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ABSTRACT

Critical-sized bone defects are challenging to heal because of the sudden and large volume of lost bone. Fixative plates are often used
to stabilize defects, yet oxidative stress and delayed angiogenesis are contributing factors to poor biocompatibility and delayed bone
healing. This study tests the angiogenic and antioxidant properties of amorphous silicon oxynitrophosphide (SiONPx) nanoscale-
coating material on endothelial cells to regenerate vascular tissue in vitro and in bone defects. in vitro studies evaluate the effect
of silicon oxynitride (SiONx) and two different SIONPx compositions on human endothelial cells exposed to ROS (eg, hydrogen per-
oxide) that simulates oxidative stress conditions. in vivo studies using adult male Sprague Dawley rats (approximately 450 g) were
performed to compare a bare plate, a SiONPx-coated implant plate, and a sham control group using a rat standard-sized calvarial
defect. Results from this study showed that plates coated with SiONPx significantly reduced cell death, and enhanced vascular tubule
formation and matrix deposition by upregulating angiogenic and antioxidant expression (eg, vascular endothelial growth factor A,
angiopoetin-1, superoxide dismutase 1, nuclear factor erythroid 2-related factor 2, and catalase 1). Moreover, endothelial cell markers
(CD31) showed a significant tubular structure in the SIONPx coating group compared with an empty and uncoated plate group. This
reveals that atomic doping of phosphate into the nanoscale coating of SiONx produced markedly elevated levels of antioxidant and
angiogenic markers that enhance vascular tissue regeneration. This study found that SIONPx or SIONx nanoscale-coated materials
enhance antioxidant expression, angiogenic marker expression, and reduce ROS levels needed for accelerating vascular tissue regen-
eration. These results further suggest that SiONPx nanoscale coating could be a promising candidate for titanium plate for rapid and
enhanced cranial bone-defect healing. © 2020 The Authors. JBMR Plus published by Wiley Periodicals LLC. on behalf of American Soci-
ety for Bone and Mineral Research.
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Introduction

L oosening and failure of fixative implants in bone-
reconstruction surgeries is unfortunately common and can
be attributed to a variety of factors such as delayed healing
and lack of osseointegration. Surgical revisions after these com-
plications can be twice as expensive as the initial procedure
and jeopardize functional and aesthetic outcomes.™ Craniofacial
and orthopedic implant failure is defined as the inability of the

implant/plate to osseointegrate with the surrounding host tissue
based on a foreign body response and/or an opportunistic infec-
tion.?® During the first few days of biomaterial implantation in
the bone defect, the surrounding biological tissue can face
severe and harmful oxidative stress conditions.*™ High levels
of oxidative stress can be deleterious to endothelial cells.”’
Endothelial cell survival and proliferation is necessary for ade-
quate new blood vessel formation and thus plays a vital role in
bone regeneration.® Therefore, to minimize complications, such
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as implant/plate-screw device loosening and failure, and to
improve healing rates, the material used for bone-defect recon-
struction must have innate antioxidant stimulus, as well as the
ability to enhance angiogenesis. Silicon has been used in combi-
nation with nitrogen and/or oxygen for implant/plate device
composition and coating to enhance new bone formation and
osseointegration.” "%

A recent study by our group found that ionic Si is important
for superoxide dismutase 1 (SOD-1) activity.”) The enzyme
SOD-1 plays a major role in the metabolism of superoxide, which
is the main ROS produced in cell metabolism. Moreover, ionic sil-
icon can enhance angiogenesis by upregulating hypoxia induc-
ible factor-1 alpha (HIF-1a) and vascular endothelial growth
factor A (VEGFA) in human umbilical vein endothelial cells
(HUVECs)."" Studies have found that ionic phosphorus can
enhance angiogenesis by upregulating VEGFA and inducing cell
migration, matrix deposition, and capillary tubule formation in
HUVECs.">7' Yet, there has not been any evidence linking bio-
materials that release factors that can stimulate a key angiogenic
marker, angiopoietin-1 (ANG-1), under toxic oxidative stress con-
ditions. ANG1 is a key marker that, when expressed, prevents
apoptosis in endothelial cells under critical survival conditions
by activating the receptor tyrosine kinase Tie2.(>~'®

In our earlier work, we found that plasma-enhanced chemical
vapor deposition- (PECVD-) coated silicon oxynitride- (SiONx-)
and silicon oxynitrophosphide- (SIONPx-) based fixative implants
can upregulate ANG1 in HUVECs under standard in vitro growth
conditions (no oxidative stress).’® PECVD is a coating method
that has proven to be useful for biomaterial manufacturing
because of its use of relatively low temperature processing, abil-
ity to be manufactured onto 3D surfaces for clinically relevant fix-
ative implants, ability to enhance interfacial adhesion, form
surface functional groups (hydroxyl and amide functional
groups), and to allow surface patterning before coating, which
enhances cell attachment and matrix deposition by mimicking
the nanostructure and microstructure of an extracellular
matrix.%® In this study, we examine the use of PECVD SiONx-
based or SIONPx-based materials to enhance angiogenic proper-
ties of endothelial cells under deleterious oxidative stress
conditions.

Here, we hypothesize that a PECYD amorphous SiONx or
SiONPx nanoscale coating will increase the expression of both
antioxidant (SOD-1, catalase-1 [CAT-1], nuclear factor erythroid
2-related factor 2 [NRF2]) and angiogenic (CD31, ANG1) markers,
and enhance vascular tubule formation while reducing ROS
(4-hydroxynonenal [4-HNE], hydrogen peroxide [H,0,]). To test
these hypotheses, we investigated the effect of PECVD nano-
scale coatings formed by Si, O, N, and P gas reagent sources on
angiogenesis under a toxic oxidative stress environment
induced by 0.6mM H,0,, which was determined previously.*®

in vitro experiments evaluated the effect on the viability of
HUVECs, matrix deposition, capillary tubule formation, and gene
expression of angiogenic and antioxidant markers on coated and
uncoated surfaces. in vivo studies using adult male Sprague
Dawley rats (approximately 450 g) were used for this experiment
to measure local and systemic levels of oxidative stress markers
and local angiogenic markers. The in vivo study analyzed
4-HNE levels in the blood serum, and CD31 and 4-HNE on a his-
tological section after the fixative implants were placed in a rat
standard sized calvarial defect.

Materials and Methods

PECVD SiONx- and SiONPx-coated fixative plate
preparation and analysis of surface elemental
composition

In the current study, to test the SiONx and SiONPx nanoscale
coating, 4-inch <100> test-grade P-type silicon wafers (NOVA
Electronic Materials, Flower Mound, TX, USA) were used after
standard cleaning procedures. The reasons for using a silicon
wafer as the base fixative implant substrate are (i) the ease of
the fabrication process to form highly conformal, adherent, and
uniform thin film overlays by PECVD, and (ii) the ease of dicing
the silicon wafer into an appropriate plate size. The silicon wafers
were immersed in piranha solution (3:1 mixture of sulfuric acid
PH,S0,, 96%] and H,0, (30%) for 10 minutes, and then rinsed
in deionized (DI) water for 1 minute. To remove the native oxide
layer, the silicon wafers were immersed in hydrofluoric acid for
30 to 60 seconds. Finally, the wafers were rinsed for three clean-
ing cycles under a continuous DI water purge, dried with N, gas,
and placed on a 200°C hot plate for 5 minutes.®

A TRION ORION Il PECVD/LPECVD system (Trion Technology,
Clearwater, FL, USA) was used to deposit a 200-nm uniform coat-
ing of SiONx and two different compositions of SIONPx overlays
(SIONPx1 and SiONPx2), which have different Oxygen/Nitrogen
(O/N) ratios as given in Table 1. All coatings were processed at
a substrate temperature of 400°C, chamber pressure of
900 mTorr, an inductively coupled plasma power of 30 W, and
an applied excitation frequency of 13.56 MHz. Gas source and
flow rate of each gas are also provided in Table 1.

