93-97] (especially in frontal sinus, orbital and
paranasal regions), and lack of long-term stability make it unfavorable for long-term crani-
ofacial implants [92,98,99]. Multiple studies have documented poor healing of CSD trau-
matic 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 [100]. Consequently, various implant materials such as PEEK and Ti

are widely employed for craniofacial reconstruction.
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PEEK is used in a number of orthopedic applications including trauma, arthro-
plasty, and spinal fusion because of its biocompatibility, inert nature, and low elastic mod-
ulus [5]. PEEK’s modulus is designed to mimic bone and therefore it minimizes stress
shielding when compared to Ti [50,101]. Yet, PEEK’s fundamental flaw is its lack of bioac-
tivity 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 [6-9]. Surface modifications and coatings (e.g., HA, tri-
calcium phosphate (B-TCP), as well as plasma treatments, help facilitate cell adhesion,
differentiation and overall integration with bone [5,10,102,103]. These coatings increase
surface bioactivity but at the expense of reduced strength, particularly in the case of HA,
[104-106] and reduced cellular growth for B-TCP [104]. These types of coatings show low
bonding to PEEK, leading to poor interfacial interaction and delamination [106,107]. Alt-
hough 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 osteoin-
tegrate. They have been widely used in orthopedic, dental, skeletal, and craniofacial re-
construction for many decades [10,11]. Calcium phosphate coatings on Ti surfaces help
increase its bioactivity and osteointegration [108-110]. However, complications, such as
post implant fractures due to stress shielding, aseptic loosening [12—14], poor long-term
stability, absence of antioxidant effects [15], and prolonged healing remain as critical is-
sues. To improve outcomes of fracture repairs using Ti implants, HA coatings have been
attempted [111-114]. However, these coatings proved to be unsatisfactory due to the ther-
mal expansion mismatch at the Ti-HA interface [115-121], the poor quality of HA formed
by plasma spraying [122—-126], and poor long-term stability. Bioglass®, an alternative to
HA, is also a mechanically weak biomaterial [115,127-129]. It similarly exhibits cracking at
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the Ti-glass interface due to its britfleness and thermal expansion mismatch [130]. Addi-
tionally, composite coatings, based on HA and Bioglass®, demonstrated immature bone
healing and fibrous tissue attachment after 12 weeks in vivo [131]. Although MgO or N-
annealing reduced their thermal expansion mismatch and interfacial adhesion [132-134],
these glasses and composites had reduced bioactivity due to the release of Mg?2* ions that
down-regulated osteogenic markers [135]. Antibiotics [136] and coatings such as silver
[137,138], zinc [139,140], copper [136], and fluoride [141] have been used to incorporate
antibacterial effects on Ti surfaces to overcome secondary infections [108]. Yet, antibacte-
rial 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 orthopedic applications is still less than op-
timal for bone healing. Therefore, using an implant material with a surface that induces
rapid osteoprogenitor growth is desirable.

Silicon nitride (SisNs) is a novel biomaterial that has shown improved cyto-compat-
ibility and biomineralization versus traditional hydroxyapatite [18,19]. 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 SisN4 for reconstructive applications [21] SisNs4 ceramics have high
strength and fracture toughness, inherent phase stability, high wear resistance, low coeffi-
cients of friction, hydrophilicity, and biocompatibility [17]. These traits make it a material of
interest for craniofacialand dental applications [16,20] Studies have also shown that SizNas
is anti-infective and enhances osteogenic differentiation of mesenchymal and osteoblast
cells when compared to Ti and PEEK [10,16,18,22-25,142]. Chemical modifications to the

surface of SisNs enhanced its biomineralization relative to HA and other competitive bio-
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materials [143]. This was attributed to many factors, including its surface chemistry, hydro-
philicity, and its strong electronegative surface sites, which promoted cell attachment and
migration when compared to HA, Ti, or PEEK [17,18,26]. Based on prior work with amor-
phous silicon nitride [144], the presence of surface nitrogen induces the formation of N-H
moieties that act as precursors to the amide groups present in collagenous extra-cellular-
matrix (ECM). This study will seek to determine if such functional group formation occurs
on monolithic ceramic surfaces.

Thus, it is hypothesized that SisNs enhances osteoprogenitor cell adhesion and
growth via higher surface energy and the presence of amide surface functional groups.
The aim of this study was to correlate osteoprogenitor adhesion and growth to surface
roughness, surface energy, and surface functional group formation in order to identify dif-

ferences in the osteogenic potential of each implant material.

Materials and Methods
Study Design

The surface properties (roughness, energy, and functional groups) of each mate-
rial before and after cell-free in vitro immersion were analyzed at the Center for Character-
ization of Materials and Biology at the University of Texas at Arlington (CCMB, UTA). Meth-
ods used to determine surface roughness included atomic force microscopy (AFM), con-
tact, 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 the alpha minimum essential medium (a-MEM)
was conducted to study the biomineral formation on the surface. All samples were im-
mersed in a-MEM and incubated at 37°C in a humidified 5% carbon dioxide (CO.) atmos-

phere for 1, 4, and 7 days. Surface functional group formation and biomineral characteri-
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zation were investigated using Raman Spectroscopy, Fourier Transform Infrared Spectros-
copy (FT-IR) analysis, high-resolution scanning electron microscopy (HR-SEM), and elec-
tron dispersive spectroscopy (EDX/EDS). 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 pro-
liferation assays, respectively. Statistical evaluation of the surface property data and in-
vitro results was used to determine significant differences between groups. These statisti-
cal analyses were conducted via analysis of variance (ANOVA) using the general linearized
model in SPSS (SPSS software, IBM Corporation, Fishkill, NY). A post-hoc Tukey’s anal-
ysis was used to determine statistical significance between each group. Statistical signifi-
cance was signified by the following convention: *, p < 0.05, **, p < 0.01, and ***, p < 0.001.

