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SI—O—N—P RELATED FABRICATION
METHODS, SURFACE TREATMENTS AND
USES THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims priority to U.S. Provisional
application Ser. No. 62/305,956, filed Mar. 9, 2016. The
contents of the provisional application are specifically incor-
porated herein by reference in its entirety.

FEDERAL GRANT SUPPORT

The work was supported by a grant from National Insti-
tutes of Health 1RO3DE023872-02. The United States fed-
eral government owns rights in the present invention.

FIELD OF THE INVENTION

The present invention relates to the field of surface
treatments and/or surface thin-film/nano coatings for medi-
cal devices, dental implants and semi-conductor, solar cell,
and microelectronic devices. The invention also relates to
methods for enhancing osteogenesis, bone generation (for-
mation), fracture healing and wound healing. The invention
also relates to the field of medical device surface design and
chemical deposition methods.

SUBMISSION OF SEQUENCE LISTING

The contents of the electronic submission of the text file
Sequence Listing, which is titled HB521554.16.1xt, which
was created on May 22, 2017, and is 2.27 KB in size, is
incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

Bone fracture incidence from trauma, as well as age-
related fragility and/or disorders, contribute to ~$8 B in
morbidity/mortality costs and ~800 k procedures annually. It
is estimated that the incidence of these medical conditions
will continue to rise, especially as life-expectancy
increases' .

When fractures occur, the site is structurally unstable and
hypoxic due to severe bone loss and ischemia. Inflammation
ensues after site re-vascularization, and oxygen metabolites
accumulate as reactive oxygen species (ROS: 0?7, H,0,). In
these fractures, ROS levels can be as much as 8 times that
of normal patient levels*. An increase in ROS levels has
been reported to interrupt bone healing by causing osteoblast
DNA damage, apoptosis, and down-regulation of osteogenic
differentiation marker expression®’. High ROS levels also
create a condition known as oxidative stress. The combina-
tion of oxidative stress and site fracture instability leads to
a delay in and/or improper bony union* ®'2. Therefore,
targeting the prevention and/or inhibition of high ROS levels
and oxidative stress, while simultaneously providing struc-
tural support at a fracture/trauma site, is vital to ensuring and
promoting proper bone healing.

ROS levels must be controlled in order to promote proper
fracture healing. Elevated ROS levels may be controlled by
increasing available antioxidant enzyme, such as the anti-
oxidant enzyme, superoxide dismutase (SOD1)'*'*. SOD1
is also very important in stimulating the complex series of
biochemical and physiological events needed for bone
development and bone healing in vivo. Thus, it was envi-
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sioned by the present investigators that an increase in
antioxidant enzyme expression would aid the bone healing
process, and in particular, osteoprogenitor cell differentia-
tion. It has been reported that without expression of SODI,
osteogenic transcription factors (e.g., osterix (OSX)) can
potentially be down-regulated, and result in a reduction in
bone strength®. However, methods and/or materials that
provide for the effective and therapeutic control and/or
prevention of destructive high ROS levels through enhanc-
ing the generation of anti-oxidants remain lacking in the
medical arts.

Another aspect vital to the process of bone regeneration is
the process of neovascularization that encompasses vascu-
logenesis and angiogenesis. Vasculogenesis involves the
formation of perfuse blood vessels into the bone fracture or
defect site. Angiogenesis refers to the process of vascular
reperfusion in which blood vessel walls are solidified. When
fractures occur, the site has an initial loss of vasculature. For
bone regeneration and fracture repair, the site must form new
blood vessels to provide a proper supply of oxygen and
nutrients for the site to begin to regenerate. Because the site
has a large volume of bone loss and as such a large loss of
surface area for blood vessel invasion, the site requires that
additional of biomaterials that can both promote vascular
invasion and act as a surface to attach blood vessel tubules.

Biocompatibility is a concept that concerns the interaction
of'a biological system with a foreign material. It has recently
been broadly defined by the IUPAC as the ability of a
material to perform with an appropriate host response in a
specific application.’ In practice, the application of this
definition, the creation of a biomaterial with the ability to
perform favorably in a given biological context, requires
knowledge of a material-host system on two levels: both the
host tissue system and the biomaterial itself must be well
understood. This dichotomy lends itself to a two-pronged
approach focusing simultaneously on both the host tissue,
particularly in the case diseased tissues, and the biomaterial
in order to develop biocompatibility in a given host tissue-
biomaterial system.

While the exact classification of an appropriate host
response to a biomaterial is highly dependent on the type of
host tissue system involved, the classification of biomaterial
response to a host tissue is somewhat more straightforward.
Biomaterials are generally classified into one of four cat-
egories: toxic, inert, resorbable, and bioactive.?

In the context of bone as the host tissue system the
biocompatibility of a biomaterial is defined by the type of
bond bone forms with the biomaterial surface. Inert bioma-
terials do not form a bond with host bone tissue and tend
instead to form a fibrous encapsulation in vivo. Resorbable
biomaterials degrade in vivo into non-toxic products and are
replaced over time by host bone tissue. Though process
seems ideal in theory in the sense that it appears to mimic the
natural bone remodeling process, in practice it is difficult to
control the rate of dissolution of the biomaterial to match the
rate of replacement of the host bone tissue. These types of
biomaterials are therefore rarely used in load-bearing tissue
applications. Bioactive biomaterials form a strong chemical
bond with local bone host tissue through a series of chemical
reactions at the bioceramics-bone interface that results in the
formation of a carbonated apatite layer at the interface
surface.? This strong interface makes them ideal for use in
load bearing bone implant applications such as hip stems
and dental screws; however, most bioactive biomaterials
used in bone tissue applications—particularly silica-based
bioactive glasses—do not have the necessary mechanical
strength required to replace load bearing bone.
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Bioinert metals like titanium have traditionally been used
in load bearing bone implant applications, but they do not
bond to local bone tissue and have a finite fatigue life in
vivo. Previous attempts to improve the biocompatibility of
titanium implants have included the use of bioactive glass
coatings. These Ti-bioglass systems generally suffer from
the fact that while the bioglass-bone forms a strong inter-
face, the bioglass-Ti interface is much weaker. There is a
need, therefore, to explore the possibility of creating a new
type of bioactive coating that is capable of forming a strong
bond to both host bone tissue and a titanium implant.

Long term clinical success of titanium dental implants is
largely a factor of initial bone host tissue response. Recent
studies have focused on adapting the surface chemistry,
roughness, and topography of titanium®~ to enhance the
formation of bone around the implant, generally either
through the creation of a calcium phosphate-based coating®
or incorporation of relevant ions like Ca** and Mg**’
directly into titanium dioxide. Of particular interest is inves-
tigation into early-stage (from 0-3 days) osseointegration.

Current structural materials used to support large missing
bone volume do not provide a mechanism whereby delete-
riously high levels of ROS can be controlled. Nor do the
metal surfaces of these implants foster the formation of an
apatite surface layer, an important aspect of the bone for-
mation process. Thus, while metal implants (e.g., titanium
[Ti]) are useful as structural materials for bone implant
because of their strength, they suffer the disadvantage of
long healing times'®.

Hydroxyapatite and calcium phosphate-based coatings
have also been used with bone implants to foster surface
bone attachment to the implant. However, while these mate-
rials do provide for the formation of a surface hydroxyapa-
tite layer, they unfortunately fail to provide stable, strong
bone attachment because of the large coefficient of thermal
expansion mismatch with the underlying metal. This thermal
expansion mismatch problem results in resorption and
delamination of the bone from the metal surface of the
implant, and ultimately failure of the implant attachment®®.
In addition, these coatings fail to provide a solution to the
damaging effects of high ROS levels, so common to the
physiological environment of an implant site in vivo.

Synthesis routes for synthetic hydroxyapatite overlay
cause inhomogeneity in the coating and have thermal expan-
sion mismatch with the underlying Ti, leading to delamina-
tion and instability of the coating’. Bioactive glass coatings,
which are modified from commercially available bioglass
with added MgO for improved thermal expansion matching,
have shown a drawback to down-regulate important osteo-
genic markers associated with bone formation due to Mg>*
release”.

Attempts to strengthen the amorphous silica network have
involved the addition of nitrogen (N) as a constituent to the
SiOx network. The addition of N changes the tetrahedrally
coordinated network into one that is a combination of
tetrahedral and trigonal®®. Incorporation of N (through
annealing with N, gas) into the amorphous silica-based
bioactive glass matrix improved its mechanical strength'®.
This also strengthened amorphous silica-based bioactive
glass-Ti interface. However these coating are limited in that
they can only be applied by enameling, which has a large
coating to interface thickness ratio (1000:1), leaving them
more susceptible to delamination'’. Sputter coated silicon
oxynitride films have also been studied for their mechanical
properties and showed a linearly increasing strength with N
content'®, Beyond its effect on SiOx mechanical strength,
the effect of adding N on biomineralization and cells’
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response to Si(ON)x surfaces are still unknown. Bio-in-
spired surface topographies at nano and micrometer scales
are known to influence cellular behaviors such as cell
adhesion, migration, differentiation and growth'$'®, with
moderately rough surfaces (1-2 pm) showing stronger bone
responses than smoother or rougher surfaces'®. Oral
implants also have moderately rough surfaces that permit
bone ingrowth into minor surface irregularities, promoting
osseointegration™® while a bioactive coating can add bio-
chemical bonding with biomechanical bonding of these oral
implants.

The natural degradation of a Si02, Si3N4, and/or Si(ON)
x-based film and/or nanofilm at a surface results in the
release of ionic silicon (such as Si**). Increasing the avail-
ability of free ion, such as ionic silicon, at the site of, for
example, a bone implant and/or dental implant, facilitates
more rapid healing and bone attachment, at least in part, by
reducing levels of reactive oxygen species (ROS:0,_, H,0,)
in an in vitro or in vivo environment comprising osteoblasts,
among other things. The formation of a mineralized tissue
on the treated surface results, thus providing a site of
attachment for bone, and a more secure bone-device con-
nection that promotes healing and bone formation.

With the rise of permanent and semi-permanent osseoim-
plants, the need for a material that reacts favorably and
adheres well to the in vivo bone environment has become
increasingly critical. Bioglass, generally composed of SiO,,
Na,O, Ca0, and P,Oy in various proportions, is well-known
to form a layer of apatite on the glass-tissue interface®” and
thus avoid problems associated with fibrous encapsulation
that had previously been noted around less biocompatible
implant surfaces.>*. Bioactive glasses, however, cannot be
used in load-bearing osseoapplications. More recent work
on bioactive glasses has looked at modifying their chemical
structure with MgO and K,O to create a chemistry that can
be coated on Ti and form a bond at both the metal-glass and
glass-bone interfaces and therefore be used to coat the
titanium implants that are used in load-bearing applica-
tions.”*"7** '° While these glasses represent an improvement
in terms of TiO,-glass bonding, Mg>* has recently been
shown to delay mineralization and partially down regulate
osteoblast markers in combination with Si** and Ca**.*'!
This flexibility and alteration of chemistry leads to a treat-
ment of bioactive glasses from an elemental perspective.

From an elemental standpoint, interface reactions based
on the release and exchange of the primary cations in
bioactive glasses—Si, Ca, P, and Na ions—are known to
promote favorable cellular responses and rapid osseointe-
gration.>* 1 138 Si** and Ca®* in particular have been
shown to enhance osteoblast markers in vitro. [139] Phos-
phate-free glasses, on the other hand, have also been shown
to exhibit bioactivity, leading to the theory that the primary
role of phosphate in these glasses is in lowering the energy
barrier to nucleation of apatite on the surface.** This obser-
vation naturally leads to a question of some complexity:
what reactions (in what local concentrations) are necessary
to form an apatitic layer that can then form a strong bond to
bone mineral tissue? From the sheer quantity of patented
bioactive glass formulations, it is evident that there is some
flexibility in terms of glass chemistries that allow for apatite
formation under physiological conditions.

Bioactive glasses, which are generally formed from a
mixture of SiO,, Na,O, CaO, and P,Oj, bond to bone in vivo
through the formation of carbonated hydroxyapatite layer.®”
The exact mechanism involves five basic steps: (1) First,
there is a rapid exchange of cations (Na* or Ca®*) with H*
from the physiological environment which results in the
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formation of silanol bonds (Si—OH) on the glass surface.
The local pH of the dissolving environment increases and a
silica-rich layer forms near the exposed glass surface. Phos-
phate ions (PO,>") are also lost from the surface region
during this step. (2) The high pH leads to the breakdown of
the silica network via Si—O—Si bond attack by hydroxide
ions (OH). The soluble silicon (Si**) is lost in the form of
Si(OH), which again results in Si—OH bonds at the glass
surface. (3) These silanol groups condense to form a silica-
rich layer at the glass surface. (4) Calcium Ca®* and phos-
phate ions PO,>~ start to migrate through this surface layer
to form an amorphous film of calcium oxide CaO and
phosphate on the silica-rich layer. (5) Hydroxyl (OH") ions
and carbonate ions (CO,*7) from the environment begin to
incorporate within the Ca—P layer to form a carbonated
apatite.

Though this process has been observed in vivo, the same
process also occurs in bioactive glasses when immersed in
a simulated body fluid (SBF) solution where ionic salt
concentrations are roughly equivalent to those of human
blood plasma.®*® SBF can be prepared via the dissolution of
inorganic compounds in water that is buffered to a pH of
~7.4. Alpha minimum essential media, cMEM, which is
commonly used in cell culture experiments, can also be used
as a simulated body fluid since its composition is also similar
to the salt concentrations of human blood plasma.

A need remains in the medical arts for improved materials
useful for medical device and other device fabrication that
supports and/or enhances all of the biological processes
associated with healing, including vascularization and struc-
tural formation of the cellular elements associated therewith,
such as microtubules.

SUMMARY OF THE INVENTION

The present invention provides a solution to the above and
other medical and/or clinical needs. This invention provides
new chemistry for implant coatings (thin films) to increase
the usability of metal dental and orthopedic implants for
patients afflicted with disorders involving soluble bone
formation. These coatings use a Si—O—N—P elemental
chemistry to provide sufficient insoluble mineral chemistries
that promote the rapid formation of bone in both healthy and
disordered bone. Applicants have found that the presence of
an intrinsic phosphate concentration promotes rapid forma-
tion of bonelike hydroxyapatite formation within a few
hours without the aid of osteoblast cells or bone. Hydroxy-
apatite is the mineral component of bone and this is needed
to provide a sturdy substrate for bone regeneration in
insoluble bone disorders. In addition, these coatings could
also be used for implants to promote rapid regeneration of
bone for healthy patients suffering from bone fractures.

In some aspects, the invention provides for a device or
other implement that includes (comprises) at least one
treated surface having a composition comprising a phospho-
rous-doped silicon oxynitride. In particular embodiments,
the treated surface comprises an amorphous, stoichiometric,
non-stoichiometric, or crystalline silicon oxynitrophosphide
(Si,0,N,P,,) layer. The treated surface may be composed of
a metal, ceramic, polymer, glass or composite hybrid mate-
rial of metal, ceramic, polymer or glass. Further, the device
or other implement may be described in some embodiments
may be described as a load-bearing, non-load bearing or low
load bearing device. By way of example, the load-bearing
device may be a medical implantable device, such as an
implantable support member needed in bone repair of a long
bone, such as a tibia.
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The treated surface may be prepared according to any
number of methods, one particular method that may be used
for deposition of a desired composition employs a PECVD
process using a silicon based reagent and PH3 to provide
phosphorous-doped silicon oxynitride deposition on the
desired surface. Once deposition has been completed, the
treated surface may be described as comprising a phospho-
rous-doped silicon oxynitride, and more particularly, an
amorphous phosphorous-doped silicon oxynitride.

The devices and other implements of the present inven-
tion may be described as comprising a treated surface that
includes a composition having a nanoscale thin film, the
nanoscale thin film having a thickness of about 1 nm to
about 999 nm. In other embodiments, the composition of the
treated surface may be described as having a micro-scale
thin film having a thickness of about 0.001 mm to about
0.999 mm.

In some embodiments, the treated surface may be
described as having a deposition of phosphorous-doped
silicon oxynitride defined by a formula SiONPx.

In some embodiments, the specific composition may be
defined by reference to a Random Bonding Model (RBM),
utilizing the formula Si,O,N P,,, where the “z”, “x” “y” and
“w” equals 1. In the RBM, nitrogen is considered to incor-
porate into the basic silicon dioxide tetrahedral network and
form a chemistry of the form Si,O,N,P,,. In a particular
embodiment, the S;,ON P, is Si, 5,0, 53N ;3P ;5. The
RBM would form an elemental chemistry of the form
S1,0,N P, where the “z”, “x” “y” and “w” equals 1.

In other embodiments, the thin film of the treated surface
is defined as comprising a composition that may be defined
by reference to a Random Mixing Model (RMM). The
RMM states that a non-stoichiometric silicon oxynitride can
be treated as a simple mixture of a-Si—P, SiO2P, Si3N4P,
and P205"2,

The devices and other implements of the invention may
also be described as having a treated surface with a thin film
that comprises about 0.2 atomic % to about 1.5 atomic % of
P, about 55 atomic % to about 65 atomic % of Si, about 2.0
atomic % to about 34.0 atomic % of N, and about 1.0 atomic
% to about 40 atomic % O, in a phosphorous-incorporated
silicon oxynitride coating. In some embodiments, the treated
surface comprises a thin film having about 55 atomic % to
about 65 atomic % of Si in a phosphorous-incorporated
silicon oxynitride coating. In other embodiments, the treated
surface comprises a thin film having about 0.2 atomic % to
about 0.5 atomic % of P in a phosphorous-incorporated
silicon oxynitride coating. In yet other embodiments, the
treated surface comprises a thin film of about 1 atomic % to
about 45 atomic % of O in a phosphorous-incorporated
silicon oxynitride coating.

In some embodiments, the treated surface may be
described as having a phosphorous-doped silicon oxynitride
having a composition of: (a) 3.2% Si02-37.7% a-Si-58.9%
Si2N4-0.24% P205, (b) 6.3% Si02-39.6% a-Si-53.8%
Si2N4-0.25% P203, (¢) 11.0% Si02-35.4% a-Si-53.4%
Si2N4-0.28% P205, (d) 21.27% Si02-31.5% a-Si-46.9%
Si2N4-0.27% P205; (e) 2.28% Si02-1.54% a-Si-0.16%
Si2N4-0.015% P2035; or (f) 2.27% Si02-1.58% a-Si—
0.13% Si2N4-0.018% P205.

In another aspect, a device is provided that may comprise
at least one treated surface comprising multiple or stacked
layers of silicon-based thin films, wherein the thin films are
deposited by a PECVD deposition process to provide one or
more treated surfaces having a phosphorous-doped silicon
oxynitride thin film.
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The device or other implement of the invention may
comprise a medical device (for example, a bone implant,
screw or other dental, orthopedic, calvarial or tibial device),
a semi-conductor, a solar cell or micro-electronics device.

In another aspect, the devices may be described as pro-
viding a treated surface that enhances neovascularization to
the treated surface, thus providing for an increase in vascu-
logenesis and angiogenesis to the treated surface, compared
to a surface not treated with a composition comprising the
phosphorous-doped silicon oxynitride.

Method of Fabrication:

In yet another aspect, methods are provided for preparing
a surface of a device or other implement to include a
Si—O—N—P layer. In some embodiments, the method
comprises providing a cleaned surface; depositing an amor-
phous SiONPx thin film overlay on said cleaned surface
using a chemical vapor deposition system with plasma
enhancement in the presence of a silica-based reagent,
wherein said chemical vapor deposition system is a Si—O—
N—P chemical deposition system comprising a source of
silicon, oxygen, nitrogen, and phosphorous, wherein said
silica-based reagent comprises SiH,, Si(OC,H;),, or a com-
bination thereof; providing a treated surface having a thin
film amorphous stoichiometric Si—O—N—P layer, wherein
said treated surface provides for release of Si-ion at said
treated surface.

In some embodiments, the method of fabrication for
forming a SIONPx layer onto a surface to provide a treated
surface employing a PECVD method, may be described as
comprising: providing a source of gas reagents in a mixture
of 15% silane (SiH,)/2% phosphine (PH,)/83% argon (Ar)
(15%/2%/83%) (24 sccm), nitrous oxide (N,O), nitrogen
(N,), and ammonia (NH,).) at the indicated ratios in Table
6, at the surface to be treated, increasing temperature at the
surface to between about 100-500 C (below the glass
transition temperature of amorphous silica) to provide an
SiONPx deposit on said surface, and lowering pressure to
between about 0.1 to about 100 Torr at the surface sufficient
to maintain a vacuum and induce plasma formation at the
surface, and forming an SiONPx film on said surface so as
to provide a treated surface having a SiONPx film. The
reaction of the formation of the SIONPx film occurs on the
substrate surface to form the film. Spent reagent gases are
trapped in a Ti pump and captured and removed in appro-
priate waste containers.

The specific chemical composition of the film layers may
be manipulated by modification of the amounts/ratios of the
source gasses used in the deposition process.

In some embodiments, the silica-based reagent comprises
SiH4 or Si(OC2HS5),.

The surface to be treated may comprise a metal, ceramic,
a biopolymer, or a composite material of a composite of a
metal, ceramic and biopolymer.

Method of Enhancing Vascularization to a Surface:

In yet another aspect, a method for enhancing vascular-
ization at a surface is provided. In some embodiments, the
method comprises providing a surface with an amorphous
SiONP coating using a PECVD method to provide a treated
surface comprising a coating of an elemental Si—O—N—P,
wherein said coating comprises phosphorous-doped silicon
oxynitride; providing a population of cells comprising cells
suitable for vascularizing a surface to said treated surface to
provide a vascularization at said surface, wherein cellular
vascularization at said treated surface is enhanced over
vascularization at a surface not having an amorphous SiONP
coating.
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Modified/Stacked Treated Surfaces and Devices:

In some embodiments, the treated surface is a nano-
grooved surface. In particular embodiments, the treated
surface may be described as comprising a nano-scale film of
phosphorous-doped silicon oxynitride. The treated surface
may comprise a metal surface, a ceramic surface, or a
biopolymer surface.

The devices and implements described may include any
particular of In particular those embodiments, where 1
wherein the treated surface comprises a nanoscale amor-
phous SiONP coating having a nano-film thickness of about
1 nm to about 999 mu or a micro-film thickness of about
0.001 mm to about 0.999 mm.

The treated surface may comprise a phosphorous-incor-
porated silicon oxynitride coating, said coating comprising
about 0.2 atomic % to about 1.5 atomic % of P in a
phosphorous-incorporated silicon oxynitride coating. In
some embodiments, the treated surface is a titanium surface
comprises about 0.2 atomic % to about 0.5 atomic % of P in
a phosphorous-incorporated silicon oxynitride coating. In
other embodiments, the treated surface comprises a phos-
phorous-incorporated silicon oxynitride coating, said coat-
ing comprising: about 0.2 atomic % to about 1.5 atomic %
of P in a phosphorous-incorporated silicon oxynitride coat-
ing; about 55 atomic % to about 65 atomic % of Si in the
phosphorous-incorporated silicon oxynitride coating; about
3.0 atomic % to about 35.0 atomic % of N in the phospho-
rous-incorporated silicon oxynitride coating; and about 1
atomic % to about 45 atomic % of 0 in the phosphorous-
incorporated silicon oxynitride coating.