The refractive indices and film thicknesses were measured
using ellipsometry at a wavelength of 632.8 nm (Gaertner
LS300; Gaertner Scientific Corp., Skokie, IL, USA). The results of
ellipsometry were confirmed using a reflectometer (NC-UV-VIS
TF; Ocean Optics, Largo, FL, USA).

High-resolution SEM (Hitachi S-3000N variable pressure; Hita-
chi High-Technologies Corp., Tokyo, Japan) was used to image
and analyze surface properties and verify film thickness of the
coatings at a voltage of 20 KeV. SEM was also used to identify

Table 1. The Three Steps and Flow Rates of the Different Gases Used for Processing SiON, SiONP1, and SiONP2 Implants

SiH4/Ar (15/85%) PH3/SiH4/Ar (2/15/83%) N,O N, NH, Ar Time (s)
Step 1 0 0 0 0 0 250 30
Step 2 (SiONy) 24 0 155 225 50 0 226
Step 2 0 24 225 50 0 322
(SIONPy)1 5
(SIONP,)2 16
Step 3 0 0 0 0 0 250 30

Ar = Argon (carrier gas); N, = nitrogen; N,O = nitrous oxide; NH, = ammonia; PH; = phosphine; SiH, = silane; SION = silicon oxynitride; SIONP = silicon

oxynitrophosphide.
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and measure the surface elemental composition of the PECVD-
coated plates using energy dispersive X-ray analysis apparatus
at a voltage of 12 KeV. The surface elemental composition is
given in Table 2 and is explained in the Results section.

In vitro study

Several factors were used to help design the experimental setup.
Prior studies evaluated the protective effect of a drug on HUVECs
under oxidative stress. The cells were exposed to H,0, at toxic
levels (=0.5mM) for 24 to 48 hours prior to treatment.?" 22 Fur-
ther, a hypoxic condition of 1% O, can induce HUVECs autop-
hagy.®® If the cells are also exposed to excessive time of low
fetal bovine serum (malnutrition), this can induce phenotype
changes in HUVECs.®® HUVECs cannot survive or maintain their
phenotype if they are not supplemented with endothelial cells
growth media.® Thus, a 48-hour time limit of exposure of cells
and ECM to H,0, was implemented.

HUVECs (passage 2 to 4), endothelial cell growth medium
2 (EGM-2; used for cell growth and subculture), and endothelial
cell basal media 2 (EBM-2; used for the proliferation and differen-
tiation experiments) were acquired from Lonza (Morristown, NJ,
USA). The experiments were divided into five groups: | = glass
cover slip (GCS), Il = tissue culture plate (TCP), lll = SiONx, IV =
SiONPx1 (O: 7.3 atomic percent (at. %)), and V = SiONPx2 (O:
14.2 at. %). Propidium iodide fluorescent stain (dead cells),
calcein-AM (for live cells), actin staining 488, and 4,6-diamidino-
2-phenylindole nuclei staining were used as fluorescent dyes
on the fixed samples. Purified mouse antifibronectin
(BD Bioscience, San Jose, CA, USA) as a primary antibody and
goat anti-mouse with Alexa 488 was used as the secondary anti-
body for fibronectin immunostaining. Quantitative data analysis
of the images was done by ImageJ.?*2® Captured images were
loaded onto ImageJ for Microsoft Windows for analysis. After
loading, images were adjusted for brightness, contrast, and
sharpness as needed. The images were then converted to
32-bit encoding. The threshold was then adjusted until the entire
extracellular matrix (ECM) was selected; using the zoom or mag-
nification function. Then, the ECM area was measured as a per-
centage of the total view. Several images were captured from
different areas of each sample, and an average was recorded.

H,0, at a concentration of 0.6mM was used to mimic an oxi-
dative stress environment, the stock solution was acquired from
Sigma-Aldrich (St. Louis, MO, USA) 30% w/w in H,0, with stabi-
lizer. The H,0, has been used previously for in vitro studies?*—"
) as a major product of oxidative stress, mainly produced by swift
conversion from superoxide.®*# Based on previous publica-
tions, this specific H,O, concentration has been shown to be

Table 2. Energy-Dispersive X-Ray Spectroscopy Analysis of
Atomic Surface Composition of SiON, SiONP1, and SiONP2
Coating

EDS compositional data (at %)

Sample Si (0} N P
SiONx 525 35.1 123 0
SiONPx1 61.8 7.3 30.5 0.28
SiONPx2 58.7 14.2 26.8 0.27

EDS Compositional data in units of (at %).
EDS = Energy-dispersive X-ray spectroscopy; SiON = silicon oxynitride;
SiONP = silicon oxynitrophosphide.

deleterious to live tissue."®?? PBS (Sigma-Aldrich), trypsin,
buffer, trypsin neutralizer (Lonza), Angiopoietin 1 Human ELISA
kit (Invitrogen, Waltham, MA, USA), and HNE-competitive ELISA
kit (Cell Biolabs, Inc., San Diego, CA, USA) were used for the
in vitro experiments.

Cell viability under toxic hydrogen peroxide

PECVD SiONx- and SiONPx-coated plates (square shape) with a
dimension of 1.2 x 1.2 cm and GCS measured 1.5-cm diameter
round were used for the experiment (four samples per group).
HUVECs were seeded on the plate surfaces (5000 cell/cm?),
placed in a 12-well plate with 100 pL of EGM-2 according to
the protocol described by Lonza, and allowed to attach on the
surface for 1 hour.®>3® After initial attachment 900 pL of EBM-
2+ 10% FBS +H,0, 0.6mM was added and cultured for
24 hours. An MTS, tetrazolium cell proliferation assay kit, was
performed on four samples per group for cell viability; three sam-
ples per group were stained with propidium iodide for fluores-
cent imaging.

Matrix deposition under toxic hydrogen peroxide

Cells were seeded as mentioned above along with the same
media for mimicking an oxidative stress environment (four sam-
ples per group). After 48 hours under oxidative stress, the media
was changed to EBM-2 + 10% FBS without H,0,. Five days after
initial cell seeding, the cells were fixed with 4% paraformalde-
hyde, and immunostaining was done for fibronectin using the
antibodies mentioned above. Three pictures from different areas
were captured per sample using x10 magnification on a Zeiss
Axion cell culture fluorescent microscope (Carl Zeiss Microscopy,
Peabody, MA, USA), and Imagel was used for quantifying the
area occupied by fibronectin.