Sample Preparation

Silicon nitride (SisNs) samples were provided by Amedica Corporation (Salt Lake
City, UT, USA). Details of their processing and basic properties are provided elsewhere
[19,21]. This bioceramic has a hominal composition of 90 weight % (Wt.%) SizNs, 6 Wt.%
yttrium oxide (yttria, Y203), and 4 wt.% aluminum oxide (alumina, Al203). The Y20z and
AlOs serve as densification additives. From this composition, a quantity of disc samples
(¥12.7 x 2.5mm) was prepared for characterization and biological testing. They were sep-
arated into two groups — as-fired and polished. The as-fired samples had no post-densifi-
cation treatments whereas the polished samples were abrasively lapped to a near-mirror
finish. Dimensionally identical samples were also prepared from PEEK (ASTM D6262, Ket-
ron®PEEK 1000, Quadrant EPP USA, Inc., Reading PA, USA,; distributed by McMaster -
Carr, Santa Fe Springs, CA, USA) and a titanium alloy (ASTM F136, Ti6Al4V-ELI, distrib-
uted by Vincent Metals, Minneapolis, MN, USA). The Ti and PEEK samples were also

produced in two groups — as-machined and polished — using 600 grit and 2000 grit abrasive
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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.

Prior to all experiments, samples were immersed in 100% ethanol and ultrasoni-
cated for 5 minutes to remove any possible surface debris. Prior to the in vitro studies,
samples were gas sterilized using ethylene oxide for 12 hours and then vacuum desiccated
for 24 hours to remove residual absorbed ethylene oxide gas. Surface cleaning and steri-
lization 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 on XANES methodology can be
found in Koningsberger and Roelof (1988) [57,145]. In this study, evaluations of the Si L-
edge, and Y M-edge were conducted at the National Synchrotron Light Source facility (Ca-
nadian Light Source, CLS, University of Saskatchewan, Saskatoon, Saskatchewan, Can-
ada). Details of the beam energy for each studied element are given in previous publica-
tions [144,146,147] and in the Results section below. XANES analysis was used to deter-
mine the presence of Si-O, Si-N, and Si-Sibonds and how the presence of Yitrium 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,
Suwon, Korea), a contact stylus surface profiler (Alpha Step 1Q, KLA Tencor Corporation,
Milpitas, CA), and an optical profilometer (NPFLEX, Bruker, Billerica, MA). The stylus-
based surface profiler analyzed thin-step heights, surface micro-roughness, and overall

form error while providing sufficient vertical range for large topographical variations. The
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optical profilometer performed analyses over a larger surface area via non-contact map-
ping in three dimensions. It captured surface topography images and provided estimates
of the different surface roughness parameters that were representative of the entire sam-
ple. The optical profilometer overcame some of the limitations imposed by small area anal-
yses 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, St. Louis, MO, USA) on the sample’s surfaces were determined using sessile drop
techniques. The images were captured using a high-speed camera (WATEC, high resolu-
tion, NAVITAR lens) synced to FTA32 software (First Ten Angstroms Inc, Portsmouth, VA).
For each material, three samples were tested with 9 repetitive drops of DI water and diio-
domethane at 25°C. Surface tensions, (y-V), including polar (y9) and dispersive (yP) com-
ponents, for water and diiodomethane were 72.8, 21.8, and 51.0 mJ/m? and 50.8, 50.4,
and 0.4 mJ/m?, respectively [71,72,147]. The surface energy of each sample was calcu-
lated using the Owens-Wendt-Kaeble equation as described in prior work [147].

Each material was imaged for their respective surface morphology using an Ultra
HR-SEM (Hitachi S-4800 Il FE SEM, Hitachi, Tokyo, Japan). Prior to imaging, the PEEK
and SisNs samples were sputter-coated with conductive silver (CrC-100 sputter, Plasma
Sciences Inc., Lorton, VA). 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 im-
mersion in a-MEM was observed with an energy-dispersive x-ray spectroscope (EDS) de-
tector 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, Madison, WI USA)
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equipped with a smart attenuated total reflectance (ATR) accessory was used to collect
the FT-IR absorbance spectra over the range of 4000-500 cm™, with an aperture 150, 128
scans, and resolution of 4 cm?. Raman spectroscopy (DXR, Thermo Scientific Wal-
tham, MA, USA) with a 780 nm excitation laser at 100 mW, 10x objective, and a 50 ym slit
was used for all samples except for PEEK, which needed a different setup (1 mwW, 10x
objective, and a 25um pinhole). The samples were photo-bleached for 4 minutes prior to
spectra collection and a 10 s exposure time was used. Thirty-two spectra per location were
recorded within the range of 400 - 2000 cmL.