The methods for preparing the treated surfaces may be via
etching by optical or electron-beam lithography to provide a
patterned treated surface, wherein said patterned treated
surface comprises a grooved, pegged, or other topical sur-
face pattern, and wherein said patterned treated surface is a
nano-film having a thickness of about 1 nm to about 999 nm,
or a micro-scale thin film having a thickness of about 0.001
mm to about 0.999 mm.

The devices provided may also comprise at least two
treated surfaces to provide a multiple stacked construct,
wherein at least two of the treated surfaces comprise phos-
phorous-doped silicon oxynitride. In some of these embodi-
ments, the multiple stacked construct may comprise at least
two treated surfaces that include a layer of SiO,, SiON_,
SiONP, or any combination of a SiO,, SiON,, and SiONP_
layers. The multiple stacked construct may be described as
comprising a series of treated surfaces that have a configu-
ration of (1) SiO,—SiON,_—SiONP, (2) Si—O,—SiONP,
(3) SiON,—SiONP_; or any combination of these types of
treated surfaces or multiples thereof.

Various modifications and other embodiments of the
invention are also contemplated and anticipated to be within
the spirit and scope of the present invention, and the
examples provided herein are not intended to limit the scope
or application of the invention.

DESCRIPTION OF THE SEVERAL VIEWS OF
THE DRAWINGS

FIG. 1A—Refractive index of thin (~100 nm) SiONPx
sample layers and their deposition rate; FIG. 1B—Refrac-
tive index as a function of N,O:SiH, flow rate.

FIG. 2A—The deposition rate of (~100 nm) SiONx and
SiONPx coatings; FIG. 2B—Refractive index of SiONx and
SiONPx coatings as a function of N,0:SiH, flow rate.
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FIG. 3—XRD spectra of samples showing the formation
of amorphous silica in both a high oxygen chemistry
(Sample 6, top) and a low oxygen chemistry (Sample 1,
bottom).

FIGS. 4A and 4B—EDS spectra showing low contami-
nant element levels for a Phosphorous-containing (FIG. 4A)
and non-Phosphorous-containing (FIG. 4B) sample fabri-
cated under similar conditions.

FIG. 5—Atomic composition of SiONPx coatings as
determined by EDS spectra as a function of N,O:SiH, flow
rate. Samples are presented in order from left (Sample 1) to
right (Sample 6). Note that phosphorous has been plotted on
a secondary axis.

FIG. 6—Comparison of the atomic composition of SIONx
and SiONPx coatings fabricated under similar conditions as
determined by EDS spectra as a function of N,O:SiH, flow
rate.

FIG. 7A—Sessile drop contact angle of water and
diiodomethane; FIG. 7B—-calculated surface energy of
SiONPx coatings, broken into polar y? and dispersive y*
components.

FIG. 8—Comparison of calculated surface energy of
SiONx and SiONPx coatings, broken into polar y? and
dispersive v components.

FIGS. 9A and 9B—Silicon L, ;-edge TEY and FY
XANES spectra of SiONPx coating chemistries (a) and (b)
indicate silica tetrahedral structure (c) and (d) indicate Si**
(e) indicates Si—N bonding and (f) indicates the presence of
Si—Si bonding.

FIG. 10—Silicon K-edge XANES spectra of six SiONPx
coating chemistries main line peak broad spectral contribu-
tions are attributed to Si—Si, Si—O, and Si—N bonding.

FIGS. 11A and 11B—Oxygen K-edge XANES TEY and
FY spectra of six SiIONPx coating chemistries (a) shows
evidence of Si—OH type bonding while post edge features
(b), (c) and (d) show evidence of Si—O bonding.

FIGS. 12A and 12B—Nitrogen K-edge XANES TEY and
FY spectra of six SIONPx coating chemistries showing the
presence of 2-fold coordinated nitrogen (peak a).

FIG. 13—Phosphorous L, ;-edge XANES FY spectra of
five SIONPx coating chemistries peaks (a) and (b) show the
presence of phosphorous while peaks (c¢) and (d) suggest
phosphate-like P—O bonding.

FIGS. 14A and 14B—Phosphorous K-edge XANES TEY
and FY spectra of six SIONPx coating chemistries pre-edge
peak (a) pre-edge data may indicate P—H bonding (b) main
line energy shifts indicate changes Si—P and P—O type
bonding while post edge resonance (c) is seen in all phos-
phorous bonding.

FIG. 15—Silicon release from four SiONPx sample
chemistries immersed in aMEM as determined by ICP-OES
analysis.

FIG. 16—Ca loss from aMEM for four SIONPx sample
chemistries immersed in solution as determined by ICP-OES
analysis.

FIG. 17—P loss from aMEM for four SiONPx sample
chemistries immersed in solution as determined by ICP-OES
analysis.

FIG. 18—Microcrystal formation is observed on four
SiONPx chemistry surface after immersion in aMEM. All
images taken at Skx, WD=15.0 mm, 20 kV, in BSE-COMPO
mode.

FIG. 19A—Silicon L.-edge XANES FY spectra of Sample
1 and FIG. 19B of Sample 2 high-nitrogen content SiONPx
coating chemistries at t=0, 6 hours, and 8 days (a) and (b)
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indicate silica tetrahedral structure (c) and (d) indicate Si**
(e) indicates Si—N bonding and (f) indicates the presence of
Si—Si bonding.

FIG. 20A—Silicon L-edge XANES FY spectra of Sample
3 and FIG. 20B of Sample 4 intermediate nitrogen and
oxygen content SIONPx coating chemistries at t=0, 6 hours,
and 8 days (a) and (b) indicate silica tetrahedral structure (c)
and (d) indicate Si** (e) indicates Si—N bonding and (f)
indicates the presence of Si—Si bonding.

FIG. 21A—Silicon L-edge XANES FY spectra of Sample
5 and FIG. 21B of Sample 6 high-oxygen content SIONPx
coating chemistries at t=0, 6 hours, and 8 days (a) and (b)
indicate silica tetrahedral structure (c) and (d) indicate Si**
(e) indicates Si—N bonding and (f) indicates the presence of
Si—Si bonding.

FIG. 22A—Silicon K-edge XANES TEY spectra of six
SiONPx coating chemistries at t=0 and FIG. 22B at t=8 days
(a) main line peak broad spectral contributions are attributed
to Si—Si, Si—O0, and Si—N bonding pre-edge (b) is likely
due to crystalline Si—Si bonding from substrate.

FIGS. 23A and 23B—Oxygen K-edge XANES TEY and
FY spectra of Sample 1 and FIGS. 23C and 23D of Sample
2 low-oxygen SiONPx coating chemistries weak pre-edge
(a) shows evidence of Si—OH type bonding while a strong
pre-edge (a) may indicate carbonate bonding, post edge
features (b), (c) show evidence of Si—O bonding while (d)
shows evidence of phosphate bonding.

FIGS. 24 A and 24B—Oxygen K-edge XANES TEY and
FY spectra of Sample 3 and FIGS. 24C and 24D of Sample
4 intermediate nitrogen and oxygen SiONPx coating chem-
istries weak pre-edge (a) shows evidence of Si—OH type
bonding, post edge features (b), (c) show evidence of Si—O
bonding while (d) shows evidence of phosphate bonding.

FIGS. 25A and 25B—Oxygen K-edge XANES TEY and
FY spectra of Sample 5 and FIGS. 25C and 25D of Sample
6 high-nitrogen SiONPx coating chemistries weak pre-edge
(a) shows evidence of Si—OH type bonding, post edge
features (b), (c) show evidence of Si—O bonding while (d)
shows evidence of phosphate bonding.

FIG. 26—Oxygen K-edge XANES TEY spectra of cal-
cium phosphate standards.

FIGS. 27A and 27B—Nitrogen K-edge XANES TEY and
FY spectra of Sample 1 and FIGS. 27C and 27D of Sample
2 low-oxygen SiONPx coating chemistries (a) showing the
presence of 2-fold coordinated nitrogen.

FIGS. 28A and 28B—Nitrogen K-edge XANES TEY and
FY spectra of Sample 3 and FIGS. 28C and 28D of Sample
4 intermediate nitrogen and oxygen SiONPx coating chem-
istries showing (a) the presence of 2-fold coordinated nitro-
gen.

FIGS. 29A and 29B—Nitrogen K-edge XANES TEY and
FY spectra of Sample 5 and FIGS. 29C and 29D of Sample
6 high-nitrogen SiONPx coating chemistries showing (a) the
presence of 2-fold coordinated nitrogen.

FIGS. 30A and 30B—Ca L, ;-edge XANES TEY and FY
spectra of Sample 1 and FIGS. 30C and 30D of Sample 2
low-oxygen SiONPx coating chemistries peaks (a) and (b)
are the Ca L2 and L3 edges, respectively and indicate the
presence of calcium on the surface.

FIGS. 31A and 31B—Ca L, ;-edge XANES TEY and FY
spectra of Sample 3 and FIGS. 31C and 31D of Sample 4
intermediate nitrogen and oxygen SiONPx coating chemis-
tries peaks (a) and (b) are the Ca L2 and L3 edges,
respectively and indicate the presence of calcium on the
surface.

FIGS. 32A and 32B—Ca L, ;-edge XANES TEY and FY
spectra of Sample 5 and FIGS. 32C and 32D of Sample 6
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high-nitrogen SiONPx coating chemistries peaks (a) and (b)
are the Ca L2 and L3 edges, respectively and indicate the
presence of calcium on the surface.

FIG. 33—Ca L, ;-edge XANES TEY spectra of some
possible calcium precipitate standards showing main (a) and
(b) Ca L2 and L3 edges with pre-edge features.

FIG. 34A-P L, ;-edge XANES FY of Sample 1 and FIG.
34B of Sample 2 SIONPx coating chemistries at t=0, 6, 12,
and 18 hours peaks (c¢) and (d) show precipitation of
phosphate species on the samples after 6 hours in solution.

FIG. 35A-P L, ;-edge XANES FY of Sample 1 and FIG.
35B of Sample 2 SIONPx coating chemistries at t=0, 6, 12,
and 18 hours peaks (c¢) and (d) show precipitation of
phosphate species on the samples after 6 hours in solution

FIG. 36A-P L, ;-edge XANES FY of Sample 1 and FIG.
36B of Sample 2 SIONPx coating chemistries at t=0, 6, 12,
and 18 hours peaks (c¢) and (d) show precipitation of
phosphate species on the samples after 6 hours in solution.

FIG. 37—P L,;-edge XANES FLY spectra of some
possible calcium phosphate precipitate standards with well-
defined peak (a) and (b) spectral features.

FIG. 38 A—placement of rat leg on the triangular support;
FIG. 38B—placement of the rod inside the tibia by trans-
patellar tendon approach. Animal after sacrifice used for
other study.

FIG. 39—GQuillotine like apparatus to provoke the frac-
ture.

FIG. 40—Animal positioned on apparatus support and
held with zip tight. Animal after sacrifice used on other
study.

FIG. 41 A—The picture above shows the X-ray image of
tibia fracture induced by guillotine like device without rod
(left) and FIG. 41B X-ray image with rod (right). Animal
after sacrifice used for other study.

FIG. 42A—Relative expression of SOD1 onto SiOx and
SiONP surfaces at 6 hours, 24 hours, 48 hours, and 72 hours.

FIG. 42B—Relative expression of Sp7 onto SiOx and
SiONP surfaces at 6 hours, 24 hours, 48 hours, and 72 hours.

FIG. 42C—Relative expression of Smadl onto SiOx and
SiONP surfaces at 6 hours, 24 hours, 48 hours, and 72 hours.

FIG. 42D—Relative expression of Smad5 onto SiOx and
SiONP surfaces at 6 hours, 24 hours, 48 hours, and 72 hours.

FIG. 42E—Relative expression of Runx2 onto SiOx and
SiONP surfaces at 6 hours, 24 hours, 48 hours, and 72 hours.

FIG. 42F—Relative expression of OCN onto SiOx and
SiONP surfaces at 6 hours, 24 hours, 48 hours, and 72 hours.

FIG. 42G—Relative expression of Collal onto SiOx and
SiONP surfaces at 6 hours, 24 hours, 48 hours, and 72 hours.

FIG. 43A—In vivo data on SiONP coated surfaces.
MicroCT micrographs showed that Si(ON)x samples trig-
gered the rapid bone-regeneration process and filled the gap
completely within 5 weeks. FIG. 43B—In vivo data on
non-SiONP coated surface (control samples) do not show
much bone to fill the interfacial gap over the same time
period. FIG. 43C—In vivo data on empty defect (control).

FIG. 44—SEM/EDX data from Kirschner wire (K-wire)
rods without a SiONP coating.

FIG. 45A—SEM/EDX data from Kirschner wire (K-wire)
rods with a SiONP coating (200 nm SiNO). FIG. 45B—
EDX/Mapping coated rods (200 nm SiNO).

FIG. 46 A—Initial stages of the dissolution of a bioglass
and RBM and RMM forms of SiONPx coating chemistries.
Stage 1, Stage II; FIG. 46B—Stage 111, Stage IV and Stage
V.

FIGS. 47A-47D; FIG. 47A Glass cover slip Tubules
Thickness; FIG. 47B SiON Tubues Thickness; FIG. 47C
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SiONP Tubules Thickness; FIG. 47D Bar graph showing
glass cover slip, SiON and SiONP Tubules Thicknesses.

FIGS. 48A-48D; FIG. 48A Surrounding Bone; FIG. 48B
New Bone Adjoining Surrounding Bone; FIG. 48C New
Bone Adjoining SiONP Surface; FIG. 48D New Bone on the
SIONP Surface.

FIGS. 49A-49B; FIG. 49A no collagen formation; FIG.
49B collagen formation.

FIGS. 50A-50B: FIG. 50A shows the cells number rela-
tive to control at 6 and 24-hour time points. At 6 hours H,O,
0.2 and 0.4 mM were significant higher than others with
H,0, 0.6, 0.8 and 1 mM at the same level. At 24 hours H,O,
0.6 mM was significant lower than 0.4 mM and higher than
0.8 mM (***p<0.001, *p<0.05, n=6/group). FIG. 50B Show
fluorescent pictures of HUVECs stained with Calcein-AM at
6 h (I and III) and 24 h (IT and IV). Pictures I and III show
cells exposed to endothelial cell growth media (EGM) and
pictures Il and IV show cells exposed to EGM and Hydrogen
peroxide (H,0,).

FIGS. 51A-51D: FIG. 51A The bar graph shows the
viable cells number measured by MTS assay after 6 and 24
hours. At 24 hours the EGM presented the best result among
all groups. However, Si** 0.5 mM was the best among the
silica groups and EBM. Si** 1 mM was the worst at 24
hours. (**p<0.01, *p<0.05, #p<0.05) (n=6). FIG. 51B Bar
graph shows cells proliferation relative to initial cell seeding
after 6, 24 and 48 hours. At 6 hours all silica groups similarly
presented a significantly higher relative cell number com-
pared with controls. At 24 and 48 hours, among all groups,
EGM was significatly higher and Si*+1 and EBM was the
lowest at 24 h and 48 h, respectively. FIG. 51C Fluorescent
pictures (5x view) of HUVECs stained with Calcein-AM
after 48 h, showing enhancement of cell proliferation after
exposure to silica ion. Picture 1 shows the lowest cell
number on negative control (EGM 20%). The higher cell
number was obtained on positive control (picture II), fol-
lowed by EGM 20%+Si** 0.5 mM group (picture IV). The
other two silica ion groups (picture III and V) showed
similar results and were lower than positive control and
EBM 20%+Si** 0.5 mM. FIG. 51D Bar graph showing cell
number relative to positive control (EGM). EGM 20%+Si**
0.5 mM relative cell number was 2 fold higher than the other
silica groups, and 5 fold higher than negative control (EBM
20%). (*¥**p<0.001, **p<0.01, *p<0.05, ##p<0.01,
#p<0.05) (n=6). EGM—=endolthelial cell growth media;
EBM—endothelail cell basal media.

FIGS. 52A-521: FIG. 52A Pictures I, 11, III, IV and V
show fluorescent pictures (5x view) of HUVECs stained
with Calcein-AM 6 hours after seeding on bed of Matrigel
using a specific cell culture media. Pictures VI, VII, VIIL, IX,
X show the lines traced on fluorescent pictures made by
Angiogenesis Analyzer (Image] plug-in). Si** 0.5 mM pre-
sented the best parameters among all groups, especially on
number of meshes and nodes. FIGS. 52B-52F Show analysis
of data collected from Image]. Si** 0.5 mM presented
significant higher number of nodes, meshes, junctions and
segments when compared with other groups. FIG. 52G
Fluorescent pictures (5x and 10x view) of HUVECs stained
with Calcein-AM 3 hours after media change and 27 hours
after initial cell seeding. Pictures I and V show a low number
of circles. Pictures 11, 111, IV, VI, VII and VIII represent the
cells exposed to different silica ion concentrations and show
a higher number of circular structures similar to pre-capil-
lary tubes. FIG. 52H Bar graph showing the data analysis
from the fluorescent pictures of number of circles according
to group relative to control (EGM). EBM+Si** 0.5 mM
produced a significant higher number of circles followed by
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0.1 mM, and 1 mM. FIG. 521 Angiogenesis analyzer (Image
J plug-in). (Arrow head A-B); nodes, identified as pixels that
had at least 3 neighbor, corresponding to a bifurcation
(arrow A-B); twig (C1, D1), segment (C2, D2) delimited by
two junctions (C3, D3) (note that this pointed junction is
composed by several nodes) and branch (C4, D4). E shows
a junction implicated only in branch (E1) and master junc-
tions like E2 delimiting master segments (E3). F shows the
master tree composed from master segments associated by
master junctions delimiting the meshes (F1). Optionally, two
close master junctions can be fused into an unique master
junction (F2). Note the underlying segment (F3).
(***p<0.001, **p<0.01, *p<0.05, ### p<0.001, # p<0.05).
EBM—endothelial cell basal media; EGM—endothelial cell
growth media.

FIGS. 53A-53D: FIG. 53 A Scratch wound healing assay.
Pictures (5x view) of wounded area on time O h (no staining)
and 12 h (toluidine blue staining). Picture I shows EGM
(positive control) group with higher wounded area occupied
by migrated cells. Picture II shows EBM (negative control)
group with lower number of cells on wounded area and
picture III represents EBM treated with Si** 0.5 mM show-
ing the effect of silicon on cell migration compared to EBM
(picture II). FIG. 53B Graph shows percentage of occupied
initial wounded area by migrated cells relative to control
(EGM) 12 h after scratch. EBM+Si** group presented
almost 3 times more occupied area than EBM without
silicon. FIG. 53C Fluorescent pictures of HUVECs stained
with DAPI 12 hours after transwell cell migration. Pictures
1, IV and VII show EGM (positive control), Pictures II, V
and VIII EBM+2% FBS (negative control), and pictures 111,
VI and IX silicon treatment group. FIG. 53D Bar graph
presents number of transwell migrated cells relative to EGM
(positive control). Silicon treatment group showed 2 times
more cell migration than negative control. (*p<0.05) (n=3/
group). EGM—endothelial cell growth media; EBM—en-
dothelial cell basal media; FBS—fetal bovine serum.

FIGS. 54A-54D: FIG. 54A Pictures (5x view) of
HUVECS stained with Calcein-AM under hydrogen perox-
ide oxidative stress with and without silica ion treatment
compare to control. Pictures I and IV show EGM (control)
group. Pictures II and V show cells exposed to H,O,. And
pictures I1I and VI show HUVECs under H,O, environment
and treated with Si** 0.5 mM. FIG. 54B Graph presents data
of comparison between treated and non-treated group rela-
tive to control (EGM). Treatment group shows twice and
three times more viable cells than H,O, 0.6 mM group at 6
hours and 24 hours, respectively. FIG. 54C Fluorescent
pictures after propidium iodide staining 24 hours after cell
seeding. Pictures I, IV and VII show different magnification
of lowest number of dead cells on negative control (EGM).
Pictures II, V and VIII show different magnifications of
highest number of dead cells on positive control (H,O, 0.6
mM). Pictures 111, VI and IX show lower number of died
cells than positive control. FIG. 54D Bar graph shows that
silicon treatment group (H,O,+S1 0.5 mM) have 3 times less
dead cells than positive control (H,O, 0.5 mM).
(¥**p<0.001, **p<0.01, *p<0.05) (n=3/group). EGM—>en-
dothelial cell growth media.

FIGS. 55A-55B: FIG. 55A Bar graph showing gene
expression of VEGFA, KDR and HIF-1a 24 hours after cell
seeding relative to 18S (housekeeping gene) compare to
control (endothelial cell culture media). All genes were
significantly over expressed in the silicon group (p<0.01)
and H, 0, treated with silicon group (p<0.05). FIG. 55B Bar
graph presenting gene expression of VEGFA, KDR and
HIF-1a 24 hours after cell seeding relative to GAPDH
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(housekeeping gene) compare to control (endothelial cell
culture media). VEGFA, KDR and HIF-1a presented sig-
nificant overexpression in the silicon group (p<0.05) and
VEGFA was significant increased on cells exposed to H,O,
and treated with silicon (p<0.01). (**p<0.01, *p<0.05) (n=4/
group). VEGFA—svascular endothelial growth factor A;
KDR—»vascular endothelial growth factor receptor 2; HIF-
la. —hypoxia-inducible factor 1-alpha; GAPDH—Glycer-
aldehyde 3-phosphate dehydrogenase.

FIG. 56 shows the Ca K edge spectra for various samples
examined in the SiONP studies. It can be seen that SIONP
samples after in vivo implantation and recovery from the rat
cranium show the presence of Ca—P phases consistent with
new bone formation. Here, HA is used as a model compound
for comparison of the mineral phase of HA in bone. The Ca
K edge peak of HA is different from other model compounds
with a pre edge peak “a” at 4039.1 ev. It has a pre edge
shoulder at 4044.4 and main peak “b” at 4048.27 ev. The
post edge shoulder corresponds to transition to unoccupied
states, mainly Ss states. The main edge peak “b” is assigned
to 1 s to 4p transition. The shift in energy towards higher
energy levels for peak “b” could represent differences in the
type of mineral formed in vitro as compared to the mineral
formed in vivo. The mineral formed in vitro could be
amorphous Ca—P (precursor to the formation of HA).

FIG. 57 shows the phosphorus L edge spectra for SIONP
samples examined in this study. Similar to Ca K edge
spectra, the P L edge spectra indicate the newly formed bone
on SiONP samples has a similar P structure as that in HA
model compounds. The main Peak c is at 137.8 eV, pre edge
peak “a” at 135.7 and pre edge peak “b” around 136.5. There
is also shoulder after peak “c” around 141 eV and secondary
peak “d” at 146.7 eV. Peak “a” and “b” at the lower energy
side are separated by 1 ev and arise from the spin orbit split
into 2p electron into 2p,,, and 2p,,, levels. The main peak
“c” is attributed to transitions to 3p orbital made possible
due to presence of other elements such as oxygen and
cationic species like Si and Ca. The shoulder after peak “c”
is characteristic of Ca phosphates and arises from transitions
from P 2p to empty Ca 3d orbitals. Peak “d” seen in all
phosphates is due to transitions from 2p to 3d orbital in
phosphorous.