Capillary tubule formation under toxic hydrogen peroxide

All PECVD-coated plates were cut to 0.5 x 0.5 cm in dimension
(four samples per group). All SiONx- and SiONPx-coated plates,
GCS, and pipette tips were placed in a 48-well plate at 4°C,
12 hours before the start of the experiment. Matrigel (Corning,
Inc., Corning, NY, USA) without growth supplements was slowly
thawed at 4°C for 12 hours. First, 100 pL of Matrigel was placed
on the implant plates, GCS, and TCP; then the well plate was
placed inside the cell culture incubator at 37°C, 95% humidity,
and 5% CO, for 30 minutes. After 30 minutes, 100 pL of EBM-2
+ H,0, was used to seed 60,000 cells/cm? on a bed of Matrigel
for each sample as mentioned in a previously described proto-
c0l.%%3”) Finally, 6 hours after the initial cell seeding, 50 pL of cal-
cein AM 2pM diluted in EBM-2 was added to each well, and after
30 minutes three pictures from different areas in magnification
%10 were captured per well. The total tube length was calculated
using the Angiogenesis Analyzer software (ImageJ plug-in).

Gene expression of angiogenic and oxidative stress markers on
HUVECs under toxic hydrogen peroxide levels

The groups used in this experiment were: TCP, SiONx, SiIONPx1
(O: 7.3 at %), and SiONPx2 (O: 14.2 at %). The cells were seeded
on TCP and all three scaffolds (200,000 cells per well) in a
12-well plate, n =4 per group, and EBM-2 + 10% FBS + H,0,
0.6mM was used as a conditioned medium. After 24 hours, the
cells were lysed using TRIzol and RNA was collected, precipitated
in 70% ethanol, and the RNA solution was purified using a
miRNAeasy MINI kit®® from QIAGEN (Valencia, CA, USA). RNA
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sample concentration was normalized to 100 pg/mL and cDNA
conversion was made using a Goscript Reverse Transcriptase
kit from Promega Corporation (San Luis Obispo, CA, USA). A
20-pL reaction was prepared for RT-PCR using TagMan Gene
Expression Assay and the PCR machine (Life Technologies, Grand
Island, NY, USA) was set up with the standard protocol adjusted
for 50 cycles. Results were expressed relative to the housekeep-
ing gene 18S and compared with the control (TCP), and AACT
method was used for calculations for fold change. All data are
represented in fold change, and statistical analyses were done
using the AACT values. The following angiogenic and oxidative
stress markers were studied; Angiogenic markers: VEGFA,
nesprin-2, and ANGT; oxidative stress markers: SOD-1, CAT-1,
nitric oxide synthase 3 (NOS-3), glutathione peroxidase 1 (GPX-
1), and nuclear factor erythroid 2-related factor 2 (NRF2; Table 3).

Angiopoietin-1 and 4-HNE levels in conditioned medium using
ELISA

Using the same groups, sample size, and conditioned medium
used for PCR (see the above section), the culture media was col-
lected before lysing the cells for RNA extraction and placed in a
1.5-mL centrifuge tube with protease inhibitor (1:1000 dilution)
and stored at —20°C. These supernatant media samples were
then used for quantification of the protein concentration by
bicinchoninic acid (BCA) assay and ANG1 ELISA. The data and
comparison among groups were expressed in a bar graph show-
ing the values relative to control (TCP). The 4-HNE was measured
by competitive ELISA and expressed in a bar graph in pg/mL.

In vivo study

The establishment of a standardized defect is critical according
to the study and also age/weight of the animal. For our study,
we choose the critical/standard-sized calvarial defect model
(6 X 4 mm) to study the effect of SIONPx coatings on angiogen-
esis, which is a widely used model in the study of cranial bone
regeneration.®® These procedures are sensitive and technique-
dependent, and require adequate training as well for reproduc-
ibility. The corrective use of a blank defect (negative control)
and sham (no bone defect) is also important because they serve
as controls for an empty defect with no intervention and for the
surgical method without creating the defect.“? In our study, we
also observed the limitation of the plate fixation to the adjacent
bony tissues, which were improved by the use of tissue bond
(Vetbond; 3M, Saint Paul, MN, USA) and closely reflapping the
skin and suturing.“'*? However, we did not reapproximate the

Table 3. Gene Expression Assay TagMan Identification

Gene Assay identification

VEGFA Hs00900055_m1
Ang-1(ANGPT1) Hs00919202_m1
Nesprin-2 (SYNE2) Hs00794881_m1
SOD-1 Hs00533490_m1
Cat-1 (CAT) Hs00156308_m1
e-NOS (NOS3) Hs01574665_m1
Nrf2 Hs00975961_g1

Ang-1 = Angiopoietin 1; Cat-1 = catalase 1; e-NOS = endothelial nitric
oxide synthase; Nrf2 = nuclear factor erythroid 2-related factor 2; SOD-
1 = superoxide dismutase 1; VEGFA = vascular endothelial growth factor A.

periosteum to impose the more clinically relevant situation in
which cranial injuries are accompanied by periosteum loss.*

All surgical modalities, care, and treatment plans followed the
ethical use of animals’ protocol approved by the Institutional
Animal Care and Use Committee (IACUC) at the University of
Texas at Arlington (IACUC Protocol No. A18.014). Materials used
in the procedure were as follows: disposable surgical blades
#15, gauze, dental burs #1 and #2, PBS, templates made of silicon
wafer (6 X 4 mm), isoflurane, nalbuphine, suture (Vicryl 4-0), and
other basic surgical tools.

Adult male Sprague Dawley rats (approximately 450 g) were
used for this experiment to measure local and systemic levels
of oxidative stress markers and local angiogenic markers. The
animals were randomly assigned for specific treatment. G-power
software was used for sample size calculation with 80% power,
o = 0.05, and moderate effect size of 0.30. The animal study
had three groups (n = 3 per group): | = sham, Il = uncoated plate
(silicon wafer with 2 nm natively grown SiO, surface), and
Il = 200 nm SiONPx2 (O: 14.2 at %) coated plate. For group |
(sham), all steps of the surgical procedure were done except cre-
ating the bone defect and implantation, thereby accounting for
aspects of the surgical procedure. For groups Il and Ill (uncoated
plate and coated plate, respectively), these materials were
placed into rats that had two standard-size calvarial defects mea-
suring 6 X 4 mm on each side of a median sagittal suture follow-
ing the same technique used in a previous publication,” despite
the traditional description as 5 to 8 mm.>*=*") A 1-mm gap
between the plate and bone side walls was made to determine
the tissue regeneration on sample surfaces without conduction
from the side walls of the defect.

Immediately before surgery, painkiller/sedative SR buprenor-
phine 0.5/1 mg/kg was injected subcutaneously. With the animal
under anesthesia (2% to 3% isoflurane), an approximately
2.5-cm-long incision was made on an imaginary line traced over
the sagittal suture, from between the eyes to the posterior, with a
sterile blade. Then, the skin and periosteum were carefully ele-
vated and spread to expose the two parietal bones. The two
bone defects were created using a dental bur #1 and/or #2 of
approximately the same dimensions of 6 Xx 4 mm £1 mm on
either side of the midline, while the surgical site and surrounding
tissues were continuously irrigated with cold saline solution to
prevent heating the surrounding bone and to keep the soft tis-
sue moist. The depth of the defect was carefully made, and the
loosened bone was removed so as not to damage the dura. After
cleaning the defect area, the plate was placed in the defect. The
right side was empty (internal control) and the left side was
implanted with SIONPx2 (O: 14.2 at %) samples or silicon wafer
samples (negative control). The skin was then sutured with Vicryl
4.0.