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 (A = 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 seconds.

Free cells in vitro studies and Murine calvarial MC3T3-E1 osteoblast cells
studies previously mentioned in detail in section 3.3.
Results
Fig. 4-1 represents the XANES measurements of silicon nitride’s surface chemical
coordination. The fluorescence signal (FY) data for Si L2, 3 edge (Fig. 4-1a) represents
the absorption energy of the p core shell electrons for Si. Peaks aand b at 105.7 and 106.3
represent 2p spin orbital splitting, which was described previously [144,147]. 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 c near 108.1eV. Resonance peaks were observed in the post edge data
for SisN4 samples but not seen in SisNs model compound data. This could indicate a shape
change in the orbital [58,148]. Finally, the pre-edge peak at 104.5 +/- 0.2 eV is the distin-
guishing peak between SizNs type bonding and SiO: type bonding. The pre-edge shoulder
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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.
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Figure 4- 1: XANES analysis of the as-fired and polished SizNs showing (a) Si-L2, 3 edge,
and (b) Yttrium M-edge, (Total Electron Yield (TY) and Fluorescence signal (FY)).

Given in Fig. 4-1bis 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
3ds2 and 3d12 orbital activity. They are 2eV apart and are expected to occur at 155.7 and
157.7eV, respectively °4. Their resonance feature was observed at a’ and b’. The silicon
nitride samples showed peaks a and b shifted to higher energies at 163.7 and 164.7 eV
with just 1eV difference between them. The peak at 156.5 is likely due to N 1s peak reso-
nance 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

43



to its combination with SisNs. 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 4-1. Itis important to note that these different measurement
methods confirmed that the polished silicon nitride samples had the lowest roughness pa-
rameters compared to the other samples. Results from both AFM (Fig. 4-2) and optical
profilometer showed that the PEEK 600 grit samples had the highest Ra and Rq values.
While the stylus profilometer was effective in measuring general surface parameters, the
AFM and optical profilometer provided detailed three-dimensional characterization of each
sample’s morphological features as shown in Fig. 4-2. Thus, the average roughness ac-
cording to the AFM and optical profilometer from highest to lowest was PEEK, 600 grit >
SisNs as-fired > PEEK, 2000 grit > Ti6Al4V 600 grit > Ti6Al4V 2000 grit > SisN4 polished.
Both analyses confirmed the large difference in the surface topography between the as-
fired and polished SizNs, Ti6AI4V 600 grit and 2000 grit, and PEEK 600 and 2000 grit. As-
fired SisNs showed a rougher and more granular surface whereas an even, non-granular

surface was found for polished SiaNs.

Table 4- 1: Summary of the AFM, optical profilometer, and KLA Tencor roughness param-
eters; (Ra) roughness average and (Rq) the root-mean-square roughness of all samples.

Optical Pro- Stylus Pro- AFM (After HA)
filometer filometer

samples
As-fired Si3Ny 241 305 309 399 140 180 438 555
Polished SizN4 31 36 9 13 4 6 561 702
PEEK 600 grit 295 357 496 619 122 155 405 508
PEEK 2000 grit 144 172 164 206 52 64 458 523
Ti6AI4V600 grit 135 166 140 183 38 53 226 300
Ti6AI4V2000 grit 64 83 89 120 17 24 429 563
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Figure 4-2: 3D-AFM images showing the surface topography before and after HA for-
mation, respectively, (a, b) As-fired SisNs, (c, d) Polished SisNs, (e, f) PEEK, 600 grit, (g, h)
PEEK, 2000 grit, (I, j) TibAI4V 600 grit, and (k, I) Ti6AI4V 2000 grit with color indicator bar.
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Figure 4-2: 3D-AFM images showing the surface topography before and after HA for-
mation, respectively, (a, b) As-fired SisNs, (c, d) Polished SisNs, (e, f) PEEK, 600 grit, (g, h)
PEEK, 2000 grit, (I, j) Ti6AI4V 600 grit, and (k, I) TiGAI4V 2000 grit with color indicator bar
(Cont.).
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AFM 3D images of the surfaces of the tested samples after 7 days of incubation
in a-MEM are shown in Fig. 4-2. After a-MEM immersion, each sample showed a “blister
rough” surface compared to its bare surface (Fig.4-2). 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, Fig. 2(d) displays the
topography of the polished SisN4 sample after HA formation. This image clearly shows HA
growth on the SisNs bare surface; the yellow arrows indicate the bare surface and the black
arrows refer to HA crystals formation. Table 4-1 presents the average roughness of the HA
layer and indicates that the HA crystals on the as-fired SisN4 had the highest roughness of
any surface, also confirming the highest HA density on this surface.