DETAILED DESCRIPTION OF THE
INVENTION

While preferred embodiments have been shown and
described herein, it will be apparent to those skilled in the art
that such embodiments are provided by way of example
only. Numerous variations, changes, and substitutions will
now occur to those skilled in the art without departing from
the spirit of the disclosure. It should be understood that
various alternatives to the embodiments described herein
may be employed in practicing the subject matter described
herein. It is intended that the following claims define the
scope of the disclosure and that methods and structures
within the scope of these claims and their equivalents be
covered thereby.

Certain Definitions

The term “amorphous” as it is used in the description of
the present materials, thin films, nano-films, deposition
chemistries, compositions, surfaces, devices, and methods
of use is defined as a solid phase material that has no
crystalline structure and no stoichiometric formula. A par-
ticular attribute of the amorphous materials and methods of
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the present invention is that they possess the characteristic of
permitting the ingress of protons into them when they are in
an aqueous or partially aqueous environment, such that
protons are able to invade the amorphous network of the
material (such as the thin film/nano-film treatment provided
on a surface), and subsequently release cations (e.g., Si) into
the surrounding environment. This is different from conven-
tional and/or standard amorphous materials, such as a glass
window, in that conventional amorphous materials are rein-
forced with other elements and/or constituents, resulting in
an amorphous material that does not readily allow it to
dissolve in an aqueous environment. Thus, the term amor-
phous as it is used in the present materials are soluble or at
least partially soluble in an aqueous in vitro and/or in vivo
environment.

As used in the description of the present invention, all
reference to silica, Si—O, and, or other silicon oxygen
materials will be denoted SiO, or SiO,.

As used in the description of the present invention, all
Si—N, silicon nitride, Si;N,, or other silicon and nitrogen
compounds are referred to as SiN_ or Si;N,,.

As used in the description of the present invention, all
Si,O,N,, (8i—51),(Si—0),(Si—N),, silicon oxynitride, or
any other combination of silicon, oxygen and nitrogen are
referred to as Si(ON),.

As used in the description of the present invention, all
Si,O.N,P,, (8i—Si),(8i—0),(Si—N),(Si—P),,, Phospho-
rous-Containing Silicon Oxynitride, or any combination of
silicon, oxygen, nitrogen and phosphorous are referred to as
SiONPx.

As used in the description of the present invention, the
term “coating” or “nanofilm” includes any film or layer
comprising SiIONPx in the form of nanoparticles, nano-
spheres, or nanorods. In some embodiments, the nanofilm
comprises nanoscale particles that form a nano-network film
on a surface.

As used in the specification and the appended claims, the
singular forms “a”, “an” and “the” include plural references
unless the context clearly dictates otherwise. Thus for
example, reference to “the method” includes one or more
methods, and/or steps of the type described herein and/or
which will become apparent to those persons skilled in the
art upon reading this disclosure.

The term “about” or “approximately” means within an
acceptable error range for the particular value as determined
by one of ordinary skill in the art, which will depend in part
on how the value is measured or determined, i.e., the
limitations of the measurement system. For example,
“about” can mean within 1 or more than 1 standard devia-
tion, per the practice in the art. Alternatively, “about” can
mean a range of up to 20%, preferably up to 10%, more
preferably up to 5%, and more preferably still up to 1% of
a given value. Alternatively, particularly with respect to
biological systems or processes, the term can mean within an
order of magnitude, preferably within 5-fold, and more
preferably within 2-fold, of a value. Where particular values
are described in the application and claims, unless otherwise
stated the term “about” meaning within an acceptable error
range for the particular value should be assumed.

Abbreviations

PECVD—Plasma-Etched Chemical Vapor Deposition
XANES—X-ray absorption near-edge structure
sccm—standard centimeter cubed per minute
SiONPx—Phosphorous-Containing Silicon Oxynitride
SiONx—Silicon Oxtnitride
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SEM—Scanning electron microscopy
RBM—Random Bindng Model
RMM—Random Mixing Model
TEOS—Si(OC,H;), Tetraethyl orthosilicate

SiONPx Formation

The present invention provides Si—O—N—P thin films
for osseoapplications. Inventors have found through detailed
chemical characterization of a disordered bone model and by
fabrication of a surface incorporating phosphorous that is
based on the chemistry of silicon/silicon oxide to enhance
osteogenic markers in bioactive glasses. These glass coat-
ings will form a bond with bone through the formation of a
mineral layer in a simulated body fluid environment in vitro,
in a manner similar to commercially available bioglass. The
composition of the formed mineral layer is controlled by the
coating chemistry. This control, in turn, may be leveraged in
diseased bone systems where the mineral is believed to be
altered in order to form a strong interface between the
mineral in disordered bone and the implant glassy coating.

The present invention provides a bioactive glassy Ti-
coating for improved osseointegration that bond well to the
TiO, surface. This improved interface is achieved via a
ceramic plasma-etched chemical vapor deposition (PECVD)
coating process which is commonly used to deposit glassy
layers onto titanium in the semiconductor industry while
simultaneously attempting to incorporate P into the coating.
Some embodiments of the invention incorporate an amor-
phous phosphorous-containing silicon oxynitride (SiONPx)
as a possible TiO,-compatible, bioactive thin film for osse-
ointegration. Two distinct theoretical models have been
developed to approximate the chemistries formed from these
types of coatings: the Random Mixing Model (RMM) and
the Random Bonding Model (RBM). The Random Mixing
Model (RMM) states that a non-stoichiometric silicon
oxynitride can be treated as a simple mixture of a-Si—P,
SiP2P, Si3N4P, and P205 [112] while in the Random
Bonding Model (RBM), nitrogen is considered to incorpo-
rate into the basic silicon dioxide tetrahedral network and
form a chemistry of the form Si,O,N, P,, where z+x+y+
w=4. [74] Both approaches have been used to examine
PECVD SiONxPw films with a variety of reaction condi-
tions.*>”" Modified for this P-incorporated system, the
RMM would comprise a mixture of: a-Si—P, SiO,P, Si;N,P,
and P,Os. The RBM would form an elemental chemistry of
the form Si,O,N P, where z+x+y+w=4.

Ratios:

X-ray absorption near-edge structure (XANES) spectros-
copy is particularly well-suited to an elemental study of
PECVD-fabricated SiONPx sample chemistry. While
XANES has been used previously to study CVD and
PECVD silicon oxynitride (SIONx) chemistries and their
structures;®¢-7! SiONPx systems have not been well studied.
Inventors have discovered SiONPx coatings with various
oxygen-nitrogen-phosphorous ratios, fabricated via a
PECVD process designed to yield a potentially bioactive
coating. Process validity and repeatability measures were
obtained via ellipsometry and refractometry. X-ray diffrac-
tion is used to ensure no crystalline phases were formed
during processing. Scanning electron microscopy with
energy dispersive spectroscopy is used to evaluate coating
composition. Surface energy has been evaluated via a sessile
drop technique and calculated according to a two-compo-
nent method, and X-ray absorption near-edge structure
(XANES) spectroscopy is used to evaluate the chemical
structure of the SiONPx coatings.
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Degradation:

The phosphorous doped silicon oxynitride amorphous
coatings (SiIONPx) of this invention, with various oxygen
and nitrogen ratios, fabricated via the plasma enhanced
chemical vapor deposition (PECVD) process were
immersed in aMEM and incubated at 37° C. in a humidified
5% CO, atmosphere for a period of up to 8 days. Scanning
electron microscopy with energy dispersive spectroscopy
was used to evaluate the microstructure of the surfaces after
soaking for 6 hours and 8 days, and X-ray absorption
near-edge structure (XANES) spectroscopy was used to
evaluate any changes in the chemical structure of the
SiONPx coatings after soaking. Applicants have found that
calcium phosphate mineral forms on the surface suggesting
that these coating chemistries would be bioactive in vivo.

Unless otherwise defined, all technical and/or scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which the
invention pertains. Although methods and materials similar
or equivalent to those described herein can be used in the
practice or testing of embodiments of the invention, exem-
plary methods and/or materials are described below. In case
of conflict, the patent specification, including definitions,
will control. In addition, the materials, methods, and
examples are illustrative only and are not intended to be
necessarily limiting.

In the following Examples 1-5, the fabrication and char-
acterization of Si—O—N—P coatings is discussed, fol-
lowed by the degradation study of amorphous Si—O—
N—P coatings in Examples 6-13. Additional examples
14-20 are also provided.

Example 1—Fabrication of SiONP, , Coatings

A wet oxidation method was used to deposit a uniform
(non-uniformity<1%) 100 nm oxide layer onto <1 0 0>
p-type test grade Si wafers (Nova Electronic Materials,
Flower Mound, Tex.). ATRION ORION 11 PECVD/LPCVD
system was then used to coat the oxidized wafers with
100-1000 nm of a Si—O—N—P amorphous coating via a
PECVD (plasma enhanced chemical vapor deposition) pro-
cess. All coating were fabricated at a substrate temperature
0t'400° C., chamber pressure of 900 mTorr, an ICP power of
30 W with a 13.56 MHz excitation frequency applied.
Source gases included silane (SiH,) and phosphine (PH)
diluted in argon (Ar) (15% SiH,/2% PH;/85% Ar), nitrous
oxide (N,0), nitrogen (N,), and ammonia (NH;). The silane
flow rate was kept low at 24 sccm (15% SiH,) to prevent
undesirable gas-phase reactions, and the silane to phosphine
ratio was kept constant due to source gas limitations. The
nitrogen and ammonia flow rates were kept high at 225 sccm
and 50 sccm, respectively, to try and increase the nitrogen
(and N—H as well as Si—H) content of the films. Six
different types of coatings were prepared by varying the
nitrous oxide flow rate as seen in Table 1. The refractive
indices and the thickness of the wafer coatings were mea-
sured using ellipsometry at a wavelength of 632.8 nm
(Gaertner 1.S300), and results were confirmed through the
use of a reflectometer (Ocean Optics NC-UV-VIS TF
Reflectometer) and a scanning electron microscope (Hitachi
S-3000N VP SEM). From the thickness measurements and
plasma-on times, deposition rates were also determined.

For comparison, six SiONx coatings were prepared using
the same deposition conditions, with the exception of the 2%
PH; flow. The 15% Silane/2% Phosphine/83% Argon cyl-
inder was swapped with a 15% Silane/85% Argon cylinder
to create amorphous PECVD silicon oxynitride coatings
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without phosphorous incorporation. Amorphous Si—O—N
PECVD coatings have been more widely studied and pro-
vide a basis for meaningful comparison with the less-well
understood amorphous Si—O—N—P PECVD chemistries.

TABLE 1

Gas flow rates for the deposition of six silicon oxynitride
coating chemistries

Gas Flow Rates (sccm)
15% SiH,/
2% PHy/
Sample 83% Ar N,O N, NH,

1 24 0 225 50
2 24 3 225 50
3 24 5 225 50
4 24 16 225 50
5 24 155 225 50
6 24 160 225 50

The refractive indices and deposition rates for each set of
gas flow conditions was determined using ellipsometry.
Refractive index inhomogeneity was determined to be less
than 0.007 and the thickness non-uniformity as measured at
15 points on each 4" wafer in the range of 1.6-2.8%. The
refractive indices ranged from near that of silicon nitride
(Si;N, n=2.0) to near than of silicon dioxide (SiO,
n=1.46).”* Deposition rate decreased and refractive index
increased as flow of nitrous oxide decreased which is
expected as N,O is the primary source of oxygen that is
incorporated into the film. FIG. 1A gives the refractive
indices and deposition rates for the sample set. Refractive
index of the samples as a function of the ratio of the flow
rates of the primary reactive gases, N,O and SiH,, has been
plotted in FIG. 1B. Note that the SiH,:PH; ratio is a
constant, so a similar general trend of index vs. N,O:PH;
flow rate also exists.

A similar trend for the refractive index and sample
deposition rate is observed in the coatings deposited without
the use of PH; (SiONx chemistries), however there are
significant differences in the two sets of reaction conditions.
A comparison of the SiONx and SiONPx refractive indices
and deposition rates for similar reaction conditions can be
seen in FIGS. 2A and 2B. With the addition of 2% PHj,
deposition rates are considerably lower than those observed
in similar reaction conditions without phosphine. The only
sample conditions that result in a significantly different
refractive index is that of the 0 sccm N,O samples. For the
non-PH; condition, this sample has a refractive index close
to that of Si;N,, while the P-containing sample made under
similar conditions has a lower refractive index, which is not
entirely unanticipated as the index for P,O5 (n=1.51) is
lower than that of Si;N, (n=2.0) and small amounts of
oxygen contamination are common in PECVD process-
ing 6% 148

Six distinct SIONPx chemistries were fabricated via a
repeatable PECVD process designed to create potentially
bioactive phosphorous-doped silicon oxynitride coatings.
These coatings ranged from oxygen-poor silicon oxynitride
(for coatings produced at low nitrous oxide flow rates
between 0-16 sccm) to nitrogen-poor silicon oxinitride (for
coatings produced at high nitrous oxide flow rates 155 and
160 sccm).

Example 2—XRD Characterization

X-ray diffraction was used to investigate the film for the
formation of any crystalline phases. A Bruker D8 Advance
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diffractometer was used to collect Bragg-Brentano scans
using Cu ka radiation (A=1.5418 A) at room temperature.
Data was recorded over the 26 range of 20-80° with a 0.02°
step size and a dwell time of 1 second.

X-ray diffraction was used to confirm the amorphous
nature of the coatings. Though X-ray spectra do not show
two broad 2theta peaks typical to amorphous silicon oxyni-
trides''”: one around 20-30° and one around 60-80°; it is
assumed that the SiO, sub-layer dominates the spectra
resulting in one amorphous silica peak. FIG. 3 shows
representative spectra from the highest N content Sample 1
and the highest O content sample 6. Other samples show the
same general spectra, and spectra are too noisy to provide a
basis for comparison and establish a general trend in the
data.

XRD spectra confirm that the coatings formed were
amorphous.

Example 3—SEM and EDS Evaluation

Surface morphology, film composition, and film thickness
were investigated using scanning electron microscopy (Hi-
tachi S-3000N Variable Pressure SEM) equipped with an
energy dispersive X-ray spectrometry system (EDAX).
SEM images were taken with an acceleration voltage of 20
keV and scans for EDX mapping and compositional studies
were taken at 12 keV to prevent interference from sub-
coating layers. EDAX software was used to quantify spectral
mapping data from 50 umx50 um areas. Four regions of
interest (ROIs) corresponding to Si, O, N, and P Ka lines
were defined and compositional information was calculated
using EDAX’s proprietary ZAF method.

Coating thickness and surface morphology was confirmed
by SEM imaging and found to be in agreement with ellip-
sometry measurements. EDS mapping showed no major
carbon or other contaminants and a uniform elemental
distribution normal to the wafer surface. A ZAF quantifica-
tion method was used to determine the atomic % of each
element in the coating. FIGS. 4A and 4B show representa-
tive spectra of a P-containing and a non-P-containing sample
generated under similar conditions, and FIG. 5 shows the
coating composition of the SIONPx coatings in terms of
atomic % of Si, O, N, and P. Increasing N,O:SiH, flow ratio
increased oxygen to nitrogen content as well as an unan-
ticipated modest increase in the P content of the coatings. In
the sample deposited with 0 sccm N,O flow, some oxygen
is still observed in the coating. This may be due to oxidation
of the surface post-deposition, or contamination from the
component gases or the deposition chamber itself. For the
sample range studied, silicon content was found to be
relatively independent of the N,O:SiH, flow. The silicon
content of the samples was found to be between 56.7-64.7
atomic %.

With these atomic concentrations, the RMM can be
applied to calculate the atomic % of each phase in each
sample coating, and the RBM can be applied to calculate the
coating stoichiometry. Note that the applicability of either
model cannot be determined from this data alone. Table 2
shows the RMM and RBM calculated chemistries for each
of the coatings.
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TABLE 2

RMM and RBM calculations of coating chemical structure according
to EDS compositional data

RMM (%) RBM (SizOxNyPw)
Sample SiO, a-Si SizN, P,0s z X y W
1 23 381 588 085 256  0.08 1.35  0.010
2 54 399 538 087 259 017 1.23  0.010
3 100 357 534 098 248 029 .22 0.011
4 203 319 469 095 235 057 1.07  0.011
5 564 352 7.1 133 2.28 1.54 016 0.015
6 577 351 56 158 227 1.58 013 0.018

Though both SiONx and SiONPx chemistries show a
similar trend in terms of nitrogen and oxygen content as a
function of the ratio of the N,O:SiH, flow rates, there are
important differences between the sample stoichiometries.
While it is readily apparent that the SiONPx coatings
contain phosphorous while the SiONx coatings do not, a
somewhat unanticipated result is that the Si content in terms
of atomic % in an SiONPx coating is significantly higher
than that of the equivalent SIONX coating. The additional Si
content in the SIONPx films may be due to the presence of
competing gas phase reactions of phosphine with nitrous
oxide.®® That is, while some oxygen from the N,O flow
reacts before reaching the sample surface, the SiH, is
continuing to deposit a-Si. This has the net effect of slowing
O incorporation into the film, and lower O content is
observed for all P-deposition conditions with the exception
of the highest 160 sccm N,O flow rate, where the O content
is roughly equivalent. FIG. 6 compares the atomic compo-
sition of the SIONx and SiONPx coatings deposited under
similar conditions.

EDS spectra showed little evidence of non-reaction
elemental contamination, and the oxygen and nitrogen con-
tent of coating chemistry was found to be dependent on the
ratio of nitrous oxide to silane flow rate. Though no carbon
contamination was observed, in the coating generated in the
absence of nitrous oxide (theoretically the only oxygen
source in the PECVD process), [65] oxygen was still
observed on the sample surface, which may have been due
to the formation of an oxide layer post-process via reaction
with air. Surface energy calculations demonstrated the
dependence of the polar component of the surface energy on
sample chemistry, in particular the nitrogen content of the
coating, which has implications for protein adsorption and
cell attachment to the surface.”>*>

Example 4—Surface Energy Evaluation

A sessile drop technique was used to determine contact
angles of distilled, deionized water and diiodomethane
(>99%, Sigma-Aldrich, St. Louis, Mo., USA) on the wafer
coating surface. For each liquid, 9 repeat drops were mea-
sured at 25° C. and samples were tested in triplicate. The
surface tension of the testing fluids including the polar and
dispersive components was taken from literature values at
the same experimental conditions and can be seen in Table
3. Surface energy (y,,) and its corresponding dispersive (y%)
and polar (y¥) component values for probing liquids'**»**.
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TABLE 3
Probing fluid Yy (mJ m™>) ¥ (mJ m™) ¥ (mJ m2)
Water 72.8 21.8 51.0
Diiodomethane 50.8 504 0.4

The hydrophilicity of the surface was inferred from the
contact angle with water and the surface energy values of the
samples were obtained by relating the measured probing
liquid contact angles (8) and relating them to solid surface
energy dispersive and polar components by the Owens-
Wendt-Kaeble equation:

Yl l4cos )20, NN +2(0 27

where subscripts S and L represent solid and liquid surfaces,
respectively. Surface roughness measured via SPM imaging
indicated that the as-deposited roughness for all sample
groups (Ra<l nm) has no effect on the measurement of
equilibrium contact angles.'*? 11% 140

The contact angles as determined by a sessile drop
technique for the two probing liquids (water and
diiodomethane) are shown in FIG. 7A. The water contact
angle increases with increasing oxygen content from
34.0£1.3° to 56.1x1.7°. High nitrogen content samples are
therefore considered more hydrophilic than the high oxygen
samples. Diiodomethane, which is a relatively non-polar
probing liquid, and has a contact angle that is relatively
constant for these coatings, measured between 50.2+2.1°
and 54.1+£2.1° which indicates that the dispersive compo-
nent is relatively constant for these surfaces. Differences
observed in the contact angle with water can therefore be
primarily attributed to a change in the polar component of
the surface energy. FIG. 7B shows the polar (y*), dispersive
(v¥) and total surface energy (y) values calculated from the
Owens-Wendt-Kaeble equation in mJ/m*. The dispersive
component for all samples ranges from 26.7 to 28.1 mJ/m?>
while the polar component varies with nitrogen content. The
highest nitrogen content sample (Sample 1) has a polar
component of 35.3 mJ/m* while the highest oxygen content
sample (Sample 6) has a polar surface energy component of
20.0 mJ/m®. The polar surface energy seems to increase as
a function of nitrogen content in the sample.

In general, the SiIONPx chemistries have higher total
surface energies than those of the SIONx chemistries. While
the dispersive component of the surface energy for all
coating surfaces calculated using water and diiodomethane
sessile drop contact angles is similar, a greater variability is
observed in the polar component of surface energy. The
effect of the addition of phosphorous into the coatings on
both the polar component of the surface energy and the total
surface energy is summarized in FIG. 8, which compares
SiONx and SiIONPx coatings made under similar conditions.

)1/2

Example 5—XANES Characterization

XANES spectroscopy was carried out on SiO, and SizN,
model compounds and all six SiONPx coating chemistries.
The acquired XANES sample spectra are compared with
each other and with the model compounds for silicon (Si),
oxygen (O), and nitrogen (N) and phosphorous (P) atoms.
The Si- and P-L, ; edge and Si—, O—, and N—, and P—K
edges were used to characterize the chemical nature and
structural environment the amorphous coatings. XANES
spectra were obtained at the Canadian Light Source (CLS,
Saskatoon, Canada) using the Variable Line Spacing Plane
Grating Monochromator (VLS-PGM, 11ID-2), the High
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Resolution Spherical Grating Monochromator (SGM, 111D-
1), and the Soft X-ray Microcharacterization (SXRMB,
06B1-1) beam lines.

Sample sections of 12 mmx12 mm were attached to the
sample stage with carbon tape and examined under vacuum.
The sample was aligned so that the beam was normal to the
sample surface. For the Si- and P-L, ; edges acquired on the
VLS-PGM beam line, the total electron yield (TEY) and
fluorescence yield (FY) signal was recorded. For the Si—K,
O—K and N—K edges acquired on the SGM beam line,
TEY and partial fluorescence yield (PFY) data was recorded.
For the P—K edge data acquired on the SXRMB beam line,
TEY and FY data was recorded with a 1 second dwell time
and a step size of 5/1/2 eV for the pre-edge/edge/post-edge
spectral features. All sample edges on the SGM and PGM
beam lines were acquired with a 1 second dwell time and a
step size 0f 0.5/0.1/0.25 eV for the pre-edge/edge/post-edge
spectral features. At least two spectra were acquired per
sample per edge. Spectra were energy shifted using refer-
ence compounds collected in the same session with well-
known peak positions, Si;N, nanopowder (Nanostructed &
Amorphous Materials Inc, Houston, Tex., USA) and SiO,
(>99.5%, Sigma-Aldrich, St. Louis, Mo., USA). Linear
background subtraction was performed using the spectral
pre-edge for peak area calculations; however, some spectra
are presented without background subtraction for clarity.