After the surgeries, rats were examined for signs of stress and
any signs of pain or distress. Analgesia was administered to the
animals for management of pain and distress after surgery if
needed. Then 0.1 mL of blood (from the rat tail vein) using a ster-
ile syringe was extracted every week for further testing. The
experimental end point was 2 weeks after the surgery, after
which the animals underwent euthanasia (>90% CO, and moni-
tored until the animal was deceased).

Detection of oxidative stress marker in blood serum

Blood was collected from rat tail vein (n = 3 per group), placed in
a centrifuge tube, and centrifuged at 5000 rpm for 10 minutes.
The supernatant serum was stored in —80°C until further use.
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The serum samples were used to measure 4-HNE by a competi-
tive ELISA kit (Cell Biolabs). The animals were anesthetized using
2% to 3% isoflurane and blood was collected just before the sur-
gery, at 1 week, and 2 weeks (just before euthanizing the
animals).

Detection of angiogenic and oxidative stress markers (serum
analysis and histological analysis)

Serum samples were used to measure ANG1 (ANG1-7 ELISA kit
[Rat] Catalog #OKDD01231), NRF2 (NFE2L2 ELISA kit [Rat] Catalog
#OKEH03531), and HIF-1oe (HIFTA ELISA kit [Rat] Catalog
#OKEH00594) by a competitive ELISA kit acquired from Aviva
Systems Biology Corp. (San Diego, CA, USA) using the manufac-
turer’s guidelines.

After euthanasia (2 weeks after surgery), the calvarial samples
were harvested using a diamond saw preserving at least 5 mm of
bone and tissue from the original defect and implanted samples.
All sham samples had the sagittal suture and parietal bones pre-
served. The samples were fixed in 4% paraformaldehyde at 4°C
for 5 days and decalcified by ethylenediaminetetraacetic acid
for 1 week. Half of each sample was used for frozen
section and half for plastic embedding.

Sanderson’s staining

The samples embedded in plastic were polished and cleaned
using a polishing cloth, and washed with tap water and
ultrasonic cleaner. Later, the samples were stained with San-
derson’s stain and counterstained with acid fuchsin. Digital
images were acquired using the Xx10 objective of a BIO-
QUANT Osteoimager (BIOQUANT Image Analysis Corp., Nash-
ville, TN, USA). These images were used to show the
anatomic relationship between the bone defects and the
implant plate.

Immunostaining (CD31 and 4-HNE)

The samples were perfused with sucrose and embedded in an
optimal cutting temperature compound for frozen sectioning,
and further immunostaining was done for CD31 (endothelial cell
marker) and 4-HNE (oxidative stress marker). The frozen samples
were cut at 10-um thickness in a coronal plane to maintain the
bone defects with and without plate in the same slide. The slides
were washed with PBS and blocked with 10% goat serum. After
blocking, the slides were washed again with PBS, and the pri-
mary antibodies (rabbit polyclonal 4-HNE (ab46545) 1:8000 and
rabbit polyclonal CD-31 (M20) 1:500) were placed on the slides
and incubated overnight at 4°C. The slides were then introduced
to the secondary antibodies Alexa Dye 594 Goat Anti-Rabbit in
1:200 dilution, washed twice with PBS, and mounted with a cover
slip for microscopic evaluation. One slide per group was used as
a negative control and was not exposed to the primary antibody.
The pictures were captured from the central area just above the
implant plate or central fibrotic tissue (empty) of the defect to
minimize the presence of neovascularization from surrounding
bone. We used a x20 objective on Zeiss Axion cell culture fluo-
rescent microscope for acquisition of the images and captured
three images per slide. The slides were obtained from three dif-
ferent areas (anterior, medium, and posterior). ImageJ software
was used to calculate the amount of fluorescence in relation to
the total area.

Immunostaining (ANG1, HIF-1a, and NRF2)

The cut and polished plastic embedded samples were washed
and then kept in xylene for two changes to remove the upper
plastic layer for 1 minute each. The samples were then
washed in descending grade alcohol (100%, 90%, 75%, 50%,
25%, and 0%) to rehydrate the samples. The samples were
then kept for antigen retrieval using testicular hyaluronidase
method.“*® Prewarmed testicular hyaluronidase solution was
prepared using 47 mL of 0.TM potassium phosphate and
3mL of 0.1M sodium phosphate with 0.025 g of testicular
hyaluronidase (H3884; Sigma-Aldrich) and the samples were
kept in the solution for 30 minutes at 37°C. The samples were
then washed three times with PBS with 1% TWEEN solution
for 5 minutes each and stained with primary antibodies
Angiopoietin 1 Polyclonal Antibody (23302-1-AP; Proteintech
North America, Rosemont, IL, USA) in 1:500 dilution, HIF1a
Polyclonal Antibody (PA1-16601; Thermo Fisher Scientific, Wal-
tham, MA, USA), and NRF2/NFE2L2 Polyclonal Antibody
(16396-1-AP; Proteintech North America) in 1:500 dilution
overnight at 4°C, washed three times again, and stained with
secondary antibodies Alexa Dye 594 Goat Anti-Rabbit (red
fluorescence) in 1:500 dilution and Alexa Dye 488 Goat Anti-
Rabbit (green fluorescence; A-11008; Thermo Fisher Scientific)
in 1:500 dilution at room temperature for 1 hour. The samples
were washed, mounted, and imaged. Image J software was
used to calculate the percentage of fluorescence in relation
to the total area.

Statistical analyses

The results were presented in box plots showing the mean, SD,
and significance levels. Normality tests were done before statisti-
cal analysis to confirm normal distribution. Student’s t test was
used for comparing the difference in means between the two
groups at a significance level p < 0.05. One-way ANOVA
(Tukey's pairwise) was used to compare means for more than
two groups at a significance level p < 0.05. OriginPro 2017 (Origi-
nLab Corporation, Northampton, MA, USA), Past3 (free software
for scientific data analysis), and Microsoft Excel 2016 (Microsoft
Corporation, WA, USA) software were used for graphics and
calculations.