Fig. 4-3 provides the static water contact angles for each tested surface. Fig. 4-4a
shows the variation of contact angles on the sample surfaces with water and diiodome-
thane. Fig. 4-4b presents the calculated surface energies (y) broken into polar yp and dis-
persive yd 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°,
Ra=309.27 nm) and polished silicon nitride (6=55.31°, Ra=9.32 nm). A similar result was
observed for the Ti and PEEK samples. The effect of surface polishing reduced the prom-
inence of peaks and valleys. This minimized entrapped air at the liquid-solid interface
thereby reducing the contact angle [149]. Fig. 4-4c 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 decreased within the first day. Remarkably, the contact angles for
the as-fired and polished Si3N4 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.
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Figure 4-3: Static contact angle images of water on the surface of (a) As-fired SisNs4, (b) Polished
Si3N4 (c) PEEK, 600 grit, (d) PEEK, 2000 grit, (e) Ti6Al4V 600 grit, and (f) Ti6AI4V 2000 grit. The
SisNs samples show an acute angle suggestive of hydrophilic surfaces as compared to PEEK and
Ti.
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Figure 4-4: Contact angle and surface energy show (a) variation of contact angle on sam-
ples sur-face with water and DIM with error bars showing standard deviation, and (b) cal-
culated surface energy (y) for all samples, broken into polar yp and dispersive yd compo-
nents, (c) variation of contact angle of DI water before and after immersion in a-MEM with
error bars indicating the standard deviation.
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Figure 4-4: Contact angle and surface energy show (a) variation of contact angle on sam-
ples sur-face with water and DIM with error bars showing standard deviation, and (b) cal-
culated surface energy (y) for all samples, broken into polar yp and dispersive yd compo-
nents, (c) variation of contact angle of DI water before and after immersion in a-MEM with
error bars indicating the standard deviation (Cont.).

SEM images of the bare samples surfaces’ and the nanocrystalline HA formed on
these surfaces with their representative EDS spectra are presented in Fig. 4-5. 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 SisN4 samples. This also was confirmed from the measured HA-layer thickness
as shown in the cross-section SEM images presented in Fig. 4-6 (a, b, and c). These im-
ages 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 ym on the as-fired Si3N4 surface compared to 20.5 +/- 3.5 ym, and

15.9 +/- 2.3um for Ti6AI4V 600 and PEEK 600 grit samples, respectively as presented in
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Fig. (6-d). Fig. 4-6-e shows the Ca/P ratio calculated from the EDS elemental analysis. The
Ca/P ratio for HA formation on the as-fired and polished SisNs was 1.32 +/-0.03 and 1.42
+/- 0.16, respectively. PEEK samples showed Ca/P ratio relatively similar to SisNs, while
HA formation on Ti surface had a lower Ca/P ratio, which indicates Ca deficiency in the

surface formed HA layer.

Figure 4-5: HR-SEM images before and after 7 days in a-MEM of (a, b) as-fired SisNs, (d,
e) Polished SizNs, (g, h) PEEK, 600 grit, (j, k) PEEK, 2000 grit, (m, n) Ti6Al4V 600 grit, and
(p, ) Ti6AI4V 2000 grit. EDX spectra of (c) as-fired SisNs, (f) Polished SisNs4 (i) PEEK 600
grit, (I) PEEK 2000 grit, (o) Ti6AI4V 600 grit, and (r) Ti6Al4V 2000 grit after 7 days in a-
MEM.
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Figure 4-5: HR-SEM images before and after 7 days in a-MEM of (a, b) as-fired SiaNs, (d,
e) Polished SisNs, (g, h) PEEK, 600 grit, (j, k) PEEK, 2000 grit, (m, n) Ti6Al4V 600 grit, and
(p, q) TiIBAI4V 2000 grit. EDX spectra of (c) as-fired SisNa, (f) Polished SisNs4 (i) PEEK 600
grit, (1) PEEK 2000 grit, (o) Ti6AI4V 600 grit, and (r) Ti6Al4V 2000 grit after 7 days in a-
MEM (Cont.).
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Flgure 4-6: SEM images show the interface between the formed HA layer and the (a) As-

Fired SisNs4, (b) Ti6Al4V 600 grit, and (c) PEEK 600 grit samples surfaces, (e) HA-Layer
thick-ness (um), and Ca/P ratio with standard deviation bar, calculated from the EDS data.
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Figure 4-6: SEM images show the interface between the formed HA layer and the (a) As-
Fired SisNs4, (b) Ti6AI4V 600 grit, and (c) PEEK 600 grit samples surfaces, (e) HA-Layer
thick-ness (um), and Ca/P ratio with standard deviation bar, calculated from the EDS data
(Cont.).

Fig. 4-7 shows the surface morphology, composition and element distribution on
the surface of all samples after 7 days immersion in a-MEM. EDS mapping showing the
regions of interest corresponding to Si, Ca, P, O, N, Na, and Al K edges were defined for
all samples. EDS results confirmed the presence of Ca and P deposition on the surface of
each sample that previously indicated by the SEM images. It is important to note that the
arrows drawn on each image indicate the regions of high Ca and P deposition density
compared to the main elements distribution of the sample. For example, in the as-fired