XANES Silicon L, ;-Edge:

The Silicon Si-L, 5 edge can be used to investigate both
the chemical species that give rise to changes in binding
energies as well as to distinguish between four-fold and
six-fold coordination of Si.*'? Silicon Si-L, 5 spectra were
acquired from 95-130 eV using the VLS-PGM beamline.
FIGS. 9A and 9B show the TEY and FY data for the six
SiONPx sample chemistries. The TEY data can be consid-
ered to be collected from the near-surface ~5 nm while the
FY data contains information from more of the bulk coating
~70 nm. [120] Six peaks of interest have been identified and
labeled a-f. Peaks a and b at 105.5+0.1 eV and 106.1x0.1 eV,
respectively, arise due to the transition of 2p electrons to
unoccupied 3d orbitals that have been split by ~0.6 eV by
spin-orbital splitting."*® '2° The ratio of these peaks has
been used to differentiate the contribution from disparately
substituted SiO, tetrahedra.'®® That is, the a:b integrated
peak area ratio can be used as a semi-quantitative measure
of nitrogen substitution into a SiO, tetrahedron. Table 4
shows the calculated a:b peak area ratio for both the TEY
and FY signals for the SiO, and Si;N, model compounds
and six sample coatings. The a:b peak area ratio FY data
suggests that while the silica tetrahedron structure may
provide a useful approximation of the Si—O and Si—N
bonding in the lower nitrogen containing samples 5 and 6,
the high nitrogen content samples (1-4) may form a structure
better approximated by that of the $-Si;N, standard. The a:b
peak area ratio TEY data suggests that all of the higher
nitrogen content samples form a surface silica layer that has
little nitrogen content.

The highest intensity peak c is the found in both standards
and all samples is the main Si L, ;-edge peak, and its
position can be used to distinguish between fourfold (®*1Si)
and six-fold ("'Si) coordinated silicon in silicate
glasses.'®® 12! For [MSi, the main peak is centered at
107.9£0.2 eV while in “ISi an additional main edge peak is
observed at 106.7x0.2 eV.** In FIGS. 9A and 9B, the peak
c line is centered at 108.0£0.2 eV indicating that ISi is
found in all samples and standards. Second order derivative
fitting of Samples 1 through 4, however, indicates that there
may be a peak centered near 106.8 eV which would be an
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indication that a mix of ™Si and 9Si is present in these
chemistries. Peak d centered at 115.3+£0.2 eV is a resonance
Si-peak found in both Si;N, and SiO, and therefore cannot
be used to distinguish between the chemical finger print of
either structure. Peak e is characteristic of Si—N resonance
bonding'?*, and is found centered at 103.2+0.2 eV for the
Si;N, standard. This peak is observed to shift to higher
energies in high-N content samples: for the FY data, it is
found at 103.9+£0.2 eV (Sample 1), 104.5+0.2 eV (Sample
2), 104.5£0.2 eV (Sample 3), and 104.92£0.2 eV (Sample 4)
which indicates an increasing distortion of the Si—N bond
in a nitride matrix.'** For samples 5 and 6, where it is not
observed, the structure of the Si may be better described as
an Si0O,-like matrix with limited Si—N bonding occurring
and fit into a silica tetrahedral-like structure. Peak f at
99.7£0.2 eV is found in all samples, though the intensity of
the main edge peak makes it difficult to ascertain in Samples
5 and 6. This peak has previously been observed in other
SiONx coatings with excess Si and is attributed to Si—Si
bonding in silicon nanoclusters (Si-nc) found within the
coating,'** It is also possible that this peak arises from the
contribution of the underlying Si wafer since it is seen more
prominently in the FY data, which has a higher escape
volume in terms of signal that reaches the detector.

TABLE 4

Integrated peak area ratios for peak a to peak b in Si I, j-edge of Si3N,,
Si0-, and six sample coating chemistries

ab
peak

a:b peak area

EDS Compositional data (at %) area ratio ratio

Sample Si (@) N P TEY FY
SiyNy 43.8 0.8 55.3 — 1.73 1.73
1 64.0 2.1 33.7 0.24 0.84 1.65

2 64.8 4.2 30.8 0.25 1.02 1.68

3 61.8 7.3 30.5 0.28 0.98 1.71

4 58.7 14.2 26.8 0.27 0.97 1.51

5 571 38.6 4.0 0.38 1.18 1.13

6 56.74 39.6 3.26 0.45 1.12 1.08
SiO, 32.2 67.8 0.0 — 1.02 1.02

Silicon L-edge data collected support the theory that the
high-oxygen content SIONPx sample coating chemistries 5
and 6 can be well-described as N-substituted silica tetrahe-
drons (M1Si) according to the RBM view of the structure.
The high-nitrogen content samples, however, maybe be
better described using a RMM view of the bonding structure.

XANES Silicon K-Edge

The Silicon Si—K edge can also be used to investigate
chemical changes and structural changes in silicon.'*® Sili-
con Si—K edge spectra were acquired from 1820-1890 eV
using the SGM beam line. FIG. 10 shows the Si K-edge TEY
data for the 6 SiONPx sample chemistries. This TEY data
can be considered to be collected from the near-surface ~70
nm."?° There are two main peaks of interest in these spectra:
peak “a”, the main Si K-edge peak around 1847+0.3 eV and
a post edge peak b feature common to all spectra around
1864.8+£0.2 eV. Peak a can be thought of as the sum total
contribution of Si—Si bonding (~1841 eV), Si—N bonding
(~1844.5 eV) and Si—O bonding (1847 eV) resonances.™**
In the Si;N, standard, some oxygen contamination is
observed and the peak is split between Si—N and Si—O
resonant energies. The high-N content samples, on the other
hand, show evidence of all three bonding fours with a
leading edge around 1841 eV and a broad absorption peak
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encompassing both Si—N and Si—O resonant energies. The
high-O content samples show primarily Si—O bonding,
with a small spectral contribution around 1841 eV, suggest-
ing some Si—Si bonding occurring. The SiO, standard peak
“a” edge, in contrast, is centered at 1847+0.3 eV and has a
leading edge at 1843+0.3 eV, which is well above the energy
level suggesting Si—Si bonding.

XANES Oxygen K-Edge

The Oxygen K-edge can be used to investigate local
oxygen structure. All O—K edge spectra were acquired from
525-585 eV using the SGM beam line. FIGS. 11A and 11B
show the O K-edge TEY and FY data for the 6 sample
chemistries. The TEY data for this edge can be considered
to be collected from the near-surface (~25 nm) while the FY
data contains information from a deeper interaction area of
about ~150 nm. There are four main peaks observed in these
spectra: peak a, a pre-edge peak around 529.9+0.2 eV, the
main O—K edge peak b around 535.2+0.2 eV, a post edge
peak ¢ feature around 558.5+0.2 eV, and a post-edge shoul-
der peak d around 546.2+0.2 eV. Peak a is observed as a
distinct peak in the lower oxygen content sample chemistries
(samples 1, 2, and 3) in both the TEY and FY data. The
presence of this peak in the FY data may suggest either
non-bridging Si—O bonds in the bulk of the coating, or it
may be attributed primarily to the surface region where
post-processing oxidation is believed to occur which would
greatly influence any measurement of low-oxygen content
sample chemistries, particularly in the TEY data. The pri-
mary oxygen bonding in the higher oxygen content samples
can be attributed to Si—O—Si bridges, as evidenced by the
main peak b and post-edge resonance peak c.'*®> The strong
post-edge shoulder peak “d”, which is prominent in the low
oxygen content samples, may be attributed to the interaction
of N—Si—O bonding and the distortion of the SiO, network
in the high nitrogen content chemistries, which is prominent
in the TEY spectra of these samples, again suggesting the
presence of a post-process oxide forming.

XANES Nitrogen K-Edge

The Nitrogen K-edge can be used to investigate local
nitrogen structure. All N—K edge spectra were acquired
from 380-450 eV using the SGM beam line. FIGS. 12A and
12B show the N K-edge TEY and FY data for the six sample
chemistries. The TEY data can be considered to be collected
from the near-surface (~20 nm) while the FY data contains
information from a deeper interaction area of about ~125
nm. There are three main peaks observed in these spectra:
peak “a” around 398.6x0.2 eV, the main peak “b” around
402.6+0.2 eV, and a post edge peak “c” feature around
421.420.2 eV.

Peak was attributed to the presence of under-coordinated
(i.e. two-fold coordinated) or hydrogen-bound nitrogen
which indicates either the presence of N—H bonding or the
substitution of a nitrogen atom for an oxygen atom into a
Si—O—Si bridge; it is sometimes referred to as the reso-
nance line (RL).'*> '2% While this peak is particularly
prominent in the TEY spectra of the lowest-N containing
samples 4 and 5, it can also be observed as a pre-edge
shoulder in the other, higher-N content TEY spectra. The
apparent increased intensity of the peak in the low-N sample
5 and 6 chemistries suggests that a proportionately larger
amount of N in these samples is 2-fold coordinated, or,
conversely, that the Si—O—Si bridge network remains
relatively undisturbed by the limited amount of N incorpo-
ration into the coating. In the FY bulk data, this peak “a” is
observed as a distinct feature in all chemistries. The main
edge peak b is similar for all samples and the Si;N,, standard,
suggesting that the bulk of the spectral contribution is due to
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Si—N bonding. The post edge peak ¢ resonance, however,
appears distorted in the lower-N content sample 4 FY data
and the sample 5 and 6 TEY and FY data. The peaks
observed between 425 eV-435 eV in these spectra may be
due to a higher order spectral contribution from silica, which
overwhelms the N signal in these relatively Si-rich and
N-poor coatings.

XANES Phosphorous L, ;-Edge

Though the other element edges give little evidence of
phosphorous content (particularly in the form of P—O
bonding) in the film due to the relatively low atomic content,
the tunability of this XANES technique allows for the direct
probing of the phosphorous L, ;-edge to investigate local
phosphorous  structure. All P L, ;-edge spectra were
acquired from 130-155 eV using the PGM-VLS beam line.
FIG. 13 shows the P L, ;-edge FY data for six sample
chemistries. The P-L. edge FY data contains information
from an interaction depth of about ~75 nm. There are four
main peaks observed in these spectra: peak a, around
135.7£0.2 eV, peak b around 137.420.2 eV, peak ¢ around
138.8£0.2 eV and a post edge peak d feature around
147.020.2 eV.

The transitions in [ edge spectra follow distinct patterns,
and the less well-studied P-L. edge spectral features have
been compared to the better understood Si-I. edge spec-
tra."®* Like in silica L-edge spectra, in the P L, ;-edge peaks
a and b are proposed to arise from the transition from 2p
electrons (spin-orbit split into 2p;,, and 2p,,, levels) to the
lowest unoccupied 3s-like antibonding state.'>> Peak c has
been attributed to a transition to a 3p-like antibonding state
in the presence of oxygen, and peak d is considered to arise
from 2p to 3d transitions.'*® Since the exact location and
intensity of these peaks is extremely sensitive to local
chemical structure, the P L, ;-edge allows for the investi-
gation of P-substitution into a Si;N,, or SiO,-like coating.

From FIG. 13, two distinct P chemistries are observed.
Sample 1 spectra could not be obtained due to issues with
contamination, though other data (P K-edge) suggests that it
would be similar in nature to samples 2-4. Samples 2, 3, and
4 have a broad peak near the peak a position which has a post
edge shoulder at peak b. Though this peak appears to shift
to slightly higher energy with increasing oxygen content,
second derivative peak fitting indicates that the a and b peak
positions do not change and instead the relative contribution
of the a:b peaks changes. Notably absent are any spectral
contributions from peak ¢ or peak d—both of which are only
allowed transitions when P is bound to a more electronega-
tive atom like oxygen. The absence of these peaks would
seem to indicate that the majority of the phosphorous in
these coatings in not bound to oxygen, and may instead be
bound primarily to other phosphorous atoms in an amor-
phous tetra-phosphorous or hydrated-phosphorous state.
This lack of P—O phosphate bonding is somewhat unex-
pected due to the presence of oxygen in these coatings and
the relative stability of the phosphate ion to that of tetra- or
hydrated-phosphorous under sample fabrication conditions.
In the highest oxygen content samples 5 and 6, however, all
four peaks are observed: peaks a and b as one broad peak,
peak ¢ as a post-edge shoulder, and peak d as a distinct
post-edge feature. In these samples, spectral features indi-
cate that phosphorous is present in the form of phosphate
ions.

XANES Phosphorous K-Edge

The Phosphorous K-edge can also be used to investigate
local phosphorous structure. All P—K edge spectra were
acquired from 2120-2240 eV using the SXRMB beam line.
FIGS. 14A and 14B show the P K-edge TEY and FY data for
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six sample chemistries. Due to the higher energy of the
probing beam, both TEY and FY data can be considered to
be collected from the bulk of the coatings. The contribution
of the substrate, which is 99.9% Si, to the phosphorous
spectra is negligible, and therefore both sets of data are
presented as representative of the coating. There are three
main peaks observed in these spectra: a pre-edge peak a,
around 2147.4+0.4 eV, the main peak b around 2150.2+0.3
eV, and a post edge peak ¢ feature around 2168.1+0.4 eV.

The Phosphorous K-edge spectra indicate 2 main phos-
phate chemistries: one common to samples 1, 2, 3, and 4 and
a different phosphorous chemistry in the high-oxygen con-
tent samples 5 and 6. The similarity of sample 1 to samples
2, 3, and 4 supports the idea that the P L, ;-edge features
observed for sample 1 in FIG. 13 are due to contamination,
rather than the sample itself. Since the K-edge data is less
sensitive to surface contamination, the P—K spectra can be
considered more representative of the sample coating chem-
istry absent of surface contamination effects. In the low
oxygen content samples, peak a, a pre-edge resonance peak,
is observed in both the TEY and FY data, though it is more
distinct in the FY data, which is most likely a function of
detector sensitivity. Peak b, the main line peak, is down-
shifted over 2 eV from that of structures containing phos-
phates, where the main line peak is observed around
2152.420.4.1*1 1*2 This shift would seem to indicate that
there is little to no P—O phosphate bonding in these
chemistries, in agreement with the P [-edge data. For
samples 5 and 6, however, the main line peak b is observed
at 2152.5+0.4, in good agreement with previous measure-
ments of phosphosilicate glasses, where phosphorous is
predominantly observed in the form of the phosphate ion.'*?

XANES Si L-edge, Si K-edge, O K-edge, N K-edge, P
L-edge, and P K-edge spectra were acquired for six coating
chemistries: two high-nitrogen content samples, two inter-
mediate oxygen/nitrogen content samples and two high-
oxygen content samples. These samples were compared to
each other and to silicon oxide and silicon nitride standards
to investigate the chemical structure of the SIONPx coatings
formed. Two distinct SIONPx chemical structures emerge
from an investigation into these XANES spectra.

The higher nitrogen content sample coatings, Sample 1,
Sample 2, Sample 3, and Sample 4, resemble one another
with a few key differences. The Si L-edge a:b peak ratio
remains close to that of Si;N, for these samples which
suggests that Si—N bonding environment is similar to the
nitride standard, however, peak e, which is attributed to
Si—N bonding, shifts to higher energy with decreasing
nitrogen content. This energy shift suggests that the Si—N
bond is increasingly distorted as oxygen is incorporated into
the system. This distortion—or high energy bonding struc-
ture—may contribute to increased instability of this bond
pair in the physiological environment which would result in
a relatively rapid reaction in vitro or in vivo. The broad main
peak a in the Si—K edge spectra for these samples also
suggests that Si—O and Si—N bonding both exist in forms
similar to the silica Si—O bonding and the nitride Si—N
bonding structures simultaneously since the broad peak
overlaps with both of the standards. This spectral feature
likely indicates a mixture of both distorted silicon nitride-
type and distorted silicon oxide-type bonding structures in
these coatings. The presence of the peak a pre-edge in the O
K-edge spectra shows evidence of silanol bonding in these
coatings, which may allow for bioactive remodeling of these
coatings in a physiological environment similar to the pro-
cess through which known bioactive glass formulations
form mineral in vitro and in vivo. The sharp resonance line
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peak a in the N K-edge indicates the presence of under-
coordinated or hydrogen bound nitrogen in these samples,
which should prove to more readily react with the physi-
ological environment than 3-fold coordinated nitrogen
found in pure silicon nitride. Both the P L-edge and P
K-edge spectra for these sample chemistries do not show
any evidence of phosphate type P—O bonding, and the P in
these samples therefore believed to be in a relatively
unstable form, which may contribute to rapid dissolution in
an in vitro or in vivo environment.

The highest oxygen content sample coatings, Sample 5
and Sample 6, on the other hand, seem to have formed
coatings with a different chemical structure from that of the
low oxygen coatings. The Si L.-edge a:b peak ratio of these
chemistries remains close to that of SiO2 which suggests
that Si—O bonding environment is similar to that of silica.
The narrow main peak a in the Si K-edge spectra for these
samples also suggests that silica-like Si—O bonding domi-
nates the structure. The absence of the peak a pre-edge in
these O K-edge spectra indicates that there is little evidence
of silanol bonding in these coatings. The strong presence of
the sharp resonance peak a in the N K-edge data suggests
that much of the nitrogen in these coatings considered
‘undercoordinated’—and most likely substituted into the
place of a bridging oxygen atom, which would occur in
systems where the silica tetrahedra is the basic structural
unit. P L-edge and P K-edge data also indicate that phos-
phorous is found predominately in the form of a phosphate-
like bonding structure in these coatings.

Since the RMM was found to model the high nitrogen
content samples while the RBM was found to better model
the high oxygen content samples, Table 3 can be revised to
reflect the actual coating chemistries observed from the
XANES edges, with one exception: in the high nitrogen
content samples, the P-incorporation does not take the form
of phosphorous pentoxide (P,O;) as originally assumed by
the model since the P L, ; edge and P K-edge show no
evidence of P—O bonding in these chemistries. Therefore
the P-incorporation into these coatings will be approximated
as elemental P, instead of P,O,. Table 5 summarizes the
coating chemical structures found in this study as modeled
by the random mixing model or random bonding model.

TABLE 5

Modified RMM validated for high-nitrogen type chemistries and RBM
validated for high oxygen content chemistries

Modified RMM (%) RBM (SizOxNyPw)
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coating via a PECVD (plasma enhanced chemical vapor
deposition) process. All coatings were fabricated at a sub-
strate temperature of 400° C., chamber pressure of 900
mTorr, an ICP power of 75 W with a 13.56 MHz excitation
frequency applied. Source gases included a silane (SiH,)
and phosphine (PH;) mixture diluted in argon (Ar) (15%/
2%/83%), nitrous oxide (N,0), nitrogen (N,), and ammonia
(NH,). The silane flow rate was kept low at 24 sccm (15%
SiH,) to prevent undesirable gas-phase reactions. The nitro-
gen and ammonia flow rates were kept high at 225 sccm and
50 scem, respectively, to try and increase the nitrogen (and
N—H as well as Si—H) content of the films. Six different
coating chemistries were prepared by varying the nitrous
oxide flow rate as seen in Table 6. For further characteriza-
tion and experimentation, wafers were then cut into 12
mmx12 mm sample sections using a Disco DAD3220
Automatic Dicing Saw.

TABLE 6

Gas flow rates for silicon oxynitride layer deposition

Gas Flow Rates (sccm)

15% SiH,/2% PH,/

Sample 83% Ar N,0 N, NH,
1 24 0 225 50
2 24 3 225 50
3 24 5 225 50
4 24 16 225 50
5 24 155 225 50
6 24 160 225 50

The amorphous nature of the coatings was confirmed by
XRD spectra through the use of a Bruker D8 Advance
diffractometer to collect Bragg-Brentano scans using Cu ko
radiation (A=1.5418 A) at room temperature. The atomic
compositions of the coating chemistries were then deter-
mined by EDS measurement.

The refractive indices and the thickness of the wafer
coatings were measured using ellipsometry at a wavelength
of 632.8 nm (Gaertner [.S300), and results were confirmed
through the use of a reflectometer (Ocean Optics NC-UV-
VIS TF Reflectometer) and a scanning electron microscope
(Hitachi S-3000N VP SEM). The thickness for all coatings
was found to be 100 nm+2 nm with an in-wafer non-
uniformity for all chemistries of 2.5-3%.

Additionally, EDS measurements were taken of the initial
coating chemistry composition. Table 7 lists the sample
chemistries in terms of atomic %. The low-nitrous oxide
flow samples (Sample 1 and Sample 2) have less oxygen

Sample Si0, a-Si SiN, P z * b v Ghile the high-nitrous oxide flow samples (Sample 5 and
1 32 377 589 024 Sample 6) are relatively oxygen rich and nitrogen poor. The
g 1?-3 ;2'461 gg-i 8-;; intermediate flow rate samples (Sample 3 and Sample 4)
1 2197 315 259 097 have intermediate oxygen and nitrogen content.
5 228 154 016 0015 55
6 227 158 013 0018 TABLE 7
Atomic composition of SIONPx coatings att = 0
as determined by EDS measurement
Example 6—Fabrication and Evaluation of SiIONPx
Coatings for Degradation Study 60 EDS COI?E:E/it)ional data
A PECVD process was used to form a coating using a Sample Si fo) N P
silicon wafer with a silica sublayer as a substrate. Briefly, <1
0 0> p-type test grade Si wafers (Nova Electronic Materials, ; gi:g i; ;3; 8:;‘51
Flower Mound, Tex.) were obtained and a TRION ORION 65 3 61.8 73 30.5 0.28
II PECVD/LPCVD system was used to coat the wafers with 4 58.7 14.2 26.8 0.27

100 nm of SiO, and 100 nm of an Si—O—N—P amorphous



US 10,828,393 B2

29
TABLE 7-continued

Atomic composition of SIONPx coatings at t = 0
as determined by EDS measurement

EDS Compositional data
(at %)

Sample Si (@) N P
5 57.1 38.6 4.0 0.38
6 56.74 39.6 3.26 0.45

Six distinct SiIONPx chemistries were fabricated via a
repeatable PECVD process designed to create potentially
bioactive phosphorous-incorporated silicon oxynitride coat-
ings. These coatings ranged from oxygen-poor silicon
oxynitride (for coatings produced at low nitrous oxide flow
rates between 0-16 sccm) to nitrogen-poor silicon oxinitride
(for coatings produced at high nitrous oxide flow rates 155
and 160 sccm).

Example 7—ICP-OES

ICP-OES analysis was performed at the Shimadzu Center
for Advanced Analytical Chemistry using the Shimadzu
ICPE-9000 ICP-OES system. 12 mmx12 mm wafer sections
were placed in 4 mL. of a-MEM at 37° C. and 5% CO, for
0,05, 1, 2,4, 8, 12, 24, 96, and 192 hours. After the set
immersion time, 25x, 50x and 100x dilutions were used to
investigate salt content in the supernatant fluid. Aluminum
was used as an internal standard, and calcium, phosphorous,
and silica concentration measurements were taken from the
a-MEM dissolution media in order to evaluate the surface
degradation kinetics of the coatings and the precipitation of
calcium phosphates out of solution and onto the wafer
surface. Single-element high purity ICP Ca, Al, Si, and P
standards (1000 ng/I.) were purchased from Ultra Scientific.