Results

Cells viability under toxic hydrogen peroxide

Figure 1 shows the cells viability study using propidium
iodide fluorescent stain; the data are presented by boxplots
with the statistical significance for each group. We compared
the study groups as follows: No H,0, GCS, TCP, SiON,
SiONPx1, and SiONPx2. The cells in the last five groups were
exposed to toxic concentrations of H,O,. The SiONPx1 and
SiONPx2 groups presented a reduced number of dead cells
(red stain) and were similar to the No H,0, group (p > 0.05)
as shown in Fig. 1(A-F). GCS and TCP showed a significant
increase in the number of dead cells compared with the other
groups (p < 0.01; Fig. 1G). Also, an MTS assay was used to
study the cell viability on the surface of the different study
groups (GCS, TCP, SiONx, SiONPx1, and SiONPx2). The data
are presented in a boxplot at Fig. 1H. All groups were
exposed to the same toxic concentration of H,0O, and relative
to initial cell seeding. GCS and TCP showed a significant
reduction in the number of viable cells, approximately 20%
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Fig 1. Effect of silicon oxynitride- (SiONx-) and silicon oxynitrophosphide- (SIONPx-) plasma-enhanced chemical vapor deposition nanoscale implant
coating on human umbilical vein endothelial cells under toxic levels of hydrogen peroxide (H,O,; 24 hours). Scale bar = 100 pm. (A-F) Propidium iodide
(P1) staining shows dead cells (red stain). (G) Analysis after ANOVA (Tukey's pairwise) shows data from Pl counting according to group. (H) Comparison of
cell viability relative to the initial cell seeding among groups after MTS assay, the data were analyzed by ANOVA (Tukey's pairwise). GCS = glass cover slip;
SiONP = silicon oxynitrophosphide; TCP = tissue culture plate. n = 4. ***p < 0.001 and **p < 0.01, all compared with No H,O, group.

and 40%, respectively, compared with the initial cell seeding
(p <0.001). TCP presented an almost 50% lower number of
cells compared with SiONx, SiONPx1, and SiONPx2
(p < 0.01). There was no significant difference among SiONx-
and SiONPx-coating groups (SiONx, SiONPx1, and SiONPx2;
p > 0.05; Fig. 1H).

Matrix deposition after exposure to toxic hydrogen
peroxide environment

Figure 2 presents the fibronectin deposition by HUVEC cells in vi-
tro. The amount of fibronectin deposition was evaluated by fluo-
rescent immunostaining, and the percentage of total area
occupied by fibronectin is given in a boxplot (Fig. 2F). The GCS
surface presented three times lower fibronectin deposition
(21.35 £ 10.19%) than SiONx (71.46 + 4.58%) and SiONPx1
(72.59 + 3.84%) groups (p < 0.05), and four times lower than
SiONPx2 (90.11 =+ 7.06%, p < 0.01). The TCP surface also showed
a significant reduction in fibronectin deposition (48.64 + 12.29)
compared with SiONx, SiONPx1 (p < 0.05), and SiONPx2
(p < 0.01) as presented at Fig. 2(B-E). Fluorescent images showed
significantly lower fibronectin deposition on the GCS surface
than all other groups, but had a tubular arrangement of the
fibrous network. In contrast, TCP presented more fibronectin
deposition than the GCS, with minimal tubular network forma-
tion of the fibers. SiONx, SiONPx1, and SiONPx2 surfaces had

significantly more fibronectin deposition compared with GCS
and TCP, along with marked enhancement in the tubular net-
work structure on all SiONx- and SiONPx-coated plates. SIONPx2
(O: 14.2 at %) produced the densest fibronectin structure along
with tubular arrangement of fibers compared with all groups
(Fig. 2E).

Capillary tubule formation under toxic hydrogen peroxide

Fluorescent images and tubular network lines traced on Image)J
software showed improved tubular structure formation and
length in HUVECs placed on PECVD SiONx- and SiONPx-coated
materials compared with GCS and TCP (Fig. 3). All SiONx and
SiONPx groups presented a significantly enhanced total tubule
length (SiONx-coated plates showed 30% [p < 0.05], SiONPx1
43% [p < 0.05], and SiONPx2 65% improvement [p < 0.01]) as
compared with TCP. Conversely, GCS showed a significant reduc-
tion in total tubule length compared with all other groups
(p < 0.01; Fig. 3B,K).

Angiopoietin-1 and 4-HNE protein adduct levels in
conditioned medium after oxidative stress (ELISA)

ELISA showed that SiONx and SiONPx groups induced a marked
increase in ANG1 production in HUVECs under toxic oxidative
stress as compared with control (TCP) after 24 hours. The SiONx
group showed twofold, SIONPx1 more than sixfold, and SIONPx2

B 60f 18 do MONTE ET AL.

JBMR Plus (WOA)



SiONP1
[F] -
100 - -
ks P
a— % %k T
Q.
80 | of
3 o
g e
[}] . *
© C . .
; — = 404 n=4/grou
SiONP2 -l e ¢ **p/<gO o1
(o IGY :
= 20{*= *p<0.05
—_
2 - T #p<0.05
o T T T T T
GCSs TCP SiON SiONP1 SiONP2

Fig 2. Fibronectin deposition by human umbilical vein endothelial cells (HUVECs) in vitro. (A-E) Fluorescent images after immunostaining for fibronectin
deposition 5 days after HUVECs were exposed to toxic oxidative stress (0.6mM hydrogen peroxide). Scale bar = 200 pm. (F) Graph of data analysis after
ANOVA (Tukey’s pairwise) shows of percentage of area occupied by fibronectin after data collection using ImageJ. GCS = glass cover slip; SION = silicon
oxynitride; SIONP = silicon oxynitrophosphide; TCP = tissue culture plate. n = 4. **p < 0.01, *p < 0.05, and #p < 0.05, compared with TCP group.

almost fivefold increase in the levels of ANG1 (Fig. 4A). There was
no significant difference in 4-HNE protein adduct levels among
the coated implant plate groups. However, all the SiONx- and
SiONPx-coated groups showed significantly reduced levels of
4-HNE protein adduct as compared with TCP (control) (p < 0.05;
Fig. 4B).

Gene expression of angiogenic and oxidative stress
markers on HUVECs under toxic hydrogen peroxide levels

All angiogenic markers (VEGFA, nesprin-2 [NES2], ANG1) were
significantly overexpressed for SIONx- and SiONPx-coated plates
compared with the control as shown in Fig. 5. VEGFA (Fig. 5A)
was expressed twice as much in HUVECs seeded on PECVD-
coated plates (p < 0.05). NES2 (Fig. 5B) was overexpressed in
SiONx (1.64 £ 0.11 times, p < 0.01), SIONPx1 (1.44 £ 0.1 times,
p < 0.01), and SiONPx2 (1.67 + 0.2 times, p < 0.01) as compared
with the control group. ANG1 (Fig. 5C) was overexpressed in
SiONx (1.47 £ 0.12 times, p < 0.05), SIONPx1 (1.79 4+ 0.35 times,
p < 0.05), and SiONPx2 (O: 14.2 at %; 2.71 + 0.98 times, p < 0.05)
more than the control group.

Among all the studied oxidative stress markers (CAT-1, SOD-1,
GPX-1, NRF2, NOS-3), GPX-1 (Fig. 5F) presented no significant dif-
ference compared with the control group. CAT-1 (Fig. 5D) was
significantly overexpressed in SiONx (1.49 +0.12 times,

p < 0.05), SIONPx1 (1.69 £ 0.11 times, p < 0.05), and SiONPx2
(1.75 £ 0.23 times, p < 0.05) than the control group. SOD-1
(Fig. 5E) expression was significantly more in SiONx
(291 £0.24 times, p <0.01), SIONPx1 (2.76 + 0.14 times,
p < 0.05), and SiONPx2 (2.16 + 0.42 times, p < 0.05) as compared
with the control group. Also, NOS-3 (Fig. 5G) showed significant
overexpression in SiONx (1.22 + 0.09-fold, p < 0.05), SIONPx1
(1.46 + 0.21 times, p < 0.05), and SiONPx2 (1.64 + 0.27 times,
p < 0.05), along with the other biomarkers. NRF2 (Fig. 5H) was
overexpressed in SiONx (1.99 4 0.44 times, p < 0.01), SIONPx1
(2.85 £+ 0.61, times, p < 0.001), and SiONPx2 (5.61 + 0.75, times,
p < 0.001) as compared with the control.