SisNs sample, the arrows refer to the high Ca and P deposition density that slightly shield

the SisN4 surface and show less Si density at these regions.
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Figure 4-7: EDS surface mapping of (a) as-fired SisNs, (b) Polished SisNs4, (c) PEEK, 600
grit, (d) PEEK, 2000 grit, (e) Ti6AI4V 600 grit, and (f) Ti6AI4V 2000 grit after 7 days immer-
sion in a-MEM.
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Figure 4-7: EDS surface mapping of (a) as-fired SizNas, (b) Polished SisNs4, (c) PEEK, 600
grit, (d) PEEK, 2000 grit, (e) Ti6AI4V 600 grit, and (f) TiBAI4V 2000 grit after 7 days immer-
sion in a-MEM (Cont.).
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Figure 4-7: EDS surface mapping of (a) as-fired SizNs, (b) Polished SisNs4, (¢) PEEK, 600
grit, (d) PEEK, 2000 grit, (e) Ti6Al4V 600 grit, and (f) Ti6AI4V 2000 grit after 7 days immer-
sion in a-MEM (Cont.).
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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 Fig. 4-8. 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
hydroxyproline peaks from day 4 of immersion. The amide and phosphate peaks on SizNs
surfaces increased in height as a function of in vitro immersion time, indicating their stability

to remain bound to this bioactive surface.
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Figure 4-8: Raman Spectroscopic graphs for the bare and the immersed samples surfaces
(1, 4, and 7 days) of (a) as-fired SisNs, (b) Polished SizN4, (c) PEEK, 600 grit, (d) PEEK,
2000 grit, (e) TiBAI4V 600 grit, and (f) Ti6AI4V 2000 grit.
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Figure 4-8: Raman Spectroscopic graphs for the bare and the immersed samples surfaces
(1, 4, and 7 days) of (a) as-fired SisNs4, (b) Polished SisNs, (c) PEEK, 600 grit, (d) PEEK,
2000 grit, (e) Ti6AI4V 600 grit, and (f) Ti6GAI4V 2000 grit (Cont.).
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FT-IR spectra of all samples after 7 days immersion in a-MEM confirmed the for-
mation of HA as presented in Fig. 4-9. These spectra indicated the presence of character-
istic absorption bands for the vibrational modes of PO43- that appeared around 1019, 962,

and 600 cm™. The broad band that appeared at 3350-3550 cnr! corresponded to strongly

adsorbed and/or bound H20, as well as the weak bands of OH- group that appeared at
3572 and 595 cmrl. Furthermore, the observed bands at 1420-1465 and 875 cm were
attributed to the CO% group that substituted for the phosphate group in the apatite struc-
ture. These spectra are in agreement with other published data of the HA [150-154]. Of all
the samples, only SisNs showed a weak broad band at 1600-1650 cmr! corresponding to

the N-H of amide |, which can explain the presence of amide peaks found in the Raman

spectra.
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Figure 4-9: FT-IR spectrum of HA formation on the surface of Polished SisNs, PEEK, 2000
grit, and Ti6AI4V 2000 grit.
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Figure 4-9: FT-IR spectrum of HA formation on the surface of Polished SizNs, PEEK, 2000
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To confirm the presence of HA layer formation on the samples’ surfaces, the struc-
ture of the formed layer compared to the bare samples surfaces was investigated by X-ray
diffraction analysis. The patterns presented in Fig. 4-10. 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° 26 that related to (211) and (203) planes, respec-
tively, of the nanocrystalline hydroxyapatite. The grain size of these HA crystals on each
surface was estimated using the Debye-Sheerer relation [74,155,156]. The estimated val-
ues confirmed that the grain size increases from 30.4 nm for the polished SizNs 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 ori-
ented polycrystalline grains seen in Fig.4-5. The (203) peak shift was likely due to a slight

change of lattice parameters associated with compression or tension within the HA lattice.
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Figure 4-10: XRD results for: (a) Bare SisNs, Polished SisNs+HA, and As-fired SisNs+HA;
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PEEK 600 grit +HA, and PEEK 2000 grit +HA.
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Fig. 4-11 shows the cellular adhesion on polished surfaces of silicon nitride, tita-
nium and PEEK. Fig. 4-11a shows more cell spreading and a higher density of well-adher-
ent cells on the surface of silicon nitride than PEEK (Fig. 4-11c); however, it had compara-
ble density and cell spreading to titanium (Fig. 4-11b). The images indicate polished silicon

nitride and titanium are suitable surfaces for proliferation of osteoblasts.

Titanium
surface

Figure 4-11: 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-E1 cells, (d) shows as machined PEEK, Ti6Al4V, and as fired SizNs, (€) shows
polished samples of PEEK, Ti6Al4V, and SizNa.
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Figure 4-11: 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-E1 cells, (d) shows as machined PEEK, Ti6Al4V, and as fired SisNs, (€) shows
polished samples of PEEK, Ti6Al4V, and SisNs (Cont.).
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Fig. 4-11 (d, e) shows cell proliferation on the different surfaces. Fig. 4-10d com-
pares as-fired silicon nitride, as-machined titanium and PEEK and Fig. 4-11e shows cellular
proliferation on the polished surfaces for 1, 4 and 7 days. It was found that SisNs out-per-
forms 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 SisNs had a higher affinity for cell attachment at an early time-point and it

more readily facilitated cellular proliferation.

Discussion

The aim of this study was to characterize the surface properties of three clinically
relevant biomaterials — SisNs, 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). Inin vitro
cell-free testing, silicon nitride surfaces formed the highest and most dense nanocrystalline
HA layer. Silicon nitride (either as-fired or polished) out-performed titanium and PEEK in
promoting osteoprogenitor cell growth. Cells were highly dense and well-adherent when in
contact with the silicon nitride surfaces.