Inductively coupled plasma optical emission spectra were
used to evaluate the release of Si from 12 mmx12 mm
sample sections immersed in 4 mL. of cMEM and incubated
for 0, 0.5, 1, 4, 8, 12, 24, 96, and 192 hours. Calcium and
phosphorous concentrations were also investigated to deter-
mine if any calcium phosphates precipitated out of the
aMEM solution and onto the sample surface. FIG. 15 shows
the silica release into the aMEM solution for sample 1, 2, 5
and 6 chemistries.

Initially, there is little silica in aMEM solution, however,
all samples rapidly (<30 mins) begin to release silica into
solution. Sample 6 appears to undergo the most rapid release
and completely releases all silica after 8 hours in solution.
Sample 5 appears to completely releases all silica after 96
hours in solution while samples 1 and 2 only appear to
mostly release their silica after 192 hours in solution. The
higher oxygen-content samples appear to have more rapid
release rates than the low oxygen content samples. It should
be noted that the higher oxygen content samples also contain
more phosphorous, which is known in bioactive glass for-
mulations to help control dissolution rate.'*?

It is instructive to look at silica release in tends of the
percentage of the thickness of the coating dissolved; how-
ever, in order to estimate this quantity some simplifying
assumptions must be made. First of all, the coatings are
assumed to be chemically and structurally uniform in the
direction normal to the surface. Secondly, since the exact
densities of the coatings are unknown, a reasonable approxi-
mation would be to use the density of similar low-tempera-
ture fabricated PECVD coatings. According MIT’s material
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property database, low-temperature PECVD deposited silica
has a density of about 2.3, g/cm® '** while similarly fabri-
cated nitride has a density of about 2.5 g/cm®.*** Since these
coatings have a known composition that is intermediate to
these two extremes, these values can be used to calculate the
total amount of silica that is able to go into solution and a %
of coating thickness lost as a function of time can be
determined. Table 8 lists coating thickness remaining for
four of the sample chemistries as a function of time in
dissolution calculated according to this method.

TABLE 8

Sample coating thickness remaining after immersion in
OoMEM determined by Si release

Time Thickness Remaining (nm)

(hours) Sample 1 Sample 2 Sample 5 Sample 6
0 100.0 100.0 100.0 100.0
0.5 95.0 93.4 95.8 92.1
1 83.4 88.1 82.6 824
4 81.7 84.4 85.1 68.3
8 59.7 62.6 45.8 -49

12 38.8 60.4 49.5 =52
24 46.8 49.4 24.6 -7.6
96 41.1 45.3 -10.2 -10.2
192 18.0 1.4 -10.1 -8.3

Negative values indicate that more silica is found in
solution than is found in the original SiONPx coating; this
may be due to a limited amount of silica release from the
exposed silica layer underneath the coating itself but is it
likely due to the error in the sample measurement. This
treatment of the data shows that the highest nitrogen content
sample 1 is most likely the only coating that has not
completely dissolved after 8 days in solution.

The loss of calcium and phosphorous from the aMEM
soaking solution were also determined by ICP-OES analy-
sis. The calcium results from this analysis can be seen in
FIG. 16. The phosphorous concentration in the aMEM
solution over a period of 8 days can be seen in FIG. 17.

According to manufacturer specifications, aMEM con-
tains 72.2 ppm Ca and 31.3 ppm P. The aMEM used in this
experiment was found to have 71.2+0.8 ppm Ca and
31.0£1.0 ppm P, in relatively good agreement with the
manufacturer’s specifications. Looking at both the calcium
and phosphorous profiles together, it would appear that both
follow approximately the same kinetic trend for all sample
chemistries, suggesting that both elements are precipitating
out of solution simultaneously independent of sample chem-
istry. After about 24 hours of immersion, the Ca and P
content in solution appear to reach a steady state for all
samples investigated.

Though direct observation of the products of a precipita-
tion reaction using ICP-OES spectra is difficult, the calcium
and phosphorous data can be combined to assess the possi-
bility of a given chemistry precipitating out of solution. Pure
apatite, the major mineral component of bone, has a calcium
to phosphorous (molar) ratio of 1.67:1. In bioactive glass
systems, it is well understood that the initial apatite forma-
tion that occurs on the glass surface is not in the form of a
stoichiometric apatite but rather in the form of a poorly
crystalline carbonate-substituted apatite where the Ca:P ratio
can vary from 1.6:1 to 1.5:1.1** Therefore if the predominant
calcium and phosphate species formed combine to form an
apatite-like structure, the cumulative ratio of the loss of Ca
ppm to P ppm from solution should be between 1.9:1 and
2.1:1. Table shows the Ca:P ppm loss ratios calculated from
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the calcium and phosphorous data. In all samples for all time
points, more calcium is lost from solution that could be
bound in an apatite-like precipitate, suggesting that if there
is formation of an apatite-like precipitate on the sample
surfaces, there is also the formation of other calcium species,
though all samples appear to show similar Ca:P ratios after
4 days in solution.

TABLE 9

Cumulative Ca:P loss ratio from aMEM as a function of
immersion time

Time Ca:P ppm ratio
(hours) Sample 1 Sample 2 Sample 5 Sample 6
0.5 -0.1 0.5 0.2 0.1
1 0.6 1.0 1.8 1.2
4 0.8 0.7 0.7 0.7
8 0.9 0.9 1.0 0.9
12 0.9 0.9 0.9 0.9
24 1.0 1.0 1.0 1.0
96 1.1 1.2 1.2 1.1
192 1.1 1.1 1.1 1.1

ICP-OES measurements showed that the Si release from
the surface may be a function of the nature of the sample
chemistry, and that the high oxygen content samples com-
pletely dissolve more rapidly while the high nitrogen content
samples dissolve less-readily. Calcium and phosphorous
concentration measurements suggest that these species pre-
cipitate out of solution in a manner independent of sample
chemistry.

Example 8—SEM Imaging

Surface topology, initial film composition, initial film
thickness, and surface microstructure of coatings after 6
hours and 8 days immersion in aMEM at 37° C. in a
humidified atmosphere with 5% CO, were investigated
using scanning electron microscopy (Hitachi S-3000N Vari-
able Pressure SEM) equipped with an energy dispersive
X-ray spectrometry system (EDAX). SEM images were
taken with an acceleration voltage of 20 keV and scans for
EDX mapping and compositional studies were taken at 12
keV to prevent interference from sub-coating layers. EDAX
software was used to quantify spectral mapping data from 50
umx50 pum areas.

SEM imaging was used to investigate the coating con-
formity as well any changes in the microstructure of the
surface due to degradation in aMEM. A look at the surface
on the micro-scale is particularly instructive since the micro-
structure clearly shows whether there are indications of the
formation of calcium phosphate microcrystals, which form
on the surface of bioactive glasses after immersion in a
simulated body fluid.*®

FIG. 18 shows top-down backscattered electron micro-
graphs (in COMPO mode) of the surface of four sample
chemistries at time 0, 6 hours, and 8 days. For all chemis-
tries, precipitates form on the surface within six hours of
immersion. The higher nitrogen content samples 1 and 2
form relatively large precipitates, on the order of ~1 pum
while the surface shows evidence of pitting, perhaps due to
the dissolution of the coating. The higher oxygen content
sample surfaces 5 and 6 form clusters of smaller precipitates
on the order of ~0.1 um after 6 hours immersion. After 8
days in solution, all surfaces are covered with solution
precipitates. In the lower nitrogen content samples they
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remain discontinuous while in the higher oxygen content
samples the surface is covered with a more continuous
network. In fact, highest oxygen content sample 6 surface
shows evidence of cracking, which most likely occurred
during the drying process for SEM imaging preparation.
Though crystalline silica and silica nitride are both known
not to be bioactive, both the amorphous silica-like samples
5 and 6 as well as the more amorphous nitride-like samples
1 and 2 show evidence of microcrystal formation.'** This
suggests that the more disordered, phosphorous incorporated
samples are capable of forming a silica gel layer and
precipitating calcium phosphates on the surfaces.

SEM images show evidence of micro-scale precipitate
structures on all samples after 6 hours. After 8 days in
solution, these microstructures appear to coat the entire
sample surface.

Example 9—XANES Characterization

Method: XANES spectroscopy was carried out on the six
sample chemistries at three time points: after processing
(t=0), after 6 hours of immersion in cMEM and after 8 days
of immersion in aMEM. The acquired XANES sample
spectra are compared with each other by looking at silica
(Si), oxygen (O), nitrogen (N), calcium (Ca), and phospho-
rous (P) atoms. The Si-, Ca-, and P-L, ; edges and Si—,
O—, and N—K edges were used to characterize the chemi-
cal nature and structural environment of the amorphous
coatings. XANES spectra were obtained at the Canadian
Light Source (CLS, Saskatoon, Canada) using the Variable
Line Spacing Plane Grating Monochromator (VLS-PGM,
111ID-2) and the High Resolution Spherical Grating Mono-
chromator (SGM, 111D-1) beam lines.

Sample sections of 12 mmx12 mm were attached to the
sample stage with carbon tape and examined under vacuum.
The sample was aligned so that the beam was normal to the
sample surface. For the Si-L, 5 and P-L, ; edges acquired on
the VLS-PGM beam line, the total fluorescence yield (FY)
signal was recorded. For the Si—K, Ca-L,; O—K and
N—K edges acquired on the SGM beam line, total electron
yield (TEY) and partial fluorescence yield (PFY) data was
recorded. All sample edges were acquired with a 1 second
dwell time and a step size of 0.5/0.1/0.25 eV for the
pre-edge/edge/post-edge spectral features. At least two spec-
tra were acquired per sample per edge. Spectra were energy
shifted using reference compounds collected in the same
session with well-known peak positions, Si;N, nanopowder
(Nanostructed & Amorphous Materials Inc, Houston, Tex.,
USA) and SiO, (>99.5%, Sigma-Aldrich, St. Louis, Mo.,
USA). Linear background subtraction was performed using
the spectral pre-edge for peak area calculations; however,
spectra without background subtraction are presented here
for clarity.

Silica L, ;-Bdge

The Silica Si-L, ; edge can be used to investigate the
changes in silica chemical structure over time. Silica Si-L, ,
spectra were acquired from 95-130 eV using the VLS-PGM
beamline. FIGS. 19A and 19B, FIGS. 20A and 20B and
FIGS. 21A and 21B show the FY data for the six SIONPx
sample chemistries at time t=0, 6 hours, and 8 days. This
data can be considered to be collected from the near-surface
~70 nm.*?° Six peaks of interest have been identified and
labeled a-f. Peaks a and b at 105.5+0.1 eV and 106.1x0.1 eV,
respectively, arise due to the transition of 2p electrons to
unoccupied 3d orbitals that have been split by ~0.6 eV by
spin-orbital splitting and do not observe shifts in energy due
to the chemical bonding environment of a silica atom. %> 12
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The highest intensity peak c¢ that is found in all samples
is the main Si L, ;-edge peak, and its position can be used
to distinguish between fourfold (*1Si) and sixfold (°ISi)
coordinated silica in silicate glasses.'®®> 2! For ISi, the
main peak is centered at 107.9£0.2 eV while in [¥1Si an
additional main edge peak is observed at 106.7£0.2 eV.'**> In
the Si-L edge figures, the peak c line is centered at 108.0+0.2
eV for all samples at all time points indicating that (ISi is
found in all samples both before and during immersion. The
decrease in peak c intensity is likely due to the formation of
the microcrystal structures on all of the sample surfaces after
immersion. Peak e is characteristic of Si—N resonance
bonding'?*, and is found centered at 103.2x0.2 eV for a
Si;N, standard. This peak is observed a time zero to shift to
higher energies in high-N content Samples 1 (104.0+£0.2 eV)
and 2 (104.7£0.2 eV) which indicates a distortion of the
Si—N bond in a nitride matrix.'>* This peak is not observed
to shift after 6 hours of dissolution in Samples 1, 2, 3, and
4 though it is reduced in intensity relative to the main Si
L-edge peak. After 8 hours, the peak disappears entirely,
suggesting that no more nitrogen is bound in the upper levels
of the sample surface to silica, though it may be present
bound to another elemental species or deeper in the surface.
Peak f at 99.7+0.2 eV is found initially in all samples,
though the intensity of the main edge peak makes it difficult
to ascertain in Samples 5 and 6. This peak has previously
been observed in other SiONx coatings with excess Si and
is attributed to Si—Si bonding in silica nanoclusters (Si-nc)
found within the coating.'* This peak is found to increase
in intensity after 8 days in samples 2, 3, 5 and 6 suggesting
either that the precipitate network that forms on these
coatings is discontinuous or that it includes precipitating
species with Si—Si bonding.

Silica K-Edge

The Silica Si—K edge can also be used to investigate
chemical changes and structural changes in the silica chemi-
cal environment over time.''? Silica Si—K edge spectra
were acquired from 1820-1890 eV using the SGM beam
line. FIGS. 22A and 22B show the Si K-edge TEY data for
six sample chemistries at time 0 and 8 days. The 6 hour data
was collected for these chemistries; however, a detector
malfunction made it unusable. This data can be considered
to be collected from the near-surface ~70 nm."'>°

There are three main peaks of interest in these spectra:
peak a, the main Si K-edge peak around 1847+0.3 eV, a post
edge peak b feature common to all spectra around
1864.8+0.2 eV, and peak ¢ around 1840.8+0.3 eV. The broad
main peak a can be thought of as the sum total contribution
of'Si—Si bonding (~1841 eV), Si—N bonding (~1844.5 eV)
and Si—O bonding (1847 eV) resonances, while a separa-
tion of this peak into multiple distinct peaks (peak a and
peak ¢) can be seen in systems where Si—O, Si—N, and
Si—Si bonding exist in distinct domains, rather than as an
amorphous continuum of energies centered at 1847 eV.'?*
The high-N content samples 1, 2, 3, and 4 initially show
evidence of all three bonding forms with a leading edge
around 1841 eV and a broad absorption peak encompassing
both Si—N and Si—O resonant energies. The higher oxygen
content samples 5 and 6 appear initially to consist primarily
of Si—O bonds. After 8 days of dissolution, however, the
local chemical environment of the Si near the sample
surfaces seems to change for all sample chemistries. Sample
1 appears to contain primarily silica-like Si—O bonding,
with little evidence of Si—N bonding. Samples 2 and 3
show evidence of distinct Si—Si bonding (peak ¢), Si—O
bonding (peak a), and Si—N bonding (post-edge shoulder
on peak a, not labeled). Samples 4 and 5, like sample 1, show
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primarily Si—O bonding, however, a spectral contribution
from Si—Si bonding is also observed. Sample 6, the highest
oxygen content sample initially, shows strong contributions
from both Si—Si and Si—O bonding. In all cases the peak
a intensity shifts towards the Si—O bonding resonance
energy. This may be due to the exposure of silica sub layer
or it may be due to the presence of Si—O bonding in the
microstructures formed on the sample surfaces.

Oxygen K-Edge

The Oxygen K-edge can be used to investigate changes in
local oxygen structure over time. All O—K edge spectra
were acquired from 525-585 eV using the SGM beam line.
FIGS. 23A-23D, FIGS. 24A-24D and FIGS. 25A-25D show
the O K-edge TEY and FY data for the six SiONPx sample
chemistries at time 0, 6 hours, and 8 days. Since one of the
goals of these coatings is the formation of a calcium phos-
phate or apatite-like structure on the surface as a measure of
bioactivity, FIG. 26 shows O—K edge TEY and FY data of
some calcium standards for comparison including alpha-
tricalcium phosphate, beta-tricalcium phosphate, calcium
oxide, calcium carbonate and hydroxyapatite. The TEY data
for this edge can be considered to be collected from the
near-surface (~25 nm) while the FY data contains informa-
tion from a deeper interaction area of about ~150 nm. There
are four main peaks observed in these spectra: peak a, a
pre-edge peak around 529.9+0.2 eV, the main O—K edge
peak b around 535.2+10.2 eV, a post edge peak c feature
around 558.5+£0.2 eV, and a post-edge peak d shoulder
around 546.4+0.2 eV. Peak a, which is observed as a distinct
peak in the low-oxygen content sample 1, 2, and 3 chem-
istries in the TEY data at time O may suggest the presence
of silanol (Si—OH) bonding at the near surface while the
absence of this peak in the FY data suggests that the primary
oxygen bonding in the bulk of the coatings for all samples
at time O can be attributed to Si—O—Si bridges, as evi-
denced by the main peak b and post-edge resonance peak
C.125

For the high oxygen content samples 3, 4, 5, and 6, little

change is observed from the initial t=0 spectra to the t=8
days spectra. This lack of spectra evolution may be due to
the abundance of oxygen in these samples, which over-
whelms the spectral contribution from any new oxygen
species that form on the surface. The low-oxygen content
samples, by contrast, show evidence of both a pre-edge at a
higher energy than peak “a” and a post edge shoulder, peak
“d”, in their fluorescence yield data after 8 days of immer-
sion. These pre- and post-edge features may indicate the
presence of oxygen that is not bound to silica. A quick
review of the standards in FIG. 26 reveals that these spectral
features may be due to a combination of phosphate and
carbonate species, which might suggest the formation of a
carbonated apatite-like structure on these surfaces.

Nitrogen K-Edge

The Nitrogen K-edge can be used to investigate local
nitrogen structure over time. All N—K edge spectra were
acquired from 380-450 eV using the SGM beam line. FIGS.
27A-27D, FIGS. 28A-28D and FIGS. 29A-29D show the N
K-edge TEY and FY data for the six SiONPx sample
chemistries. The TEY data can be considered to be collected
from the near-surface (~20 nm) while the FY data contains
information from a deeper interaction area of about ~125
nm. There are three main peaks observed in these spectra:
peak a, around 398.6+0.2 eV, the main peak b around
402.620.2 eV, and a post edge peak ¢ feature around
421.420.2 eV.

Peak a has been attributed to the presence of under
coordinated (i.e. two-fold coordinated) or hydrogen-bound
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nitrogen which indicates either the presence of N—H bond-
ing or the substitution of a nitrogen atom for an oxygen atom
into a Si—O—Si bridge.'*> 2% This resonance peak is
observed in all spectra at time zero. All high nitrogen
chemistries show little change in spectral features in even
after 8 days of immersion. This suggests that most of the
Si—N bonds in these coatings are relatively unreactive with
the salts in the aMEM solution. The absence of nitrogen in
samples 5 and 6 after 8 days immersion is likely due to a
combination of two factors: the relative scarcity of nitrogen
in these systems as well as interference from the microstruc-
tural layer that forms which may mask any nitrogen still left
in the coating. The peaks observed between 425 eV-435 eV
in these spectra may be due to a higher order spectral
contribution from silica, which overwhelms the nitrogen
signal in these relatively Si-rich and N-poor coatings.

Calcium L, ;-Edge

The calcium L, ;-edge can be used to investigate the local
structure of any calcium deposits on the surface. Calcium,
though not originally present in the coatings, may precipitate
from the aMEM saturated solution, particularly in the form
of calcium phosphates. Though the O—K edge data showed
little evidence of calcium phosphates, carbonates or oxides
on the surface for most sample chemistries, it is possible that
the oxygen signal from these bonds was overwhelmed by
Si—O-type bonding. Ca L, ;-edge data should not suffer
from this complication.

All Ca L, 5-edge spectra were acquired from 340-360 eV
using the SGM beam line. FIGS. 30A-30D, FIGS. 31A-31D
and FIGS. 32A-32D show the Ca L, ;-edge TEY and FY
data for the six SiONPx sample chemistries at time 6 hours
and 8 days. FIG. 33 shows Ca L, ;-edge TEY data of some
calcium standards for comparison including alpha-trical-
cium phosphate, beta-tricalcium phosphate, calcium oxide,
calcium carbonate and hydroxyapatite. The TEY data can be
considered to be collected from the near-surface (~15 nm)
while the FY data contains information from a deeper
interaction area of about ~110 nm.

There are two main peaks observed in these spectra: peak
a, around 351.0+0.2 eV and peak b around 353.2+0.2 eV. As
with the P and Si L, ;-edges, these peaks arise from the
transition of 2p electrons to unoccupied 3d orbitals that have
been split by spin-orbital splitting and do not observe shifts
in energy due to the chemical bonding environment of a
silica atom. As such, these peaks are not particularly useful
to identify a specific calcium chemistry. They are quite
strong, however, and allow for the detection of trace
amounts of calcium in a sample that might otherwise be
undetectable. For all sample chemistries, calcium is detected
after 6 hours in both the fluorescence yield and the total
electron yield data. In the TEY spectra after 6 hours,
pre-edge peaks start to become distinct, which may indicate
the presence of calcium in the form of calcium phosphate,
though a comparison with the standards shows that the
pre-edge features of various calcium phosphates overlap,
making it difficult to differentiate between specific mineral
structures.

Phosphorous L, ;-Edge

The phosphorous L, ;-edge can be used to investigate the
local structure of phosphorous deposits on the surface.
Phosphorous, though not originally present in the coatings,
may precipitate from the aMEM saturated solution, particu-
larly in the form of phosphate. Though the O—K edge data
showed little evidence of calcium phosphates on most of the
sample surfaces, it is possible that the oxygen signal from
these bonds was overwhelmed by Si—O-type bonding. The
P L, ;-edge data should provide better insight into any
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phosphate precipitation on the surface. All P L, ;-edge
spectra were acquired from 130-155 eV using the PGM-
VLS beam line. FIGS. 34A-34B, FIGS. 35A-35B and FIGS.
36A-36B show the P L, ;-edge FY data for the six SIONPx
sample chemistries at time 0, 6, 12, and 18 hours. FIG. 37
shows P L, ;-edge FY data of some calcium phosphate
standards for comparison including alpha-tricalcium phos-
phate, beta-tricalcium phosphate, dicalcium phosphate,
anhydrous dicalcium phosphate, and hydroxyapatite. The
FY data contains information from an interaction depth of
about ~75 nm. There are five main peaks observed in these
spectra: peak a, around 135.7+£0.2 eV, peak b around
137.4+0.2 eV, peak ¢ around 138.8+0.2 eV, a post edge peak
d feature around 147.0£0.2 eV, and a pre-edge peak e feature
around 136.1x0.2 eV.

The transitions in [ edge spectra follow distinct patterns,
and the P L, ;-edge peaks a and b are proposed to arise from
the transition from 2p electrons (spin-orbit split into 2p;,
and 2p, , levels) to the lowest unoccupied 3s-like antibond-
ing state.'**> Peak ¢ has been attributed to a transition to a
3p-like antibonding state in the presence of oxygen, and
peak d is considered to arise from 2p to 3d transitions.'*S
Since some of these peaks arise from transitions observed
only in P—O bonding (peak ¢ and peak d), while others are
generally observed in the absence of P—O bonding (peak a
and peak b), the P L-edge is useful in determining the loss
or reaction of phosphorous from the coating surface.