In vivo evaluation of PECVD-coated fixative plates

Surgical procedures with coated and uncoated fixative implants
are shown in Fig. 6A. During sample harvesting there was no
macroscopic evidence of inflammation, and all samples were
well-positioned inside the defect as verified by X-ray images in
Fig. 6B. The animals were divided into three groups (n = 3 per
group): sham, uncoated implant “Si bare wafer,” and SiIONPx2.
Because of the results of the in vitro experiments, SIONPx2 plate
was used in the in vivo studies. It is also important to mention
that no adverse events were observed with the current model
and the used biomaterials.
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Fig 3. (A-E) Fluorescent images after calcein-AM staining of human umbilical vein endothelial cells (HUVECs) capillary tubule formation under toxic oxi-
dative stress (0.6mM hydrogen peroxide). Scale bar = 200 pm. (F-J) Tree capillary network traced lines after analysis by angiogenesis analyzer (ImageJ
plugin) software. (K) Graph of data analysis after ANOVA (Tukey's pairwise) shows comparison of total tubule length. GCS = glass cover slip; SION = silicon

oxynitride; SIONP = silicon oxynitrophosphide; TCP = tissue culture plate.

n=4.*%p < 0.01 and *p < 0.05, compared with TCP group.

Serum analysis (ELISA)

The bare silicon wafer control group showed a significant eleva-
tion in the 4-HNE serum concentration at 7 days after surgery
(57.81 &+ 6.4 pg/mL) as compared with the preoperative levels
(42.64 + 1.72 pg/mL), with a reduction at 15 days after surgery
(37.32 £ 4.11 pg/mL, p < 0.05). The 4-HNE serum concentration
for the uncoated “bare” implant group was significantly higher
at 7 days as compared with the sham group (39.67 + 1.28
pg/mL, p < 0.05). The sham and SiONPx-coated plate groups
did not show any significant differences among the three time
points within the same group (p > 0.05; Fig. 7A). We also saw sig-
nificant increased NRF2 activity in serum for the SiONPx-coated
group as compared with the bare implant group (Fig. 7B).

Histological analysis of harvested samples
Sanderson’s staining

Sanderson’s staining of coronally sectioned calvaria is shown in
Fig. 8 and shows areas used for capturing immunofluorescent
images for CD31 and 4-HNE. The coronal section of the sham-
operated group is seen in Fig. 8A where the dotted black rectan-
gular box represents the analyzed area. The surgical bone defect
sample is shown in Fig. 8B, where the dotted green rectangular

box represents the empty defect, the dotted red rectangular
box represents the new tissue formed on the plates, and the dot-
ted red circle represents the rat calvarial muscle area analyzed.
Fig. 8C shows high magnification images of the cross section,
where there is more vascular as well as osteoid formation on
the SiONPx surface as compared to the empty defect.

Immunostaining (CD31, ANG1, HIF-1a, NRF2, and 4-HNE)

CD31 was used to compare samples collected from calvarial
muscle, sham, empty, uncoated “bare” implant, and SiONPx2.
And in the 4-HNE analyses, samples from empty, sham, uncoated
implant, and SiIONPx2 were compared. Rats implanted with
SiONPx showed significantly more CD31-positive cells (twofold
increase), than the empty and uncoated implant (p < 0.01)
groups. There was no significant difference when quantified
among SiIONPx2, muscle (positive control), and sham groups
(p > 0.05; Fig. 9).

ANG1 immunostaining (Fig. 10A-C) showed significantly
higher expression of ANG1 on the SiONPx2-coated surface as
compared with the uncoated group. There was a significant dif-
ference of 2.5-fold between the coated and uncoated group
(p < 0.001). Fig. 10(D-F) shows the expression of HIF-1a on the
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Fig 5. Human umbilical vein endothelial cell gene expression of angiogenic markers relative to 18S compared with control 24 hours under toxic oxidative
stress (0.6mM hydrogen peroxide). (A) mRNA VEGFA. (B) mRNA nesprin-2. (C) mRNA angiopoietin-1. (D) mRNA Cat-1. (E) mRNA SOD-1. (F) mRNA GPX-1. (J)
mRNA NOS-3. (H) mRNA Nrf2. ang-1 = Angiopoietin 1; Cat-1 = catalase 1; GPX-1 = glutathione peroxidase 1; NOS-3 = nitric oxide synthase 3; Nrf2 = nuclear
factor erythroid 2-related factor 2; SiON = silicon oxynitride; SIONP = silicon oxynitrophosphide; SOD-1 = superoxide dismutase 1; VEGFA = vascular endo-
thelial growth factor A. N = 4. ***p < 0.01 and *p < 0.05, compared with control.

SiONPx-coated and uncoated implant plates. Results show a sig-
nificant difference (p < 0.05) between the two groups.

The percentage of area occupied by 4-HNE tissue fluores-
cence signal shows no statistical difference among the groups
(p > 0.05; Fig. 11A-F). The tissues surrounding the SiONPx-
coated plate showed two times more NRF2 expression

Discussion

We found that SiONx and SiONPx groups could reduce cell death
in HUVECs and improve proliferation (as seen in Fig. 1). The
released ions and/or the surface energy seem to have a protec-
tive effect on HUVECs, even when exposed to 0.6mM H,0,. We

(Fig. 11G-I; significant difference) as compared with the
uncoated plate group.

could not find studies that correlate SiONx- or SiONPx-based
materials with a reduction of endothelial cell death, particularly
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Fig 6. (A) Surgical procedure for material implantation. (I.) Gross image of calvarial defect surgery with dental bur. (ll) Gross image of the parietal bone
bilateral calvarial defect (6 x 4 mm), implant on the left (yellow arrow) and empty on the right (white arrow). (B) Samples harvested from rat calvarium
15 days after surgery. (1) Gross image shows the macroscopic superior aspect of the calvaria. (Il.) An X-ray image with the sham (left) and calvarial defects
and implant (right). The white arrow points to the implant. n = 3.
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Fig 7. Bar graph shows 4-HNE protein adduct concentration in the rat serum presurgery, 7 days postsurgery, and 15 days postsurgery (competitive
ELISA). *p < 0.05 (one-way ANOVA—Tukey’s pairwise within the uncoated “bare” implant group) and #p < 0.05 (one-way ANOVA—Tukey's pairwise, same
time point different groups).
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Fig 9. Immunofluorescence staining (Alexa Fluor 594) for CD31 15 days after implantation. Scale bar = 100 pm. (A) Negative staining control (no second-
ary antibody was used). (B) Calvarial muscle (positive control). (C) Sham (surgical procedure, no bone defects). (D) Empty defect. (E) Uncoated “bare”
implant. (F) SiONP2. (G) Percentage area occupied by blood vessels and capillary network relative to sham. SIONP = silicon oxynitrophosphide. **p < 0.01,

compared with empty and uncoated “bare” implant groups.

under oxidative stress conditions. However, studies have
reported that ionic silicon and silica-based materials improve
endothelial cells’ proliferation by upregulating several angio-
genic markers.11384%50 Oyr findings suggest that these bioma-
terials could accelerate tissue regeneration under unfavorable
conditions, such as hypoxia and elevated ROS present in large
and complex bone defects.