The increased cell growth on the SisNs 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. Itis
well-understood that the surface energy depends on the number of dangling or broken
bonds [157-159]. By increasing the density of dangling bonds, the surface energy in-
creases and the contact angle decreases. For the SizsNs 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
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confirmed by XRD and from the SEM images. The HA significantly enhanced the hydro-
philic character of the surface which ultimately promoted cell differentiation and prolifera-
tion. For both PEEK and Ti6AI4V 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 SisNs surfaces showed
evidence of increased bonding density of other functional groups (amide I, amide Il, hy-
droxyproline, 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 the
one hand, titanium and PEEK surfaces also showed formation of HA crystals. On the other
hand, the SisNs surfaces appeared to form other functional groups that are present in col-
lagenous extracellular matrix. The analysis by SEM of these surfaces showed a higher
density of nanocrystalline HA as compared to titanium and PEEK (Fig. 7). The nanocrys-
talline HA appeared to exhibit a porous, “flower-like” structure. Indeed, this structure was
confirmed by XRD to be consistent with nanocrystalline HA. [150,160,161]. Elemental anal-
ysis by EDS showed that the Ca/P ratio of the HA on the as-fired SizNs surface was 1.32.
This ratio has been associated with octa-calcium phosphate (~1.3 — 1.33) which is a pre-
cursor to hydroxyapatite [162]. Interestingly, the polished SisNs surfaces induced nanocrys-
talline HA with a Ca/P ratio of 1.42, which is close to that of native HA (Ca1o(PQOas)s(OH)2:
Ca/P = 1.66). For Ti or PEEK, nanocrystalline HA was confirmed with similar Ca/P ratio as
that of as-fired SisNs. Furthermore, the formation of HA structures on the SisN4 surfaces
was similar to that found in prior studies on amorphous silicon nitride [147]. Combining the
results from the SEM, EDS, XRD, and Raman spectroscopy analyses, it is reasonable to
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attribute the enhanced osteoblast growth on the SisN4 surfaces to the presence of these
surface functional groups, relatively dense nanocrystaline HA formation, and relatively
high surface energy (i.e., low wetting angles). This contrasts with the Ti and PEEK samples
which showed lower osteogenic effects.

In a prior study using amorphous silicon oxide, silicon oxynitride, and silicon nitride
[144], 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 car-
bonate/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 itwas 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 [147]. In other investiga-
tions, it was found that N increased the expression of enzymes associated with collagen
cross-linking such as superoxide dismutase and lysil oxidase [146]. The results from
XANES analysis confirmed the presence of Si-O and Si-N bonding on the SisNs surface.
Thus, it is reasonable to suggest that the surface of SizNs+ 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 formin the intracellular space
[163]. Pezzotti and colleagues have observed similar findings in high-resolution transmis-
sion electron microscopy [17] . Nevertheless, the spontaneous formation of Ca-P or HA on
SisNs in absence of cells has never been reported on the SisNs surfaces. However, our

group has reported on this formation in previous work on silicon oxide, silicon oxynitride
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coatings [144,146,147]. Kokubo et al. has extensively reported on the spontaneous for-
mation of CaP on titanium and other implantable polymers [164]. Thus, itwas 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 [147]. 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 sur-
faces.

It is not well-understood why there are delays in osteoprogenitor growth on Ti and
PEEK surfaces as compared to SisN4. For titanium, this could be due to the self-passivating
nature of its surface with the formation of a TiO2 layer. Although this layer promotes oste-
oblast attachment, it does not resorb [165]. For PEEK surfaces, osteoprogenitor cells have
demonstrated poor proficiency to differentiate into an osteoblast lineage and remain fibro-
genic [6-9]. 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 colla-
genous ECM formation, and relatively sparse deposition HA crystals. Conversely, the sur-
faces of SisNs 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 [147]. 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 analyze the effect of surface functionalization of silicon

nitride on osteogenesis and possibly angiogenesis.
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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 attach-
ment 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
aviable alternative relative to titanium and PEEK for use in craniofacial bone defect recon-
struction 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 bone regener-
ation. Further investigation in potentially integrating silicon nitride on bone regeneration
and reconstruction in complex craniofacial defects, fractures and as implants is underway.
Itis clear from the current work coupled with prior studies that silicon nitride plays a signif-
icant scientific role in collagen formation, biomineral deposition, and enhanced osteoblast
proliferation.

Conclusions

In this study, a comparative analysis of the effect of surface properties of various
fixative bone implant materials was conducted. Silicon nitride, titanium, and polyetherether-
ketone were compared. It was found that cells were well-adherent, relatively high in den-
sity, 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 an-
gles (i.e., higher surface energy) and were deemed more hydrophilic as compared to tita-
nium or PEEK. Their improved wettability facilitated increased potential for cell migration
and growth. This favorable wetting was coupled with the rapid formation of nanocrystalline
HA along with amide functional group precursors important for collagen formation. Titanium
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and PEEK did not exhibit this coupled effect; therefore, it is concluded that the higher sur-
face energy, formation of collagen precursor functional groups, and biomineral on the sur-
face of silicon nitride enabled well-adherent and rapid growing cells as compared to tita-