Peak a, around 135.7#0.2 eV, and peak b around
137.4+0.2 eV are only observed in the t=0 spectra of
samples 2, 3, 4, 5, and 6 as a broad peak centered near 136.0
eV. These peaks are quickly lost, however, after the samples
have been exposed to the a MEM solution. After 6 hours, all
spectra show evidence of calcium phosphate formation. The
presence of the pre-edge peak e as well as the peak ¢ and
peak d spectral contributions are common to several forms
of calcium phosphate. The strong post-c-peak shoulder,
however, indicates that the majority of the phosphorous
present is in the form of either beta-tricalcium phosphate or
hydroxyapatite.

XANES Si L-edge, Si K-edge, O K-edge, N K-edge, Ca
L-edge, and P L-edge spectra were acquired for aMEM
immersion of six SiONPx coating chemistries: two high-
nitrogen content samples, two intermediate nitrogen/oxygen
content samples, and two high-oxygen content samples at
three time points: t=0, 6 hours, and 8 days. Changes in the
spectral features of these coatings as a function of time
immersed in cMEM solution were noted. The evolution of
the Si L-edge spectra suggests that after 8 hours, the
majority of the silica in the samples at the near surface is the
form of silica, specifically in a looser, gel-like network. The
Si—K edge spectra suggest the presence of Si—Si bonding
after 8 days immersion for some of the high nitrogen content
samples which is likely due to the underlying Si wafer
crystalline Si—Si bonding, indicating that the coatings have
almost entirely or entirely dissolved. The development of
pre-edge and post-edge shoulder peaks in the O K-edge
spectra suggests the incorporation of carbonate or phosphate
species into the surfaces after 6 hours and 8 days. The Ca
L-edge spectra suggest that calcium forms on the surface
after 6 hours in solution and the calcium precipitate structure
becomes better ordered over the course of 8 days immersion
in solution. The P L-edge spectra show the migration of
phosphate to the sample surfaces over the course of 18 hours
into the form of a calcium phosphate species. A comparison
with the P L-edge of various calcium phosphate standards
suggests that the dominant phosphorous compound on the
surface is either beta-tricalcium phosphate or hydroxyapa-
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tite. The formation of this calcium phosphate mineral on the
surface suggests that these coating chemistries would be
bioactive in vivo, though further study is needed to deter-
mine whether this would result in a strong bone-coating
interface.

Example 10—In Vivo Orthopedic Implant of
Si—O—N—P Coated Product into Tibia Bone

Diaphyseal tibial fractures are one of the most common
fractures related with high energy trauma, it is referred
492,000 tibial fractures in US per year. This fracture usually
is related with, loss of bone fragments, relevant soft tissue
injury and vascular damage whom eventually leads to a
deficient consolidation (delayed unions or non-unions). The
field of biomechanics and hardware usage to treat these
fractures has evolved considerably. However, this progress
has not been followed by biological research, such as uses
of biomaterials and growth factors that could be used to
enhance the healing process and prevent complications.
Nowadays, intramedullary rods are the gold standard on
treatment of most tibial shaft fractures. Bioengineering
research have been trying to prevent or minimize the prob-
lems with this fractures consolidation adding some materials
such as Hydroxyapatite (HA) and PLLA for coating or as a
back bone, respectively, of some of these rods/nails. Nev-
ertheless, nothing has been used yet on routine clinical
practice.

Rats have been used on tibial fracture animal model due
to their size, favorable immunologic condition and price.
The guillotine method seems to be the most common for
creating fractures. Therefore, we use a guillotine modified
method to provoke a high energy tibial fracture in Sprague
Dawley adult rats. While other investigators have used the
femur, the tibia is used in the present studies because the
tibia is considered to have more scientific meaning due to its
superficial location, the procedure is easier to control, and
this bone is the primary site of complications related to bone.

The effect of PECVD SiONP coated orthopaeidic rods on
enhancement of bone healing process of this specific frac-
ture was evaluated. Inducing new vascularization and
accordingly new bone formation will enhance the healing
process.

Three animals were used to evaluate and identify the main
vascular nutrition of knee and tibia of these animals. This
creates a feasible way to mimic a real situation by blocking
the specific artery related with created fracture site. Other
studies have used ischemic models, for example chemical
induced, or even made ligature of main arteries such as
femoral. However, none of those represent a real situation.
In this study, a ligature of a vessel closer to the fracture site
was made, which better represents a real situation of high
energy tibial fracture with vascular deprivation.

Protocol: The protocol for fracture animal model with
fracture stabilization and drug delivery treatment comprises
the following steps:

1. The entire procedure was performed using aseptic

technique.

2. The animal was deeply anesthetized by inhalation of
isofturane 4-5% for induction and 1-2% for mainte-
nance.

3. Trichotomy of hind limbs area and cleaning with iodine
with wipes of 70% alcohol based solution was done.

4. Animal hind limb was placed in a triangular support
that kept the leg flexed to 90 degrees (see FIG. 38A).

5. An incision was made in the trans patellar tendon.

10

40

45

50

55

38

6. A initial whole was made using a 1.5 mm drill bit
immediately anterior to the tibial plateau.

7. A 1 mm Kisrchner wire (rod) either coated with
biosilica or naked, depend on the studied group, was
place intramedullary up to distal third of tibia diaphysis
(see FIG. 38B).

8. The surgical knee wound was closed with suture, nylon
6.0 and externally taped.

9. The animal was placed on fracture apparatus and the
fracture was created (See FIG. 39 and FIG. 40).

10. While the animal recovered, the analgesics were
maintained for 48 h.

This study will be completed with the implantation of the
treated devices into a rat model. It is expected that PECVD
SiONP rods will result in the enhancement of the bone
healing process of this specific tibial fracture and that
therefore, enhanced healing and vascularization would be
expected with other types of fractures, for example, calvarial
fractures. It is also expected that new vascularization will be
induced at these plasma coated biosilica rods and that new
bone formation will enhance the healing process.

Example 11—Three-Dimensional Surface Coating
Deposition

Also envisioned, as another aspect of the invention, is
depositing the SiONPx coating as described herein as a
three-dimensional substrate. Structurally unstable fracture
sites require permanent or semi-permanent bone implants
that are typically made of titanium (Ti) or other inert metals.
The material properties of these fixative devices play sig-
nificant role in bone healing. A material that that reacts
favorably and adheres well to the in-vivo bone environment
is critical for rapid bone healing. Here, we demonstrate the
use of nanofabricated amorphous silica oxynitrophosphide
(Si—O—N—P or SiONPx) as an overlay onto metal
implants in load-bearing bone defect applications. The
mechanical and chemical characterization of nanofabricated
device to assess its adhesion to the underlying metal/metal
oxide is also shown here. Osteoinductive behavior was
observed when placed in a biological environment in-vitro
and craniofacial defects in-vivo. The interaction of the
elemental components at bone-SiONP/TiO2/Ti interface is
discussed here.

Advantages of using the PEVD deposition techniques of
the present invention is that all surface, such as a concave
surfaces, socket, indented, curved, or other modified, not
planar surfaces, would completely be coated with the present
techniques. This provides for the fabrication of a device or
other implement that has greater suitability for enhancing
the assimilation of cellular assimilation and growth, such as
the growth of bone osteoblast cells and vascularization types
of cells, onto all sides and crevices of a device. This, in turn,
facilitates a faster and more complete healing at a wound
site.

Example 12—Rapid Bone Healing Using
Nanofabricated Implant Surfaces with
Si—O—N—P Overlays

Developing a material that stimulates osteogenesis and
adheres well to the in-vivo bone environment is critical for
rapid bone healing. Bioactive glass coatings onto metal
implants provide the missing osteoinductive properties but
lack interfacial adhesion and face delamination. The present
PECVD-based nanofabricated amorphous silica oxynitrop-
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hosphide (Si—O—N—P) overlays onto metal surfaces
enhance osteogenesis and accelerate bone healing via rapid
biomineralization.

The nanofabricated implant surfaces were patterned using
photolithography and etching followed by PECVD deposi-
tion of Si—O—N—P overlays. Surface morphology and
thin film characterization was conducted using ellipsometer,
reflectometer, scanning eclectron microscope (SEM) and
X-ray Absorbance Near Edge Structure (XANES) Spectros-
copy. Cells’ response to various surface chemistries was
evaluated using MC3T3 cells and relative gene expression
of several osteogenic markers (SOD1, Sp7, Smadl, Smad5,
Runx2, OCN and Collal) were recorded using qPCR.
Raman spectroscopy and optical microscopy were used to
study the biomineralization. Critical sized calvarial defect
model in rats was used to test the samples for in-vivo studies.

PECVD process gave highly controlled, reproducible and
conformal films of Si—O—N—P overlay. The P to N ratio
varies the dissolution rate, chemical structure and bioactivity
of the surface. XANES data revealed early formation of HA
on Si—O—N—P test samples within 6 hours of in-vitro
immersion. Cell culture studies showed that surface struc-
ture and material chemistry of Si—O—N—P surfaces
induced a favorable cells’ response and enhanced osteogenic
markers, which was evident by many-fold increased gene
expressions leading to rapid biomineralization of Si—O—
N—P surfaces. In-vivo testing showed that Si—O—N—P
test samples with optimized surface morphology were inte-
grated well to the surround bone while micro CT data
revealed adequate filling of the bone-implant gaps with
mineralized bone within 5 weeks.

Conclusion: Si—O—N—P surfaces induced a favorable
cells’ response and enhanced osteogenic markers, which
was evident by many-fold increased gene expressions of
SOD1 (FIG. 42A), Sp7 (FIG. 42B), Smadl (FIG. 420),
Smad5 (FIG. 42D), Runx2 (FIG. 42E), OCN (FIG. 42F) and
Collal (FIG. 42G). The results shown at FIGS. 43A, 43B
and 43C demonstrate that SIONP coated surfaces facilitated
osteoinductive behavior by cells when placed in a biological
environment in-vitro and craniofacial defects in-vivo. The
interaction of the elemental components at bone-SiONP/
TiO,/Ti interface promoted cellular activity to enhance/
achieve defect healing. (See FIG. 43A), while non-coated
surfaces did not (FIG. 43B).

Silica oxynitrophosphide thin films integrate well with
surrounding bone in critical-sized calvarial defects. While
not intending to be limited to any particular or specific
mechanism of action, it is proposed that HA is rapidly
formed at the treated surface, while releasing ionic Si to
enhance osteogenic differentiation during osteogenesis. The
coatings are also expected to enhance vasculogenesis and
angiogenesis by endothelial cells to enhance the formation
of blood vessels in the newly formed bone.

Example 13—Osteoinductive Properties of SIONP
Implants Stimulate Bone Healing Via Rapid
Mineral Formation

Structurally unstable fracture sites require permanent or
semi-permanent bone implants that are typically made of
titanium (T1) or other inert metals. The material properties of
these fixative devices play significant role in bone healing.
A material that reacts favorably and adheres well to the
in-vivo bone environment is critical for rapid bone healing.
Here, the use of nanofabricated amorphous silica oxynitro-
phosphide (Si—O—N—P) as an overlay onto metal
implants in load-bearing bone defect applications is dem-
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onstrated. The mechanical and chemical characterization of
a nanofabricated device to assess its adhesion to the under-
lying metal/metal oxide is also demonstrated. The osteoin-
ductive behavior of these surfaces when placed in biological
environment in-vitro and craniofacial defects in-vivo is then
demonstrated. The interaction of the elemental components
at bone-SiONP/TiO2/T1 interface will be also presented.

Example 14—Key Differences Between the SiON
and SiONP Chemistries, Methods and
Structures/Films Created

While not intending to be limited to any specific mode of
action or theory, the SiON is primarily intended to be used
for craniofacial applications, such as implants. The SIONP
is primarily intended for both craniofacial and orthopedic
applications, such as in medical implant materials.

SiON is a completely soluble material, while SIONP is a
more slow dissolving material.

The SiON favors carbonated hydroxyapatite. In contrast,
the SiONP forms standard hydroxyapatite.

The different characteristics of these materials will render
one more suitable for use in a particular biological/defect
correcting application.

Example 15—Stacked and Patterned Treated
Surface Constructs

The present example provides a description of the utility
of the present invention for providing a surface that may be
fabricated to include multiple (more than two) treated sur-
faces, wherein at least one of the surfaces is treated to
include a thin film of a P-containing composition, such as a
layer of SiIONPx.

Another construct could have a biomedical device mate-
rial surface that has lithographically etched patterns with
SiONPx or SiONx or SiOx coatings fabricated into a variety
of “stacked” layers, where for example, one chemistry
underlies another chemistry inside the etched features. The
creation of such a construct would use a method of “etch-
back” or “lift-off” method. These methods are used in
semiconductor applications.

Example 16—Dissolution of SIONPx Coating on a
Treated Surface

SiONPx coatings show a greater promise for potential
application to bone. This is in part attributable to the
dissolution rates of such coating as compared to SiONx
coatings. The dissolution between these two types of coat-
ings has been compared to that of bioglass in a five step
mechanism as seen in FIGS. 46 A and 46B (Stage 1-Stage 5).

For the nitrogen incorporated silica-like RBM SiONPx,
much of the nitrogen in the coatings is under-coordinated
(NK-edge) and it quickly associates with H+. The phos-
phate-like phosphorous is also presumed to quickly dissolve
from the coating and a small plateau is seen in the ICP P data
recording the loss of phosphorous in solution which is
believed to arise from this initial P release. (Stage 1I) This
process also consumes a limited amount of H+, and the local
surface pH reaches a point where the Si—O—Si bonds
rupture. ICP data shows that Stage I1I, where the silanol gel
layer forms and silica starts being released from the coating,
happens very rapidly—within 4 hours 30-40% of the Si in
these coatings has been released. (Stage IV) The relatively
open structure of the silica gel layer allows for migration of
ions in solution, and ICP data shows a loss of Ca and P from
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solution within 4 hours while XANES Ca L-edge and P
L-edge data shows the formation of a calcium phosphate on
the surface by 6 hours. (Stage V) The Ca—PO4 mineral
formed then becomes less soluble and more like a carbon-
ated hydroxyapatite structure over the course of 18 hours, as
seen in the P L-edge data. This process is assumed to reach
a steady state since the amount of Ca and P lost from
solution, as seen in the ICP curves.

The Ca—PO4 mineral formed then becomes more and
more like a carbonated hydroxyapatite structure over the
course of 18 hours, as seen in the P [.-edge data. This process
is assumed to reach a steady state since the amount of Ca and
P lost from solution, as seen in the ICP curves, arrests after
24 hours. These coatings are therefore considered bioactive,
since they form a carbonated apatite layer in vitro, and they
show promise as potential coatings for load-bearing Ti-
implant coatings in vivo. The treatment of these PECVD
coating from the point of view of their bonding structure—
RMM versus RBM—is a small departure from current
literature. The atomic bonding structure of commercial
Bioglass 45S5 has been investigated previously for solgel
and melt-quench fabrication techniques. In terms of the
RBM or RMM view of bonding, the structure of this
commercial bioactive glass would be better modeled as a
RBM network of silica tetrahedrons with Ca, Na, and P
network modifiers. Though this is a somewhat simplified
view of a relatively complex structure that is known to have
local concentrations of network modifiers like Ca as well as
is believed to include domains of orthophosphate that are
somewhat isolated from the silica network. [151,155] Inter-
estingly, in this type of glass structure P—O bonding is not
observed until >50 mol % phosphate is used to fabricate
glass. This suggests that the present work—particularly the
SiONPx wafers, represents a departure from previous efforts
in terms of structure, particularly with respect to phosphate
coordination in RBM structure glasses as well as the more
distinct domains in the RMM structure glasses. These dis-
tinct structures, which are hypothesized to undergo slightly
different dissolution mechanisms, may implications for bio-
activity in vivo, particularly with respect to tailoring Si
release and surface nano-scale morphology during dissolu-
tion as whole domains may be lost in the RMM glass
structures during dissolution while the RBM dissolution is
hypothesized to be more uniform.

Prophetic Example 17—Craniofacial Repair and Appli-
cations

The present example provides a description of the use of
the Si—O—N—P technologies in the repair of craniofacial
defects.

The repair of craniofacial defects presents unique chal-
lenges, and has met with limited success with techniques
currently available, primarily due to limitations associated
with the use of Ti implants.

Current Ti implants used for healing bone do not promote
covalent bonding to the surrounding bone upon or after
implantation. They typically have longer than desired heal-
ing times (>9-12 months) and poor adhesion to bone when
subjected to micro-mechanical movement.

Coatings such as hydroxyapatite or bioactive glasses do
not form an ionic bond to the surface of Ti or other metal
implants. HA and BG coatings also are fabricated at high
temperature (>700 C), which can cause the BG to undergo
glass transition and its bioactivity to be reduced. For HA and
BG, after fabrication at high temperature, the coating and
implant are quenched rapidly to preserve the fabricated
structure. As the coating cools, it can suffer from delami-
nation at the metal-glass or metal-HA interface due to
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thermal expansion mismatch. Another issue that occurs
during cooling for HA is the issue regarding incongruent
cooling and separation of multiple phases of calcium phos-
phate. These issues ultimately compromise the coating adhe-
sion to the implant surface or lifetime of the coating material
to maintain its structure.

The PECVD methodology overcomes these limitations by
fabricating amorphous films at relatively low temperatures
(<500 C), which greatly reduces thermal expansion mis-
match issues. Further, these materials have simplified or
complex chemistries and control over the fabrication thick-
ness or localization of atimic insertion into the base amor-
phous silica matrix is well-controlled through the control
over the chemical potential for each atom’s insertion into the
material structure. Control is provided via radio frequency
power, temperature, pressure, gas flowrate, and gas phase
reagent stoichiometry. The gas phase is considered ideal
since the P is sufficiently low that inter-molecular predicted
via root mean square of the gas phase molecular velocity and
each gas phase molecule’s partial pressure (Dalton’s Law).

Example 18—Nanofabricated and Bioactive
Amorphus Silica Oxynitrophosphide

In FIGS. 47A-47D, 48A-48D and 49A-49B; data is
presented that demonstrates SiONP surfaces provide sus-
tained ionic silica and P release in physiological conditions.
It was previously unrecognized that a surface prepared
according to the present chemistries would provide release
of ionic silica and P in a physiological environment. It had
not previously been observed or reported that ionic Si or P
would be released from a surface.

In the present studies, release of ionic Si and P from a
treated surface enhances antioxidant activity and elevated
levels of phosphate upregulate several genes during osteo-
blast differentiation and cause rapid mineral deposition,
resulting in rapid bone and capillary tube formation. Thus,
SiONP-modified devices will promote antioxidant expres-
sion, reduce ROS, induce mineral deposition and stimulate
bone and vascular tissue formation.

PECVD-based amorphous silica oxynitrophosphide
(SiONP) films were overlaid onto patterned surfaces and test
samples were studied for their osteogenic and angiogenic
behaviors. Film degradation rate, in vitro gene expression
and in vivo bone regeneration capabilities for varying N to
P ratio were studied for various film chemistries.

The first part of this study aimed to fabricate SiONP
coated test samples using PECVD process. PECVD-based
amorphous silica oxynitrophosphide (SiONP) overlays with
varying levels of O/N/P ratios were thoroughly character-
ized (EDS, Raman, XANES analysis). In the second part of
this study, SiONP coated samples were investigated for
cell-surface interactions and their osteogenic and angiogenic
behavior in-vitro using osteoprogenitor cells (MC3T3) and
Human umbilical vein endothelial cells (HUVEC) respec-
tively. The third and the most important part of this study
contained in-vivo evaluation of these biomaterials for their
bone-regeneration capability in a rat critical size calvarial
defect model using control samples (SiOx, SiNx, substrate
only, empty defect).

Fabrication of SiONP Coated Samples and its Effect on
Osteogenesis and Angiogenesis

Preparation of Nanofabricated SiONP samples. The
samples with amorphous silica based overlays were pre-
pared using conventional photolithography followed by
plasma enhanced chemical vapor deposition (PECVD) pro-
cess. The fabrication process started with a single-side
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polished, p-type (100) orientation test grade silica wafer
(Nova Electronic Materials, Flower Mound, Tex.). After
standard RCA cleaning of the wafer, positive photoresist
(Shipley S1813) was spin-coated at 4000 rpm for 30 sec to
obtain a uniformly thick layer of photoresist (~1.35 um).
Microposit HMDS primer was used as an adhesion promoter
between the photoresist and the substrate surface. The
primer was spin coated at 3000 rpm for 30 sec and baked on
hot plate at 150° C. for 90 seconds before spinning the
photoresist. The wafer with primer and the photoresist was
then exposed to UV using EVG Aligner (I-line 365) at a dose
of 139 mJ/em? in constant intensity mode and developed for
43 sec in MF-319 developer followed by hard bake (115° C.,
60 sec) to obtain the micro-grating pattern on the surface of
the wafer.

After photolithography, the exposed Si surface was etched
(200 nm etch depth) using deep reactive ion etching (DRIE)
process in order to transtfer the photoresist patterns into the
underlying Si surface. TRION Deep Reactive lon Etching
System with CF, at 25 sccm gas flow rate, 25 mTorr
pressure, 3000 W ICP power and 100 W RIE power etched
Si at an etch rate of 862.5 A/min. The photoresist was then
removed completely by immersing the wafer in acetone and
followed by piranha clean (3H,SO,: 1 H,0,) at 95° C. for
10 min. The wafer was rinsed in DI water and blow-dried
under nitrogen.

The patterned wafer was used to deposit a uniform
(non-uniformity <1%) 100 nm thick oxide layer via PECVD
process using TRION ORION II PECVD/LPCVD system.
The oxidized wafer was then coated with 100 nm of amor-
phous silica oxynitrophosphide (SIONP) overlay. All coat-
ings were fabricated at a substrate temperature of 400° C.,
chamber pressure of 900 mTorr, and ICP power of 30 W with
a 13.56 MHz excitation frequency applied. Source gases
included silane (SiH,) and phosphine (PH;) diluted in argon
(Ar) (15% SiH,/2% PH,/85% Ar), nitrous oxide (N,O),
nitrogen (N,), and ammonia (NH;). The silane flow rate was
kept low at 24 scem (15% SiH,) to prevent undesirable
gas-phase reactions, and the silane to phosphine ratio was
kept constant due to source gas limitations. The nitrogen and
ammonia flow rates were kept high at 225 sccm and 50
sccm, respectively. Six different types of coatings were
prepared by varying the nitrous oxide flow rate as shown in
Table 10.

The refractive indices and the thickness of the wafer
coatings were measured using ellipsometry at a wavelength
of 632.8 nm (L.S300, Gaertner Scientific Corporation,
Skokie, I11., USA), and results were confirmed through the
use of a reflectometer (Ocean Optics NC-UV-VIS TF
Reflectometer) and a scanning electron microscope (SEM,
S-3000N, Hitachi High-Tech, Tokyo, Japan). From the
thickness measurements and plasma-on times, deposition
rates were also determined. The wafer was cut into 12x12
mm? sections for post-process characterization and in-vitro
testing.