In the following in vitro experiments, we detected a signif-
icant improvement in the length of the capillary tubule net-
work and the fibronectin deposition in all PECVD-coated
SiONx- and SiONPx-implant plates, particularly with the
SiONPx2 (O: 14.2 at %) group (Fig. 2A). Some previous studies
have shown silica-based materials can improve endothelial
cells’ capillary tubule formation.""'*® However, none of these
studies showed this effect under oxidative stress conditions,
as observed in our experiments. Fibronectin is a glycoprotein
that is produced by HUVECs and plays a major role in extra-
cellular matrix formation during angiogenesis. This protein
regulates vascular remodeling, endothelial cell migration, sur-
vival, and elongation.?®>'*? |n Fig. 2C-E, we can see that
SiONx, SiONPx1, and SiONPx2 groups show enhanced fibro-
nectin deposition in a circular shape with significantly higher
density in the SiONPx groups.

We found that ANG1 production was enhanced in HUVECs
exposed to SiONx, SIONPx1, and SiONPx2 (Fig. 4A). In addition,

all PECVD-coated groups presented a significant reduction of
4-HNE adduct (Fig. 4B). ANG1 has been observed in previous
studies to protect endothelial cells against apoptosis when they
are under unfavorable survival conditions."'>'” Moreover, this
protein is important for endothelial cell migration, proliferation,
and differentiation."®>3 Another pertinent aspect is that ANG1
can induce osteoblastic differentiation, bone matrix deposition,
and enhance bone mineral density.** >> The 4-HNE protein
adduct is a product of lipid peroxidation and has been used to
demonstrate oxidative stress levels in vivo and in vitro. Other
molecules, such as malondialdehyde (MDA), have been used to
measure oxidative stress levels; however, MDA is less stable with
a shorter half-life. Our results showed that the PECVD-coated fix-
ative implants reduced oxidative stress and enhanced ANG1 pro-
duction, which could be preventing cell death as observed in our
initial in vitro experiment (Fig. 1).

The evaluation of angiogenic gene expression markers
showed that the mRNA levels of ANG1 were at least 2.5-fold
enhanced in the SIONPx groups, and that finding corroborates
with the protein level in the conditioned medium. VEGFA and
NES2 mRNA levels were also enhanced in all groups with SiONx
and SiONPx. VEGFA is a well-known major regulator of angiogen-
esis and can be stimulated by multiple factors.®®>”) Studies have
shown that ionic silicon released from the mesoporous silica and
bioactive glasses can enhance angiogenesis by upregulating

B 120f 18 do MONTEETAL.

JBMR Plus (WOA)



SiONPx2 coated implant 100 pm

100 pm

SiONPx2 coated implant

Bare implant “Uncoated”

Bare implant “Uncoated”

*kk

]

]

(%) Area occupied by Ang-1
*

F

2.5
j *
u
T 2.0- .
E *
B 1.5
Q
3 .
8 1.0 .
8

K3

< 5. = —
X

0.0

Uncoated Plate Coated Plate

Fig 10. Immunofluorescence staining (Alexa Fluor 594) for Ang-1 and HIF-1a, 15 days after implantation. Scale bar 100 pm. (A) SIONPx2. (B) Uncoated
“bare” implant. (C) Percentage of area occupied by Ang-1. Statistical difference, ***p < 0.001. (D) SIONPx2. (E) Uncoated “bare” implant. (F) Percentage
of area occupied by HIF-1a. Statistical difference, *p < 0.05. Ang-1 = Angiopoietin-1; HIF-1a = hypoxia inducible factor-1 alpha; SiIONP = silicon

oxynitrophosphide.

VEGFA."""*® As mentioned above, ANG1 is relevant in angiogen-
esis and osteogenesis.1>17185455) NES2 is a large multidomain
protein that plays a dominant role in regulating endothelial cell
shape and migration. This protein connects the nuclei to the
cytoskeleton and regulates the architecture of both structures,
controlling the angiogenic loop formation during precapillary
tubular network organization.®®

Previously, a study reported that products of dissolution of
calcium silicate can stimulate angiogenesis by inducing NOS
upregulation.®® NO can have an ambiguous role in angiogene-
sis under oxidative stress conditions. On one hand, high levels
of superoxide can neutralize the angiogenic effect of NO by
forming peroxynitrite, which is a highly toxic molecule.®” On
the other hand, authors have reported that NO suppresses
angiostatin, which is an inhibitor of angiogenesis.®? However,
NOS-3 and NO are associated with fracture healing modulation
and are necessary for adequate bone formation,®*** which sup-
ports the use of SiONx and SiONPx in bone defects. Although
these in vitro studies give us great insight on the various factors
that may be involved in enhanced angiogenesis for SIONx- and
SiONPx-coated plates, they have a limitation: they cannot repli-
cate the complex in vivo environment.

In the in vivo experiments we measured angiogenesis by
CD31 and ANG1. We also measured NRF2 activity and oxidative
stress by 4-HNE immunofluorescent staining. In addition, 4-HNE

was measured from blood samples collected before and after
surgery. The SIONPx2-coated plate was used for the in vivo study
as it presented the most relevant outcome in the in vitro exper-
iments. SiIONPx2 plates enhanced ANG1 expression and
increased blood vessel density regenerated on the coating sur-
face were similar to those seen in the evaluation of blood vessel
density in cortical bone. In 2006, Kingsmill and colleagues stud-
ied the cortical vascular canals in human cranium and mandible
based on quantitative calculations from digital backscattered
electron images.®® They reported that the mandible (labial
aspect of the midline) has a high number of blood vessel canals
(mean, 7.2/mm?) and a canal area of 7.5% compared with the
parietal bone that has less blood vessel canals (mean, 5.9/mm?)
and canal area of 5.5%.°% These results also support our
in vitro observations and show that these coated plates can sup-
port and enhance angiogenesis in critical-size bone defects.
4-HNE immunostaining could not detect a difference between
groups, likely because of lipid peroxidation product elimination
or the adduction to other molecules by day 15. Studies have
found that 4-HNE is unstable and can be difficult to detect after
10 days from the initial oxidative stress event.*®%”) After 7 days,
the serum levels of 4-HNE adduct showed that animals
implanted with SIONPx2 (O: 14.2 at %) in the left calvarial bone
defect presented no difference compared with preoperative
levels. This observation suggests that the surfaces coated with
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Fig 11. Immunofluorescence staining (Alexa Fluor 594) for 4-HNE and (Alexa Fluor 488) for NRF-2, 15 days after implantation. Scale bar = 50 pm. (A) Neg-
ative control. (B) Sham. (C) Empty defect. (D) Uncoated “bare” implant. (E) SIONP2. (F) Percentage of area occupied by 4-HNE. After one-way ANOVA—
Tukey's pairwise, it was not detected difference among the studied groups (p > 0.05). (G) SiIONPx2. (H) Bare implant. (/) Percentage of area occupied by
NRF2. 4-HNE = 4-Hydroxynonenal; NRF2 = nuclear factor erythroid 2-related factor 2; SIONP = silicon oxynitrophosphide. Statistical difference,

*#%kp < 0.001.