nium and PEEK.
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CHAPTER 5

MATRIX DEPOSITION STUDY

Introduction

It is well known that any tissue is composed of cells surrounded by extracellular matrix
(ECM). This ECM consists of a unigue three dimensional structure of specific molecules that se-
creted by the resident cells [166]. ECM is composed of proteins including collagens and proteogly-
cans. Collagens include collagen, laminin, fibronectin, hyaluronan and proteoglycans such as beta
glycan, decorin, and perlecan. ECM of various bone tissue compartments plays an important role
in directing the remodeling of the bone [167]. Furthermore, ECM formed by the osteoblast makes
up most of the dry weight of bone [81]. Mechanical properties of the skeleton are controlled by the
bone ECM. Mineralized portion of the bone tissue provides hardness and rigidity, while flexibility is
provided by the organic component of the ECM. Calcium-phosphate is the main component of the
mineralized portion of ECM and present in the form of hydroxyapatite, plus an extensive type |
collagen-rich organic ECM [81]. This organic part, mainly type | collagen, serve as a scaffold upon
which minerals is deposited [81,167]. So, ECM produced by the osteoblast plays an important role
in the minerals deposition as well as supports a complete biomaterial osseointegration [168].

This chapter will provide a comprehensive investigation of the ECM deposition after 30 and
60 days of seeding MC3T3-E1 osteoblast cells. FT-IR analysis will compare the bare sample sur-
face to its relevant after the matrix deposition. SEM imaging will represent clear view of the surface
after collagen fibers and minerals formations. Also, EDS spectra and mapping will be provided to
allow an extra evidence of the minerals and collagen formation on the top of each sample after the

matrix deposition.
Results and Discussion
5.1 Fourier Transform Infrared Spectroscopy Analysis:
To identify the organic and inorganic components of the ECM environment on the surface

of each sample, FT-IR analysis within 600-2000 cm? spectral range have performed. Figure 5-1(a,

b, ¢) show the FT-IR spectra of the samples after the matrix deposition study for 30 days. Itis noted
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that both SizNs (Polished and as fired) and Ti (600 and 2000 grits) samples support collagen fibers
and minerals formation. On SisNs and Ti surfaces, the spectra showed several vibrational bands

related to the ECM component, such as ECM proteins (collagen) and P-O bonds of PO43~ ions.
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Figure 5-1: FT-IR spectrum of SisNs, Ti6Al4V, and PEEK samples showing the matrix deposition
after 30 days (a, b, and c), and 60 days (d, e, and f) of in vitro study.
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Figure 5-2: FT-IR spectrum of SisNs, Ti6Al4V, and PEEK samples showing the matrix deposition
after 30 days (a, b, and c), and 60 days (d, e, and f) of in vitro study (Cont.).

The vibrational bands of amide | (peak a at 1637 cm1), amide Il (peak b at 1532 cm1), and
amide 1l (peak ¢ at 1228 cnr?) indicative of ECM proteins were detected in both SisNs and Ti
samples. Presence of the stretching P-O bond of PO4% at 1030 cm! confirms the minerals for-
mation” inorganic components of the ECM” on SisN4 and Ti surfaces. The vibrational bands of ECM
proteins and P-O stretching agree with various ECM FT-IR analysis in literature [169][170]. Fur-
thermore, the presence of single broad peak spanning by 900— 1200 cm™ refers to the formation
of amorphous calcium phosphate (ACP) that usually characterized in FTIR spectra by a broad
single peak at this range [169]. On the other hand, PEEK samples didn’'t show any peaks related
to ECM environment as indicated in fig. 5-1(c). The absence of collagen and/or minerals formation
on the PEEK surfaces could be attributed to the low surface energy, hydrophobic nature, and sur-
face smoothness, that lead to low protein adsorption, less cell attachment, and result in less to no

collagen or minerals formations.
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After 60 days of the in vitro cell culture, the FT-IR spectra revealed the presence of ECM
deposition on the surface of each samples (SisN4, Ti, and PEEK), as indicated in fig. 5-1(d, e, f).
FT-IR spectra of PEEK samples confirmed the presence of organic and inorganic components of
the ECM environment. It should be noted that amides and PO43 peaks intensity increased after 60
days compared to 30 days on SisNs and Ti surfaces. Also, two closed peaks were observed for
amide | at 1659 and 1628 cm?, this shiftin amide | peak position could be attributed to the presence
of collagen/Ca?* structure [171].

5.2 ECM analysis by Scanning Electron Microscopy

As mentioned before, collagen is the main component of the ECM and the most abundant
protein in our bodies. It is a strong fibrous protein that forms stretch-resistant fibers. In the ECM,
collagen bundles consist from single collagen fibrils (20 nm in diameter) that be composed of small
fine fabrics. Scanning electron microscopy can provide insight into the ECM environment and the
collagen fibers by examination the tissue morphology.