SEM and EDS Evaluation: Surface morphology, film
composition, and film thickness were investigated using
scanning electron microscopy (Hitachi S-3000N Variable
Pressure SEM) equipped with an energy dispersive X-ray
spectrometry system (EDAX). SEM images were taken with
an acceleration voltage of 20 keV and scans for EDX
mapping and compositional studies were taken at 12 keV to
prevent interference from sub-coating layers. EDAX soft-
ware was used to quantify spectral mapping data from 50
umx50 pum areas. Four regions of interest (ROIs) corre-
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sponding to Si, O, N, and P Ka lines were defined and
compositional information was calculated using EDAX’s
proprietary ZAF method.

Surface Dissolution Studies Using Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES) Charac-
terization: ICP-OES analysis was performed at the Shi-
madzu Center for Advanced Analytical Chemistry using the
Shimadzu ICPE-9000 ICP-OES system. 12 mmx12 mm
wafer sections were placed in 4 mL of a-MEM at 37° C. and
5% CO, for 0, 6, 12, 24, 48, 96, and 192 hours. After
soaking, 25x, 50x and 100x dilutions were used to investi-
gate silica content in the supernatant fluid. Aluminum was
used as an internal standard, and the concentration measure-
ments were taken from the o-MEM dissolution media in
order to evaluate the surface degradation kinetics of the
coatings. Single-element high purity ICP Al and Si standards
(1000 pg/L) were purchased from Ultra Scientific.

In-Vitro Studies to Investigate Cell-Surface Interactions
for SiONP Samples

Cell Culture Studies for Osteogenic Behavior of SiONP
samples. Cells were seeded on the SiONP test samples and
glass cover slips (control surfaces) seated on the 6-well plate
(BD, Franklin Lakes, N.J., USA). Triplicate samples were
seeded with cells at the number of 100,000/well and these
cells were synchronized (a.-MEM, 1% FBS, 1% streptomy-
cin/penicillin) for an additional 48 hours. Medium was then
exchanged for growth media (a-MEM, 10% FBS, 1%
streptomycin/penicillin) with 50 ppm ascorbic acid-2-phos-
phate (AA2P, Sigma-Aldrich Corp., St. Louis, Mo., USA) to
induce differentiation. Cells were cultured for 6, 24, 48, and
72 hours before they were lysed for relative gene expression
analysis.

Cell Culture Studies for Angiogenic Behavior of SiONP
samples: Matrigel® Matrix (Basement Membrane Phenol-
red free), Endothelail cell Basal media (EBM), Endothelail
cell growth media (EGM-2), Human umbilical vein
endothelial cells (HUVECS) were purchased from Lonza
Wakersville, Inc., while Glutaraldehaide 2% and Dulbecco’s
phosphate buffer solution from Sigma Life Science.

Initially, the cells were culture in 75 cm?2 flaks with vent
cap and allowed to grow for one passage. After that they
were detached and used for the following experiment. The
12 well plate, 100 pl pipette tips and iced histology plate
were placed on —20 degrees Celsius overnight. The Matrigel
1 ml aliquots tubes were stored at =20 degrees Celsius and
then were placed on ice over night at 4 degrees Celsius.

The present study method was based on Arnaoutova and
Kleinman’s publication 1 and Lonza Wakersville, Inc. (pro-
tocol2.) on capillary tube formation. In this study, three
different groups were used: glass cover slip (control), SION
and SiONP PECVD coated scaffolds, with 3 samples per
group. The scaffold dimensions were (1.2x1.2 cm) and the
glass cover slip was 1.5 mm diameter. The scaffolds and
glasses cover slip were sterilized using an incinerator 24
hours before cell seeding and placed in 4 degrees Celsius
overnight. Previously to the cell seeding, the plate was
placed on histology cooled plate inside the cell culture hood
and exposed to UV light for 30 minutes. After that the 50 pl
of Matrigel® was placed on top of each scaffold and glass
cover slip in a way that the whole surface was coated,
without bubbles and the plate was put 30 minutes inside an
incubator on temperature of 37 degrees Celsius in a humidi-
fied atmosphere containing 5% CO2. Then, 65,000 cells/
cm?2 were seeded on Matrigel® in 100 pl of EGM. The well
was maintained inside the incubator for 30 minutes and later
filled up to 2 mL with EGM.
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After 6 hours the wells were washed with PBS followed
by DI water and fixed with Glutaraldehyde 2.5% and dehy-
drated by ethanol graduation using refined aspiration of
solutions by 30 G needles to prevent Matrigel® and cells
removal. The samples were removed from the well to
prevent attachment to the bottom of the well and allowed to
dry for 24 hours at room temperature and finally coated with
gold for 30 seconds. Pictures were captured using Hitachi
S-3000N variable pressure Scanning electron microscopy
using high vacuum, working distance of 12.8 mm and beam
acceleration voltage of 15.0 KV.

Data was collected using image J by measuring the total
tubes length and thickness. It was taken 2 pictures per
scaffold using SEM as mentioned above and Neuron J,
(image J plug-in) was used for total tubes length and 10
measurements were collected from each picture to measure
the thickness.

Data were presented as the meanzstandard error. One-
way analysis of variance (ANOVA) was used for parametric
analyses and p<0.05 was used for statistical significance.
Posthoc student T-test was used for between group compari-
sons and p<0.05 was used to establish statistical signifi-
cance.

gqRT-PCR Analysis for Osteogenic Gene Expression Stud-
ies. For gene expression studies, cells were seeded at a
density of 100,000 cells cm™ in 6-well plates. The cells
were lysed to collect mRNA (RNeasy Mini Kit, Qiagen,
Valencia, Calif., USA), converted to cDNA using qRT-PCR
method (Reverse Transcription System, Promega, Madison,
Wis., USA) according to the manufacture’s protocol. Absor-
bance measurements of mRNA and ¢cDNA samples were
performed using a microvolume Uv-Vis spectrophotometer
(Nano Drop 2000c, Thermo Fisher Scientific Inc., Waltham,
Mass., USA). Using glyseraldehyde-3-phosphate dehydro-
genase (GAPDH) as internal reference gene, relative quan-
tification of gene expression was evaluated by the compara-
tive cycle threshold (CT) method and fold change calculated
using 27247 Details regarding qRT-PCR were given in our
previous work [16]. The gene expressions of GAPDH,
SOD1, OCN, RUNX2, Smadl, Smad5, Osterix (Sp7), and
COL(D)-al were studied for 6, 24, 48 and 72-hour time
points.

In-vivo Testing of SiONP samples using Rat Cranial
Defect Model: Surgical and Postoperative Protocol. All
procedures involving animals were performed in accordance
with a protocol approved by the Institutional Animal Care
and Use Committee at Baylor College of Dentistry, Texas
A&M University A critical size calvarial defect model was
developed to assess the bone healing efficiency of Si(ON)x
materials when placed in biological environment. Adult
male rats (about 430 g each) were selected to study the
osteoinductive properties of the proposed material in rela-
tively slower bone-healing subjects. The rat was initially
weighed and placed into an induction chamber for anesthe-
sia. It was anesthetized at 5% isoflurane in oxygen for about
2-3 minutes, then shaved the calvaria and held its head onto
a stereotaxic frame. The surgery started with an incision
(about 1.5 cm) made by a scalpel blade. The periosteum
layer was scratched down using the scalpel blade and the
incision site was iteratively washed with sterile saline fol-
lowed by the air blow to dry the exposed skull bone. The
sterilized SIONP test sample (3 mmx5 mm) was placed at
exact location where we wanted to implant it and marked the
boundary with a marker on dry skull. The defect site was
chosen to have maximum flat surface with minimum sutures
involved. Then, the dental bur (#1 or #2) with about 0.5 mm
diameter tip was used to precisely cut the bone along the
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drawn boundary to create the critical sized calvarial defect
without nicking the dura. After creating the bone defect, the
defect site was thoroughly washed with sterile saline fol-
lowed by the air blow to get it dry. A small amount (~1-2 ul)
of gel glue was put on the bottom surface of the implant and
placed it upside down in the defect so that it is glued to the
dura and doesn’t move during healing. Finally, monofila-
ment taper point suture needle was used to suture the
incision site making square knots and ensuring adequate
space to allow skin healing. The incision site was cleaned
thoroughly and a small volume (80-100 pl) of painkiller/
sedative medicine (nalbuphine) was injected intramuscu-
larly using 1 ml syringe. The rat was observed for behavioral
study to record any signs of pain/distress for the next few
days and then allowed 5 weeks for healing before analyzing
the effect of SIONP based material on bone regeneration.

Micro-level computerized tomography (uCT) Scan: The
implants with the surrounding calvarial bone were extracted
out after 5 weeks of recovery time and were analyzed using
an X-ray microCT imaging system (UCT 35, Scanco Medi-
cal, Basserdorf, Switzerland). The unit consists of an x-ray
source directed towards a specimen holder that hosts bone-
implant samples. Serial tomographic imaging at an energy
level of 55 kV and intensity of 145 pA for the samples was
performed. 3D micrographs were generated to evaluate
different sample surfaces for the fracture healing after the
same recover time. The lower and upper threshold values
used for this analysis were 280 and 1000 respectively.

X-ray Absorbance Near Edge Structure (XANES) Spec-
troscopy: XANES spectroscopy was performed at the Cana-
dian Light Source at the University of Saskatchewan in
Saskatoon, Saskatchewan, Canada. XANES is a very sen-
sitive and advanced technique to characterize the local
coordination of individual elements, by using the fine struc-
tural features at the absorption edge [22]. Since the bone
mineral is mainly made of calcium phosphate apatite, there-
fore calcium (Ca) and phosphorous (P) edges are mostly
investigated for bone analysis to determine the nature and
local coordination of Ca and P in bone [23-25]. The Ca and
the P K-edge spectra were obtained over the energy range of
2140-2190 eV and 4000-4130 eV, respectively using soft
X-ray beam-line for the micro-characterization of materials
(SXRMB) beam-line. The step size for Ca and P K-edge
spectra were 0.3 and 0.25 eV respectively. Plane Grating
Monochromator (PGM) beam-line was used to acquire the P
L-edge spectra in the region of 130-155 eV. PGM operates
at the low energy range between 5-250 eV and a step size of
0.1 eV.

Raman Spectroscopy: Raman spectroscopy is a very
convenient and valuable technique to analyze biological
samples without need for staining, fixation or sample prepa-
ration but needs a relatively high-power laser beam to
overcome the inherent low Raman scattering efficacy of
biological molecules [26, 27]. Microspot Raman spectros-
copy (DXR, Thermo Scientific) with 780 nm laser source
and 100 mW power was used to characterize the extracted
bone sample. Different regions (A, B, C, D) on the extracted
sample were analyzed to evaluate the newly grown bone
chemistry in comparison to the old bone. The phosphates,
amides and other significant peak intensities were used to
gauge the mineralized content and the phosphorylation of
the bone.

Raman spectroscopy data was analyzed to study the
composition and the maturity (mineralization) of the newly
formed bone after 5 weeks of recovery time. Intensity of
PO,>~ peak at 950 cm® is proportional to mineralized con-
tent of the bone. Peaks at 955 cm' and 957 cm™" indicate
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transient bone mineral phase from the immature bone. Peak
at 853 cm’ and 872 cm™ indicate presence of collagen
proline and hydroxyproline respectively. Peaks at 1242 and
1272 cm™ represent Amide III protein  sheet and protein c
helix respectively. Peak at 1446 cm™" corresponds to protein
CH, deformation and 1660 cm' is the strongest Amide I
peak with high polarisation sensitivity. Prominent shoulder
at 1690 cm” are indicative of immature cross links, p sheets
and disordered secondary structure. The results (FIGS. 48A-
48D) demonstrated that the surrounding bone (A), non-
defected original surrounding bone, showed all the peaks
expected to be present in a mature rat bone. The newly
formed bone (C), at the boundaries of the initially created
defect (adjoining surrounding bone), showed the peaks
much similar to the old bone and appeared fully mineralized
indicated by the v,PO,>~ peak intensity. The full width half
maximum of v,PO,>" is proportional to c-axis length of
crystal and hence proportional to maturity of the crystal. The
content of mineralization decreased as we moved towards
the center of the defect, indicated by drop in the intensity of
v,PO,*>" band indicating less phosphate present. At the far
end of the newly formed bone towards SiONP surface (B),
we observed distinct peaks for collagen presence as well
Amide I1I and Amide I formation and CH, deformation. This
indicates protein presence and some immature mineralized
content. Whereas in the middle of the SiONP sample (D),
peaks for Amide III, Amide 1 and CH, deformation were
seen but there was no collagen or phosphate-carbonate
presence indicating no mineralization occurred. Also a dis-
tinct peak showing Si—Si bond was recorded, which might
have stemmed from the underlying silica substrate.

SEM of Extracted Bone Samples: The extracted bone
samples were completely dried and a thin layer of gold (50
nm) was coated on the surface to make it conductive for
electron microscopy. Samples were imaged using a scanning
electron microscopy (SEM, JOEL USA Inc., Peabody,
Mass., USA) with secondary electron mode at 5-15 kV
energy to get the finest results.

Histology: The extracted bone samples were embedded in
methyl methacrylate and sectioned using slow speed dia-
mond saw. The sections were then stained using Stevenel’s
Blue stain and Van Gieson Picro-Fuchsin counterstain and
imaged by using Leica TCS SP5-II upright microscope.

Statistical analysis: Data were presented as the mean
standard error. One-way analysis of variance (ANOVA) was
used for parametric analyses and p<0.05 was used for
statistical significance.

The refractive indices and deposition rates for each set of
gas flow conditions was determined using ellipsometry.
Refractive index inhomogeneity was determined to be less
than 0.007 and the thickness non-uniformity as measured at
15 points on each 4" wafer in the range of 1.6-2.8%. The
refractive indices ranged from near that of silica nitride
(Si3N4 n=2.0) to near than of silica dioxide (SiO2 n=1.46)
[28]. Deposition rate decreased and refractive index
increased as flow of nitrous oxide decreased which is
expected as N,O is the primary source of oxygen that is
incorporated into the film Refractive index of the samples as
a function of the ratio of the flow rates of the primary
reactive gases, N,O and SiH,, has been plotted. The SiH4:
PH3 ratio is a constant, so a similar general trend of index
vs. N20:PH3 flow rate also exists.

EDS mapping showed no major carbon or other contami-
nants and a uniform elemental distribution normal to the
wafer surface. A ZAF quantification method was used to
determine the atomic % of each element in the coating. The
coating composition of the SIONPx coatings in terms of
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atomic % of Si, O, N, and P was examined. Increasing
N,O:SiH,, flow ratio increased oxygen to nitrogen content as
well as an unanticipated modest increase in the P content of
the coatings. In the sample deposited with O sccm N,O flow,
some oxygen is still observed in the coating. This may be
due to oxidation of the surface post-deposition, or contami-
nation from the component gases or the deposition chamber
itself. For the sample range studied, silica content was found
to be relatively independent of the N,O:SiH, flow. The silica
content of the samples was found to be between 56.7-64.7
atomic % as shown in Table 11.

TABLE 10

Gas flow rates for the deposition of six different SIONP
coating chemistries

Table 10 - Gas Flow Rates (sccm)

15% SiH,/
2% PHy/
Sample 83% Ar N,0 N, NH,
1 24 0 225 50
2 24 3 225 50
3 24 5 225 50
4 24 16 225 50
5 24 155 225 50
6 24 160 225 50
TABLE 11

EDS Compositional data (at %),
Atomic SiONP coatings as determined by EDS Analysis

Sample Si (@) N P
1 64.0 2.1 33.7 0.24
2 64.8 4.2 30.8 0.25
3 61.8 7.3 30.5 0.28
4 58.7 14.2 26.8 0.27
5 57.1 38.6 4.0 0.38
6 56.74 39.6 3.26 0.45

ICP-OES analysis shows that initially, there was little
silica in aMEM solution, however, all samples rapidly (<30
mins) begin to release silica into solution. Sample 6 appears
to undergo the most rapid release and completely releases all
silica after 8 hours in solution. Sample 5 appears to have
completely released all silica after 96 hours in solution while
samples 1 and 2 only appear to mostly release their silica
after 192 hours in solution. The higher oxygen-content
samples appear to have more rapid release rates than the low
oxygen content samples. It should be noted that the higher
oxygen content samples also contain more phosphorous,
which is known in bioactive glass formulations to help
control dissolution rate.

It is instructive to look at silica release in terms of the
percentage of the thickness of the coating dissolved; how-
ever, in order to estimate this quantity some simplifying
assumptions must be made. First of all, the coatings are
assumed to be chemically and structurally uniform in the
direction normal to the surface. Secondly, since the exact
densities of the coatings are unknown, a reasonable approxi-
mation would be to use the density of similar low-tempera-
ture fabricated PECVD coatings. According MIT’s material
property database, low-temperature PECVD deposited silica
has a density of about 2.3 g/cm® [30] while similarly
fabricated nitride has a density of about 2.5 g/cm®. Since
these coatings have a known composition that is interme-
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diate to these two extremes, these values can be used to
calculate the total amount of silica that is able to go into
solution and a % of coating thickness lost as a function of
time can be determined. Table III lists coating thickness
remaining for four of the sample chemistries as a function of
time in dissolution calculated according to this method.

Negative values as shown indicate that more silica is
found in solution than is found in the original SiONPx
coating; this may be due to a limited amount of silica release
from the exposed silica layer underneath the coating itself
but is it likely due to the error in the sample measurement.
This treatment of the data shows that the highest nitrogen
content sample 1 is most likely the only coating that has not
completely dissolved after 8 days in solution. Moreover, it
was also desired to determine if there was an effect of the
surface chemistry on osteogenic markers expression. There-
fore, relative expression of several genes associated with
osteoblast differentiation was studied using MC3T3 cells
and the human periosteum cells. The results for MC3T3
cells showed that expression of SOD1 was significantly
increased at 6 hours after induction of differentiation (4 to 6
times relative to control glass cover slip group), and settled
down to same level at 24 hours. The transcription factors
Runx2 and Sp7, were chosen for measurement due to their
involvement in their osteoblastic differentiation and miner-
alization. The transcription factors Runx2 and Sp7 showed
the same trend as SOD1 gene expression, but their reduction
was moderate compared to SOD1. The gene expression of
OCN on wafer sample was remarkably increased at 6 hours,
and continued until 48 hours after induction of differentia-
tion. The gene expression of Col(I)-al showed up-regulate
and down-regulate alternately at these time points but maxi-
mal enhancement was observed at 6-hour time point. Simi-
larly, smadl and smad5 also showed much enhanced expres-
sion at 6-hour time point but settled down at later time
points.

The angiogenic studies show that after 6 hours the
HUVECS formed tubes on top of glass cover slip, and
PECVD scaffolds SiON and SIONP. It was not verified
statistical difference of total tubes length among the groups,
however the thickness of the tubes was significantly higher
at SIONP group as we can see on FIG. 6. Moreover, we can
disadvantageously observe some incomplete tubes on glass
cover slip and SiON scaffolds. The tubes on SiONP scaffolds
have a well-defined circular structure without incomplete
branches.

The implant was extracted out after allowing 5 weeks of
recovery. The extracted bone-implant sample showed a
strong fixation of the implant with the surrounding bone
whereas micro-level computerized tomography (LCT) scan
confirmed the presence of hard mineralized newly formed
bone that filled most of the space around the SiONP coated
implant. On the other hand, controls samples were found
mobile and loosely connected to surrounding bone via soft
tissue when extracted out after 5 weeks. The micro-CT data
revealed that no significant regeneration of new bone
occurred to fill the interfacial gaps for control samples
during the same recovery time. Similarly, negative control
(empty defect) showed no signs of sufficient healing and
confirmed that the defect was critical size and would not heal
at its own. This key aspect indicates the superiority of the
SiONP survaces as compared to the SiON surfaces.

Raman spectroscopy data was analyzed to study the
composition and the maturity (mineralization) of the newly
formed bone after 5 weeks of recovery time. Intensity of
PO,*~ peak at 950 cm™ is proportional to mineralized
content of the bone. Peaks at 955 cm™' and 957 cm™
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indicate transient bone mineral phase from the immature
bone. Peak at 853 cm™ and 872 cm™! indicate presence of
collagen proline and hydroxyproline respectively. Peaks at
1242 and 1272 cm™" represent Amide III protein p sheet and
protein o helix respectively. Peak at 1446 cm™ corresponds
to protein CH, deformation and 1660 cm™" is the strongest
Amide 1 peak with high polarisation sensitivity. Prominent
shoulder at 1690 cm™"' are indicative of immature cross
links, [ sheets and disordered secondary structure. The
results (FIGS. 48A-48D) demonstrated that the surrounding
bone (A), non-defected original surrounding bone, showed
all the peaks expected to be present in a mature rat bone. The
newly formed bone (B), at the boundaries of the initially
created defect (adjoining surrounding bone), showed the
peaks much similar to the old bone and appeared fully
mineralized indicated by the v,PO,>" peak intensity. The
full width half maximum of v,PO," is proportional to
c-axis length of crystal and hence proportional to maturity of
the crystal. The content of mineralization decreased as we
moved towards the center of the defect, indicated by drop in
the intensity of v,PO,>" band indicating less phosphate
present. At the far end of the newly formed bone towards
Si(ON)x surface (C), we observed distinct peaks for colla-
gen presence as well Amide 111 and Amide I formation and
CH, deformation. This indicates protein presence and some
immature mineralized content. Whereas in the middle of the
Si(ON)x sample (D), peaks for Amide 111, Amide | and CH,
deformation were seen but there was no collagen or phos-
phate-carbonate presence indicating no mineralization
occurred. Also a distinct peak showing Si—Si bond was
recorded, which might have stemmed from the underlying
silica substrate.

The results from the XANES data were analyzed to study
the coordination chemistry of the newly grown bone as
compared to the surrounding bone.

Example 19—Se* Enhances Tissue Angiogenesis

The present example demonstrates that the presence of Si
enhances tissue healing and angiogenesis compared to that
tissue healing and angiogenesis observed in the absence of
Si. (See FIGS. 50A-B, 51A-D, 52A-1, 53A-D, 54A-D, and
55A-B).

The present example demonstrates that Si** at specific
concentration(s) can enhance viability, migration and cap-
illary-like tube formation of HUVECs. Moreover, it can
reduce death and enhances viability in HUVECs under
harmful H,O, concentrations. This experiment mimics the
situation where the cells after injury are exposed to hypoxia
and production of high concentration of reactive oxygen
species (ROS). High levels of ROS can induce cells death
and difficult tissue healing. The present example demon-
strates the effect of Si ion on HUVECS under harmful
oxidative stress and the role of this element on angiogenesis
on early stages of tissue repair.

Trace elements are essential for bone health. Presence of
ions such as, lithium, zinc, magnesium, silica, strontium and
others have shown to enhance osteogenesis and angiogen-
esis. However the mechanism of many of them is still
unclear.

Material and Methods: Silica ion and Hydrogen peroxide
solutions preparation: Specific Si** solution was prepared by
dissolving sodium meta-silicate—Na,SiO; (1 mol 1-1) in
sterile water, after preparation the solution was filtered using
a nylon syringe filter, 33 mm, 0.2 um, 50/PK and followed
by serial dilutions in endothelial cell culture media-2 (Lonza
Walkersville, In) until it reached the desired Si** concen-
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trations: 0.1 mM, 0.5 mM and 1 mM. Hydrogen peroxide—
H,0, 30% (w/v) was used as source of ROS and was diluted
with sterile water followed by filtration, as mentioned above,
it was serially diluted in sterile water until desired H,O,
concentrations: 0.2 mM, 0.4 mM, 0.6 mM, 0.8 mM, 1 mM
and 1.5 mM. The last dilution was made in the well plate
with specific endothelial cell media.