SiONx and SiONPx by PECVD can reduce ROS and possibly
improve and accelerate osseointegration of the biomaterial.

In general, all elements used in our study for the PECVD-
surface coating have been reported to facilitate angiogene-
sis.1*869 Among Si, N, and P, Si is the most studied and sup-
ported in enhancing angiogenesis.!373%7%71 A5 shown in
Table 2, EDS analysis shows that the difference between SiONXx,
SiONPx1, and SiONPx2 (O: 14.2 at %) groups is mainly repre-
sented by Si, O, and N at %, as P represents <1 at % of surface
composition. However, the addition of P and the different N,O

flow rate between SiONPx1 and SiONPx2 (Table 1) played a role
in the elemental surface composition of these two coatings. It
seems that the elevated silicon at % can be responsible for the
SiONPx1 and SiONPx2 outcome in enhancing angiogenesis and
reducing the oxidative stress found in our in vitro studies. In
terms of ionic surface composition, the different results observed
in the SIONPx1 (O: 7.3 at %) and SiONPx2 (O: 14.2 at %) groups
can be attributed to oxygen content. The SiONPx2 group pre-
sented twice more oxygen than the SiONPx1. Furthermore,
despite not being part of this study, we have also shown in a
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concurrent study that SIONPx2 presented significantly reduced
wettability compared with SiONPx1, which also can justify
enhanced angiogenic effect of surfaces coated with
SiONPx2," as more hydrophilic surfaces enhance angiogenesis
by improving cell attachment and proliferation.”%”®

Antioxidant markers also play an important role in mitigating
the effects of excessive ROS and oxidative stress. At the end of
in vitro experiments, we measured the mRNA level of antioxidant
enzymes and NOS. Our results showed that SOD-1 and CAT-1
were significantly upregulated by PECVD-coated surfaces. More-
over, NOS-3 levels were significantly elevated in SiONPx groups.
SOD-1 is an enzyme that catalyzes the conversion of superoxide,
the main ROS produced during cell metabolism, to H,0,. CAT-1
is a potent antioxidant protein that accelerates the conversion
of H,0, in H,0 and O, Thus, the enhancement of SOD-1 and
CAT-1 activity reduces oxidative stress and accordingly improves
biocompatibility ad osseointegration.”# NOS-3 is an enzyme
that participates in NO synthesis and is important for angiogen-
esis and tissue regeneration.”” Our group has reported the
important role of ionic silicon in SOD-1 regulation within osteo-
blasts differentiated from MC3T3 cells.”’

NRF2 is a latent protein that is a major transcriptional activator
of genes coding for enzymatic antioxidants, such as CAT and
SOD, as well as a major anti-inflammatory signaling molecule
that can be induced to express upon traumatic injury.”® A study
showed that a Si-rich diet could reduce oxidative stress in the
liver of aged rats by neutralizing peroxides generated from high
cholesterol diets in a similar manner as hydroxytyrosol.”” This
study showed that SOD-1, CAT, and NRF2 were able to recover
to the nominal levels as that of rats not given cholesterol and
showed the ability of Siions to neutralize ROS and rescue normal
function.””’ Our results showed for the first time that all plates
coated with amorphous SiONx or SiONPx upregulated NRF2. Per-
haps this major regulator is playing a role in the antioxidant
effect of SIONx and SiONPx in HUVECs. The SOD enzyme has a
cationic site formed by zinc (Zn) and/or copper (Cu) that by elec-
trostatic interaction facilitates the bond between the enzyme
and superoxide (0,7).78%9 Using the same rationale, the Si**
released from the plate coated with SiONx and SiIONPx® can
reduce oxidative stress by interacting with superoxide and pre-
venting interaction with lipids, DNA, and proteins.

Finally, we speculate on the effect of these surfaces on antiox-
idant metalo-enzymes such as SOD1, CAT, and NRF2. Antioxidant
metalo-enzymes are activated by transition metal cations such as
Cu?*, Zn?*, and Mg** because of their ability to present electrons
in a third orbital state for reaction with the enzymes.®"#? This is
required to overcome the spin orbital restriction associated with
enzyme activity for this family of enzymes.®® We have shown in
prior work that SiONx and SiONPx induce spin orbit splitting in
which 2p Si electrons transition to third theoretical orbitals when
N is added to their structures.®*5> We suggest that the added
electron availability not only overcomes this spin restriction,
the presence of the higher valance state Si** increases charge
transfer to antioxidants as follows:

M+ D+ /SOD1 +2n0,~ +2nH* =M1+ 1+

M
SOD1 +nH,0, + n0O,

In Equation (1), M represents transition metal cations such as
Cu,Zn,and Mnand n= 1,2, or 3. Equation (1) presents the overall
reaction that has two steps. One step is the cation is reduced as it
reduces superoxide. The other step involves the oxidation of the

cation as superoxide is reduced.®® This means that the cation
acts as a catalyst and as such conserves charge. For Si, the
increased valence state of Si undergoes more moles of superox-
ide reduction. Antioxidants such as glutathione peroxidase fur-
ther dissociate the peroxide molecule into hydroxyl groups,
which are further reduced by CAT.®® For NRF2, which anchored
in the cytoplasm through binding to Keap1, Si ions may dissoci-
ate Keap1 within the cytosol to release NRF2, which then translo-
cate into the nucleus as seen in Fig. 11G-I. We will further
investigate these reactions using metabolomics analysis to bet-
ter understand the reaction efficiency of such reactions in future
work to further elucidate this reaction mechanism.

Conclusion

In conclusion, our study found that fixative plates coated with
SiONx and SiONPx sustained cellular viability, enhanced matrix
deposition, and capillary tube formation in HUVECs under toxic
oxidative stress. In addition, we found under the same conditions
that these coatings upregulated ANG1, VEGFA, and antioxidant
enzymes NRF2, SOD1, and CAT. An in vivo experiment showed
that the plates coated with SiONx and SiONPx, mainly SIONPx2,
enhanced angiogenesis and reduced oxidative stress. These
findings support the use of fixative implants coated with SiONx
and SiONPx formed by Si (58.7 at %), O (14.2 at %), N (26.8 at
%), and P (0.27 at %) in bone defect by creating a favorable envi-
ronment for faster healing rates, and accordingly mitigation of
implant loosening and failure. The use of a large skeletally
mature animal like pigs, dogs, goats or sheep will provide future
clinical relevance and efficacy of these fixative implant coatings
for further translational use. Finally, the PECVYD manufacturing
cost, automation during fabrication, ability to coat all 3D and
porous geometries, and relatively rapid manufacturing time
make these nanoscale coatings highly viable for potential future
clinical use.
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