In the current study, we used the HR-SEM to capture the samples surfaces and investigate
the formation of collagen fibers. Fig. 5-2 indicates the surface morphology of the samples after 30
days of the in vitro study. From fig. 5-2 (@), it should be noted that SisNs4 surface is completely
covered with the collagen fibrils that turned into collagen bundles as indicated by the arrows. Fur-
thermore, minerals formations of amorphous calcium phosphate ACP deposition are found on the
surface as indicated by the high magnification image. SEM images also confirmed the presence of
collagen fibers and minerals deposition on the surface of Ti samples (Fig. 5-2b). Although the high
magnification images indicated that collagen fibers started to form collagen bundles on Ti surface,
the Ti surface in not completely covered by the collagen fibers. Also, sparse deposition of ACP was
detected on the surface of Ti samples. On the other hand, SEM imaged 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 the collagen fibers. The poor ECM formations on the
PEEK surfaces could be attributed to the low number of attached cells that result in low differenti-
ation and poor ECM deposition. By comparing the three different surfaces of SizNs, Ti, and PEEK

after 30 days of the in vitro study, itis noted that the ECM deposition was formed in highest density
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on the bioactive silicon nitride samples. Also, SizsNs was completely covered with collagen bundles
and ACP particles, but Ti and PEEK surfaces showed low surface coverage area of ECM, sparse

deposition of ACP, and the bare surfaces can be easily seen.

Collagen bundles

T 4
f '.H

g7
o
v :

|

TioAI4V
Bare surface

Figure 5-2: SEM images of different magnification for (a) SizNs, (b) Ti6Al4V, and (c) PEEK samples
showing the matrix deposition after 30 days of in vitro study.
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e

Figure 5-3: SEM images of different magnification for (a) SisNs, (b) Ti6AI4V, and (c) PEEK sam-
ples showing the matrix deposition after 60 days of in vitro study.

Fig. 5-3 presents the SEM images at different magnification of (a) SisN4, (b) Ti6Al4V, and
(c) PEEK samples investigating the matrix deposition after 60 days of in vitro study. After 60, sur-
faces of SizsNs and Ti samples become completely covered with “flower-like” porous structure of
ACP deposition. Although the Ti surfaces showed a comparable area coverage of deposited min-
erals to the SisNs, the later still has the highest coverage area as indicated in fig. 5-3a. For PEEK

75



samples after 60 days, the surface became covered with collagen bundles and sparse of ACP
deposition.

Our SEM findings support our previous conclusions from the surface properties, in vitro
free cell studies, and the osteoprogenitor cell study. We mentioned before that there are delays in
osteoprogenitor growth on Ti and PEEK surfaces as compared to SizNs, and the SEM data con-
firmed this by indicating the high density and surface coverage of ECM on the SisN4 surfaces. Low
surface energy, a lack of surface functional groups that act as precursors for collagenous ECM
formation are the main reasons for poor ECM deposition on Ti and PEEK. Contrariwise, hydrophilic
nature, high surface energy, presence of Si-O and Si-N bonding on the surface of SisNs lead high
number of cell attachment, cell growth and proliferation, and promote collagenous biomineral dep-

osition.

5.3 Energy Dispersive X-Ray Analysis:

The energy dispersive X-ray (EDS) detector was used to determine the surface morphol-
ogy, composition, and element distribution of the deposited matrix. Also, surface mapping by EDS
for the ECM deposition will be presented. Regions of interest corresponding to ACP deposition
were defined by mapping the surfaces and detect the Ca, and P K edges. After 30 days of the in
vitro study, we could only identify that the Ca and P deposition on the surface of SisNs samples
only as shown in fig. 5.4. This could be attributed to the high density of ACP deposition on the
surface of SisNs compared to Ti and PEEK samples that did not show any Ca or P deposition by
EDS analysis. Fig. 5-5 present the EDS mapping of the samples after 60 days. After 60 days, EDS
mapping clearly identified the presence of ACP deposition on the surface of all samples, but high

density of Ca and P deposition have indicated on SisNs surfaces (fig. 5-5a) as expected.
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50 nm

Figure 5-4: EDS mapping of SisNs sample showing the matrix deposition after 30 days of in vitro
study.
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Figure 5-5: EDS mapping of (a) SisNs, (b) Ti, and (c) PEEK sample showing the matrix deposition
after 60 days of in vitro study.
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Figure 5-5: EDS mapping of (a) SiaNs, (b) Ti, and (c) PEEK sample showing the matrix deposition
after 60 days of in vitro study (Cont.).
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Conclusions

In this present study, surface properties of three different fixative bone implant materials
were investigated. Silicon nitride, titanium, and polyetheretherketone were compared. Our aim was
to correlate the osteoprogenitor cell adhesion and growth to surface roughness, surface energy,
and surface functional group formation to identify differences in the osteogenic potential of SisNa,
Ti, and PEEK implant materials. We found that osteoprogenitor cells have a well-adherent profile,
relatively high in density, and faster growth rate on the bioactive silicon nitride surfaces as com-
pared to titanium and PEEK. Silicon nitride’s surface energy and surface functional group formation
are the main contributors to this result. Lower contact angles (i.e., higher surface energy) and hy-
drophilic nature of silicon nitride’s surface facilitated increased potential for cell migration and
growth. High surface energy and improved wettability of SisN4result in rapid formation of nanocrys-
taline HA along with amide functional group precursors important for collagen formation. Further-
more, comprehensive ECM deposition study by FT-IR and SEM/EDS confirmed high density and
complete surface coverage of ECM on the SisNs surfaces compared to Ti and PEEK samples.
Concisely, hydrophilic nature, high surface energy, presence of Si-O and Si-N bonding, rapid for-
mation of nanocrystalline HA along with amide functional group precursors on the surface of SisNs
lead to high number of cell atachment, cell growth and proliferation, and promote high density of

collagenous biomineral deposition.
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