Cell culture: Human umbilical veins endothelial cells
(HUVECs)—(Lonza Walkersville, In) were thawed and sub
cultured in 75 cm2 Corning® cell culture flasks with canted
neck and vented caps following manufacturer’s protocol
[21]. It was used endothelial cell growth media 2 (EGM-
2)—(Lonza Walkersville, In) for HUVECs expansion and
the media was changed every 2 days until the cells reach
70% confluence, then the cells were subcultured. Cells from
passage 3 were used on all designed experiments.

HUVECS viability exposed to different H,O, concentra-
tions. 10,000 cells were seeded in a 96 well plate using a
total volume of 100 ul of specific cell culture media (n=12/
group) according with the group to be studied: EGM was
used as control and the other 6 groups were formed by H,O,
concentrations mentioned above diluted in sterile water
placed on the bottom of the well before the reduced EGM.
The latter was prepared by diluting EGM with EBM for a
final concentration of 20% (v/v) and is labeled on this
manuscript as EGM 20%. The experiment ended after 6 and
24 hours, and 6 samples were used per time point for
Calcein-AM (BD, Biosciences, CA) fluorescent staining and
other 6 for CellTiter 96® AQueous One Solution Cell
Proliferation Assay (MTS). First, the cells were prepared for
proliferation assay, and it was prepared solution using 1 ml
of endothelial cells basal media (EBM) per each 100 ul of
reagent. After specific time point, the cell culture media was
removed from each well and 120 pl of prepared solution was
placed inside the well. After 3 hours 60 pl were collected and
placed in a new 96 well plate, which was read using a
microplate reader at 490 nm wave length. Second, 50 pl of
Calcein-AM 2 mM was added into other 6 wells/group,
waited 30 minutes and fluorescent pictures were taken using
Carl Zeiss Axio Vert A1 TL/RL LED Inverted Microscope
and FITC light filter.

Silica ion effect on HUVECS under normal conditions:
5,000 cells were seeded per well, n=12 per group in 5
groups: EGM 20% (negative control), EGM (positive con-
trol), EGM 20%+S1 0.1 mM, Si 0.5 mM, and Si 1 mM. All
groups with silics ion were prepared with EGM 20% with
the aim to give more sensitivity to changes induced by the
different Si** concentrations on HUVECs. With the aim to
verify what should be the best EGM dilution for this
experiment the cells were cultivated in EGM diluted in three
different concentrations and EGM 20% showed after 24
hours significant difference (p<0.01) in cell proliferation
relative to control. The data was collected using the same
methods mentioned on section 2.3, using MTS assay and
Calcein-AM fluorescent staining pictures. Additionally, the
fluorescent pictures were used for cell counting on Imagel,
v1.47 (National Institutes of Health, Bethesda, Md.).

Capillary-Like Tube Formation Assay Under Different
Si** Concentrations

HUVECs seeded on bed of Matrigel: The study groups
were the same used as described above, n=6 per group. The
experiment was conducted according to previous publica-
tions[21][22]. In summary, the study was conducted as
follows: first, 50 ul of Matrigel® Matrix (Basement Mem-
brane Phenol-red free) was placed on the bottom of well and
placed in an incubator at 37° C., 95% relative humidity and
5% CO, for 30 minutes. Second, 15.000 cells were seeded
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per well using 100 ul of specific media and/or Si**, such as
it was mentioned above. The well plate was maintained in
the incubator for 6 hours and after that was stained with
Calcein-AM following the same method mentioned on sec-
tion 2.3. Lastly, after 30 minutes 3 different pictures were
captured per well using a Zeiss fluorescent microscope FITC
filter in 5x view and angiogenesis analyzer Image] plugin
[23] was used for measurements. The collected data was
based on number of nodes, number of meshes, number of
segments, total tube length and number of junctions.

HUVECs seeded on well plates without Matrigel: 4
groups were used for capillary-like tube formation without
Matrigel, EGM (control) and the three silica ion concentra-
tions describe above. 15.000 cells were seeded per well (n=5
per group) in a 96 well plate using 100 of Growth media and
after 24 h the media from 3 groups was changed to media
with three different silica ion concentrations and growth
media for the control. Three hours after media change the
cells were stained with Calcein AM following protocol
described above. Three different 5x views were captured per
well using fluorescent microscope and Image] was used for
calculations and the results were presented on number of
connected networks formed, which means conformational
cells change such as capillary precursor structure.

Scratch wound healing assay: This study used 3 groups
(n=3/group): EGM-2 (positive control), EBM-2 (negative
control) and Si** 0.5 mM+EBM-2 (treatment). Initially,
wells were seeded 50,000 cells/well and waited until wells
reached around 90% cell confluence. After, a 200 ul pipette
tip was used for make a scratch in a cross shape, the media
was removed and each well was carefully washed twice with
phosphate buffer solution (PBS) and the new media was
added according to the group. A 5x bright field picture was
taken just after add new media (10). At the end, after 12 hours
(t12), the cells were washed with PBS, fixed with 4%
paraformaldehyde solution and stained with toluidine blue.
Pictures were captured from the same area such as was made
on t0 and the percentage of occupied area at t12 was
calculated using Wound Healing Imagel] software plugin.

Transwell migration assay: The migration by transwell
membrane was tested in triplicate samples per groups: EGM
(positive control), EBM+2% FBS (negative control) and
EBM+2% FBS+Si** 0.5 mM (treatment). 30,000 cells were
seeded in the upper chamber of 8 micron Transwell (Castor
Inc) on 100 pul EBM. After, 600 ul of studied media was
placed on the bottom of the well and cells were allowed to
migrate for 12 hours through the micropores, then fixed with
4% paratormaldehyde solution. After fixation the cells from
the upper part of the well were removed by a cotton swab
and the remained cells (bottom/migrated cells) stained with
DAPI (P369, Invitrogen) for nuclei Finally, it was captured
3 pictures per well in a 5x, 10x, 20x and 40x view using
Zeiss fluorescent inverted microscope and Imagel software
was used for cell counting.

Effect of Si on HUVECS Under Harmful Hydrogen
Peroxide Level.

Cell viability: The solutions and cells suspensions prepa-
ration followed the method mentioned on section 2.3 and
2.4. The experiment was formed by three groups: 1—EGM,
2—FEGM+11202 0.6 mM and 3—EGM 11202 0.6 mM+Si
0.5 mM (treatment). H,O, 0.6 mM and Si** 0.5 mM were
used based on the results observed on previous sections. It
was used 7,500 cells/well and seeded in a 96 well plate,
twelve samples per group. The data was collected after 6 and
24 hours, 6 samples/group were used for MTS assay and 6
for live and dead fluorescent staining with Calcein-AM and
propidium iodite. Three samples were used for Calcein AM
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and 3 for propidium iodite. Staining was done separately
with the aim to minimize the false negative and artifacts for
dead floating cells cell. The Calcein-AM followed the
method mentioned above and the propidium iodite.

Quantitative real-time polymerase chain reaction (qRT-
PCR): 500.000 cells were seeded in a 6 well plate (n=4/
group) and culture for 24 hours. The groups were the same
used for viability (section 2.8.1). First, the cells were lysed
using buffer RLT (guanidinum thiocyanate) 10 pl p-Mer-
captoethanol per 1 mL of buffer. Second, the cells were
sheared with rubber scrapper under mild pressure to lyse the
cells and collect mRNA (RNeasy Mini Kit, Qiagen, Valen-
cia, Calif,, USA), converted to cDNA using qRT-PCR
method (Reverse Transcription System, Promega, Madison,
Wis., USA) according to manufacture’s protocol. mRNA
and cDNA were quantified during the process using micro-
volume UV-VIS spectrophotometer (Nano Drop 2000c,
Thermo Fisher Scientific Inc., Watham, Mass., USA). 18S
was used as housekeeping for reference gene to be consider
more specific to HUVEC cells[24] and GAPDH was also
used as housekeeping for better comparison with other
studies. Lastly, relative quantification of gene expression
was evaluated by comparing cycle threshold (CT) method
and fold change calculated using 27247, The studied genes
included VEGFA, KDR and HIF1-a. (Table 12).

TABLE 12
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recoverable levels when exposed to a harmful H,O, con-
centration. Moreover, the Calcein-AM fluorescent pictures
(FIG. 50 B1) corroborate with MTS assay results showing
the reduction of viable cells in both time points.

Silica Ion Effect on HUVECs Under Normal Conditions

Cell viability: All groups presented an increment on the
cells number compare with initial cell seeding. After 6 hours
the Si** 1 mM was the only group who presented a signifi-
cant difference and relative cells number was lower than the
others (1.19x0.11 folds) (p<0.05). At 24 hours Si** 0.5 mM
presented a significant higher level (3.21x0.05 folds)
(p<0.05) compare with others silica concentrations and
negative control (EBM), and significant lower than positive
control (EGM) (3.95+0.07 folds) (p<0.05). Lastly, Si** 1
mM presented a significant lowest relative cells number
(1.8920.11 folds) (p<0.05). (FIG. 50A).

Cell Proliferation

After 6 hours the groups with silica ion presented simi-
larly 1 fold more relative cell number than controls groups
(p<0.05). At 24 hour time point, positive control (EGM)
group presented the best result (4.6+0.22 folds) (p<0.05) and
Si** 1 mM the worst (3.04£0.11 folds). 48 hours after initial
cell seeding positive control had the highest relative cell
increment (8.04+0.42 folds) (p<0.01). Nevertheless, among
the silica ion groups the Si** 0.5 mM (4.39x0.28 folds)

Primer sequences of genes,
VEGFR2, HIF-1la as studied genes,

related with endothelial cell functions,
and 18S and GAPDH as a housekeeping,

including VEGF,
which were used

for the quantitative RT-PCR.

Primer Forward Reverse
VEGFA F: 5'-TGCGGATCAAACCTCACCA-3' (SEQ R: 5'-CAGGGATTTTTCTTGTCTTGCT-3' (SEQ ID
ID NO. 1) NO. 2)
VEGFR2 5' -GTGATCGGAAATGACACTGGAG-3"' R: 5'-CATGTTGGTCACTAACAGAAGCA-3' (SEQ
(SEQ ID NO. 3) ID NO. 4)
HIFl-a 5'-CCATGTGACCATGAGGAAAT-3' (SEQ R: 5'-CGGCTAGTTAGGGTACACTT-3' (SEQ ID NO.
ID NO. 5) 6)
188 F: 5'-CAGCCACCCGAGATTGAGCA-3' (SEQ R: 5'-TAGTAGCGACGGGCGGTGTG-3' (SEQ ID
ID NO. 7) NO. 8)
GAPDH F: 5'-GATTTGGTCGTATTGGGCG-3' (SEQ R: 5'-CTGGAAGATGGTGATGG-3' (SEQ ID NO. 10)

ID NO. 9)

Statistical analysis: Data are expressed as means and
standard deviation. Statistical analysis was performed using
one-way ANOVA with pos-hoc Tukey’s pairwise for com-
parison among more than 2 groups and student t-test when
the assessment was between two groups. The significant
level was considered when p<0.05. Sample size was calcu-
lated based on number of groups and standard deviation
from other studies. Past3 statistical software was used foe
ANOVA and t-test and G-power statistical software for
sample size.

HUVECs Viability Exposed to Different H,O, Concen-
trations

In order to verify which H202 concentration was the ideal
for our experiment, it was verified cell viability at 6 and 24
hours. FIG. 50A shows the MTS assay and fluorescent
pictures. H,O, 0.6 mM was the best concentration to be used
in the present study, once presented a significant reduction
on cell number compare with control (no H,O, exposition),
0.45 (£0.21) and 0.63 (x0.34) folds after 6 and 24 hours
respectively. Despite the significant reduction H,0, 0.6 mM
was considered suitable for these studies to maintain cells at
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presented at least 1 fold more cells than 0.1 mM (3.44+0.25
folds) and 1 mM (3.12+0.34) folds) groups. (FIG. 51B).

After 48 hours the viable cell counting relative to positive
control (EGM) showed that media with Si** 0.5 mM had the
best result (0.48+0.16 folds) with 2 folds more cells than the
other silica groups (p<0.05) and 5 more than negative
control (EGM 20%) (p<0.005). (FIGS. 51C and D).

Capillary Tube Formation

HUVECs Seeded on Bed of Matrigel

Si** 0.5 mM showed the best parameters among all
groups on capillary tube formation, especially on number of
meshes, which it is closely related with pre-capillary struc-
ture maturity. (FIGS. 52A and B)

HUVECS Seeded without Matrigel

All silica groups presented a conformational cell shape
change with the cells tending to from connected networks
like a capillary precursor structure (FIG. 52D). All silica
groups framed a significantly higher number of connected
networks at least 10 fold more than control (EGM). Si** 0.5
mM was the best group forming 10 fold more connected
networks than 0.1 mM (p<0.05) and 20 folds more than 1
mM (p<0.01) groups. (FIG. 52D).
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Scratch Wound Healing Assay

After fixation and staining with Toluidine blue the bright
field pictures (5x view) show a higher number of cells on
scratched area of EGM, followed by EBM+Si** 0.5 mM.
(FIG. 53A). After measurements using Wound healing (Im-
age] plug-in) the data analysis shows that addition of Si**
0.5 mM to EBM improved more than 100% cell migration
on scratched area after 12 hours. (FIG. 53 B).

Transwell migration assay: After fix, DAPI staining and
capture pictures in 10x, 20x and 40x (FIG. 53C), the number
of migrated cells were calculated and data shows that the
silica treatment group presented around twice more cells
than negative control (EBM+2% FBS) (p<0.05). (FIGS. 53C
and D).

Quantitative Real-Time Polymerase Chain Reaction
(qQRT-PCR)

24 hours after cell seeding the cells the cell lysate was
collected and analyzed. All groups were compared with
control (endothelial cell media) and expressed relative to
housekeeping genel8S and GAPDH. The cells exposed to
H202 0.6 mM presented no difference among the studied
genes when compare to control. Cells exposed to silica ion
presented significant high expression of all studied genes,
the increment was more evident on 18S housekeeping,
VEGF (7.1320.54 folds) (p<0.01), KDR (4.92+1.18 folds)
(p<0.01) and HIF-1a (5.97+2 folds) (p<0.01) (FIG. 55A).
Similarly but with less intensity, all genes were significant
overexpressed relative to GAPDH, VEGF (5.3z1 folds)
(p<0.05), KDR (4£0.73 folds) (p<0.05) and HIF-1¢. (3+0.86
folds) (p<0.05) (FIG. 55B).

The results shows that cells exposed to H202 0.6 mM and
treated with Si** 0.5 mM showed a significant over expres-
sion compared to control relative to 18S housekeeping gene:
VEGFA (3.4x1.35 folds)(p<0.05), KDR (2.38+0.58 folds),
HIF-1a (2.77£1.64 folds) (FIG. 6A). When GAPDH was
considered as housekeeping there was significant over
expression of VEGFA (4.5+0.99 folds) (p<0.01) (FIG. 55B).

HIF-1a activation is a master event in a down-stream
signaling of angiogenesis[25] that is necessary for blood
vessel invasion and progenitor cells survival in an initially
hypoxic damaged environment, where blood vessels do not
reach an injured area. Moreover, HIF-1a downstream acts to
reduce oxygen consumption and thereby avoids harmful
ROS accumulation.

Recent publication showed relation between silica ion
released from mesopores microcarries and HIF1-a upregu-
lation by HUVECs under regular cell culture media condi-
tion. These results corroborated with these findings and
showed additional information of HIF-la increment on
HUVECs exposed to harmful levels hydrogen peroxide.

Vascular endothelial growth factor-A (VEGF) is a crucial
growth factor in angiogenesis regulation. Moreover, plays a
role on different stages of endocohondral and intraemem-
branous ossification, having a paracrine, autocrine and intra-
crine effect on osteoblast function during the bone repair
[27]. Our results showed that VEGFA gene expression were
incremented on HUVECs exposed to silica ion 0.5 mM even
when they were under harmful oxidative stress.

Example 20—Characterization of In Vivo Studies
Involving SiONP Samples in Rat Cranial Defect
Model

A rat cranial defect model was conducted as described in
example 18, paragraph 00262. This example is an extension
from example 17, illustrating the effectiveness of SiONP for
healing bone in craniofacial models.
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The rats were examined after 5 weeks for signs of
inflammation or infection. None was found.

Rats were then euthanized and SiONP samples were
recovered from the rat cranium as described in example 18,
paragraph 00262.

The samples were prepared for analysis using x-ray
absorbance near edge fine structure analysis to determine the
mineral phase of bone that was newly grown on the SiIONP
surface.

To examine the mineral phase formed on these surfaces,
the Calcium (Ca) K edge and Phosphorus (P) edge were
examined.

FIGS. 55A and 55B show the Ca K edge spectra for
various samples studied in the SiIONP experiments. It can be
seen that SiONP samples after in vivo implantation and
recovery from the rat cranium show the presence of Ca—P
phases consistent with new bone formation. Here, HA is
used as a model compound for comparison of the mineral
phase of HA in bone. The Ca K edge peak of HA is different
from other model compounds with a pre edge peak at 4039.1
ev. It has a pre edge shoulder at 4044.4 and main peak b at
4048.27 ev. The post edge shoulder corresponds to transition
to unoccupied states, mainly 5s states. The main edge peak
“b” is assigned to 1 s to 4p transition. The shift in energy
towards higher energy levels for peak “b” could represent
differences in the type of mineral formed in vitro as com-
pared to the been formed in vivo. The mineral formed in
vitro could be amorphous Ca—P (precursor to the formation
of HA).

FIG. 56 shows the phosphorus L edge spectra for SIONP
samples studied in this experiment. Similar to Ca K edge
spectra, the P L edge spectra indicate the newly formed bone
on SiONP samples has a similar P structure as that in HA
model compounds. The main Peak c is at 137.8 eV, pre edge
peak “a” at 135.7 and pre edge peak “b” around 136.5. There
is also shoulder after peak “c” around 141 eV and secondary
peak d at 146.7 eV. Peak “a” and “b” at the lower energy side
are separated by 1 ev and arise from the spin orbit split into
2p electron into 2p;,, and 2p, ,, levels. The main peak “c” is
attributed to transitions to 3p orbital made possible due to
presence of other elements such as oxygen and cationic
species like Si and Ca. The shoulder after peak “c” is
characteristic of Ca phosphates and arises from transitions
from P 2p to empty Ca 3d orbitals. Peak “d” seen in all
phosphates is due to transitions from 2p to 3d orbital in
phosphorous.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 10
<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 1

LENGTH: 19

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

<400> SEQUENCE: 1

tgcggatcaa acctcacca

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 2

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

<400> SEQUENCE: 2

cagggatttt tcttgtcttg ct

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 3

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

<400> SEQUENCE: 3

gtgatcggaa atgacactgg ag

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 4

LENGTH: 23

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

<400> SEQUENCE: 4

OTHER INFORMATION: Forward PCR Primer for VEGFA

OTHER INFORMATION: Reverse PCR Primer for VEGFA

19

22

OTHER INFORMATION: Forward PCR Primer for VEGFR2

22

OTHER INFORMATION: Reverse PCR Primer for VEGFR2
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-continued

64

catgttggtc actaacagaa gca 23

<210> SEQ ID NO 5

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Forward PCR Primer for HIFl-alpha

<400> SEQUENCE: 5

ccatgtgacc atgaggaaat 20

<210> SEQ ID NO 6

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Reverse PCR Primer for HIFl-alpha

<400> SEQUENCE: 6

cggctagtta gggtacactt 20

<210> SEQ ID NO 7

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Forward PCR Primer for 18S

<400> SEQUENCE: 7

cagccacccg agattgagca 20

<210> SEQ ID NO 8

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Reverse PCR Primer for 18S

<400> SEQUENCE: 8

tagtagcgac gggcggtgtg 20

<210> SEQ ID NO 9

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Forward PCR Primer for GAPDH

<400> SEQUENCE: 9

gatttggtcg tattgggcg 19
<210> SEQ ID NO 10

<211> LENGTH: 17

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Reverse PCR Primer for GAPDH

<400> SEQUENCE: 10

ctggaagatg gtgatgg 17
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What is claimed is:

1. A medical implantable device comprising at least one
treated surface comprising an amorphous silicon oxynitro-
phosphide (Si—O—N—P) layer, wherein the at least one
treated surface provides for release of Si-ion such that
calcium phosphate mineral forms on the at least one treated
surface after in vivo implantation of the device.

2. The device of claim 1, wherein the at least one treated
surface is a metal, ceramic, polymer, glass, or composite
hybrid material of metal, ceramic, polymer or glass surface.

3. The device of claim 1, wherein the amorphous silicon
oxynitrophosphide layer is deposited onto the at least one
treated surface via plasma-etched chemical vapor deposition
(PECVD) using a silicon based reagent and PH,.

4. The device of claim 1, wherein the at least one treated
surface is a ceramic surface.

5. The device of claim 1, wherein the amorphous silicon
oxynitrophosphide layer has a thickness of about 1 nano-
meter to about 999 nanometers.

6. The device of claim 1, wherein the amorphous silicon
oxynitrophosphide layer has a thickness of about 0.001
millimeters to about 0.999 millimeters.

7. The device of claim 1, wherein the amorphous silicon
oxynitrophosphide is Si, ,;O0; 5sNg ;3P 015
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8. The device of claim 1, wherein the amorphous silicon
oxynitrophosphide layer comprises a composition selected
from the group consisting of:

(a) 3.2% Si0,-37.7% amorphous silicon (a-Si)-58.9%

Si,N4-0.24% P,0s;

(b) 6.3% Si0,-39.6% a-Si-53.8% Si,N,-0.25% P,0s;

(¢) 11.0% Si0,-35.4% a-Si-53.4% Si,N,-0.28% P,0;;

(d) 21.27% Si0,-31.5% a-Si-46.9% Si,N,-0.27% P,Oq;

(e) 2.28% Si0,-1.54% a-Si-0.16% Si,N,-0.015% P,Og;

and

() 2.27% Si0,-1.58% a-Si-0.13% Si,N,-0.018% P20..

9. The device of claim 1, wherein the at least one treated
surface further comprises one or more silicon-based layers.

10. The device of claim 1, wherein the amorphous silicon
oxynitrophosphide layer comprises:

about 0.2 atomic % to about 1.5 atomic % of P;

about 55 atomic % to about 65 atomic % of Si;

about 2.0 atomic % to about 34.0 atomic % of N; and

about 1.0 atomic % to about 40 atomic % of O.

11. The device of claim 1, wherein the amorphous silicon
oxynitrophosphide layer comprises:

about 55 atomic % to about 65 atomic % of Si;

about 0.2 atomic % to about 0.5 atomic % of P; and

about 1 atomic % to about 45 atomic % of O.
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