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Amorphous Silicon Oxynitrophosphide-Coated Implants
Boost Angiogenic Activity of Endothelial Cells

Felipe A. do Monte, MD, PhD,1,2 Kamal R. Awad, MS,3,4 Neelam Ahuja, MS,4 Harry K.W. Kim, MD,2,5

Pranesh Aswath, PhD,3 Marco Brotto, PhD,4 Venu G. Varanasi, PhD3,4

Lack of osteointegration is a major cause of aseptic loosening and failure of implants used in bone replacement.
Implants coated with angiogenic biomaterials can improve osteointegration and potentially reduce these
complications. Silicon- and phosphorus-based materials have been shown to upregulate expression of angio-
genic factors and improve endothelial cell functions. In the present study, we hypothesize that implants coated
with amorphous silica-based coatings in the form of silicon oxynitrophosphide (SiONP) by using plasma-
enhanced chemical vapor deposition (PECVD) technique could enhance human umbilical vein endothelial cell
angiogenic properties in vitro. The tested groups were: glass coverslip (GCS), tissue culture plate, SiON,
SiONP1 (O: 7.3 at %), and SiONP2 (O: 14.2 at %) implants. The SiONP2 composition demonstrated 3.5-fold
more fibronectin deposition than the GCS ( p < 0.001). The SiONP2 group also presented a significant im-
provement in the capillary tubule length and thickness compared with the other groups ( p < 0.01). At 24 h, we
observed at least a twofold upregulation of vascular endothelial growth factor A, hypoxia-inducible factor-1a,
angiopoietin-1, and nesprin-2, more evident in the SiONP1 and SiONP2 groups. In conclusion, the studied
amorphous silica-coated implants, especially the SiONP2 composition, could enhance the endothelial cell
angiogenic properties in vitro and may induce faster osteointegration and healing.
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Impact Statement

In this study, we report for the first time the significant enhancement of human umbilical vein endothelial cell angiogenic
properties (in vitro) by the amorphous silica-based coatings in the form of silicon oxynitrophosphide (SiONP). The SiONP2
demonstrated 3.5-fold more fibronectin deposition than the glass coverslip and presented a significant improvement in the
capillary tubule length and thickness. At 24 h, SiONP reported twofold upregulation of vascular endothelial growth factor A,
hypoxia-inducible factor-1a, angiopoietin-1, and nesprin-2. The studied amorphous silica-coated implants enhance the
endothelial cell angiogenic properties in vitro and may induce faster osteointegration and healing.

Introduction

New blood vessel formation is a crucial event for ad-
equate bone healing.1 Large bone defects are associated

with proportional vascular damage.2 Poor vascularization re-
sults in reduced oxygen and nutrients at sites of injured tissues,
which are necessary in high demand for tissues under regen-
eration.3 The lack of sufficient vascularization can lead to
nonunion and delayed union, requiring surgical intervention

for bone replacement.4,5 Commercially available implants,
such as polyether ether ketone, TiO2, polymethylmethacrylate,
and bioceramics, have been used for this purpose.6–9 However,
the lack of osteointegration is still a problem with these mate-
rials, which can undergo some degree of loosening and failure.10

Studies have used bioceramic coatings to enhance
osteointegration.11–13 Frequently used materials are hydroxy-
apatite, which despite being the main component of natural
bone, does not have osteoinductive capacity14 as well as have
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poor adhesion to the substrate. Bioactive glass 45S5 (Bioglass�)
is osteoinductive and osteoconductive15; however, the Bioglass
coating process requires elevated temperatures that can create
cracks and lack of efficient adhesion between the coating and
underlying material leading to delamination.16 The residual
stress at the coating/metal interface due to the coupled effects of
thermal expansion mismatches, and plastic deformation of the
substrate/elastic recovery of the coating is the main reason for
interfacial crack formation leading to delamination.16

However, plasma-enhanced chemical vapor deposition
(PECVD) coating has remarkable advantages compared with
other coating methods. This method requires a relatively low
temperature (*300�C) and prevents mismatch between the
coating and the substrate materials. PECVD coating can ef-
ficiently form a stable coating layer of amorphous silica on
an underlying metal surface. These PECVD silica-based
materials have been shown to enhance new bone formation
by enhancing osteoblast differentiation and matrix deposi-
tion.17–21 This amorphous silica-coating layer formed by Si,
O, and N (SiON) is able to undergo dissolution in an in vitro
cell-free physiological environment, and in 6 h can be rapidly
released, interact with medium, and form a hydroxycarbonate
apatite layer.21

Furthermore, the same work demonstrated that SiON-
coated implants can enhance osteogenesis and biominer-
alization.21 Another study using the same coating method and
composition reported that SiON implants can enhance os-
teogenesis by upregulating superoxide dismutase 1 (SOD-1),
which is a potent antioxidant enzyme that plays a role on
osteogenesis, angiogenesis, and oxidative stress pathways.17

Moreover, these materials can induce angiogenesis in
human umbilical vein endothelial cells (HUVECs) by up-
regulating hypoxia-inducible factor-1a (HIF-1a) and vas-
cular endothelial growth factor A (VEGF-A).22 Also, the
previous studies explained that PECVD-coated SiON im-
plants have a hydrophilic surface23 with high surface energy
that is directly correlated with the low contact angle (<90�)
of the coating. These surface properties improved the cell
attachment and proliferation.24–27

Other studies demonstrated that ionic phosphorus can en-
hance angiogenesis by upregulating VEGF-A in preosteoblast
cell lines, metalloproteinase-2, and fibroblast growth factor-
basic (bFGF) in endothelial cells.28–30 The effect of nitrogen
on HUVECs angiogenesis is unclear and sometimes ambig-
uous.31 However, nitric oxide has an important role on an-
giogenesis due to its inhibition of angiostatin, which is an
angiogenic suppressor.32

Moreover, it inhibits endothelial cell apoptosis, enhances
endothelial cell proliferation by upregulation of VEGF-A
and bFGF, and induces cells migration by stimulating po-
dokinesis overexpression of integrin alpha v beta 3.33–36

The angiopoietin-1 (Ang-1) is a protein well known for
playing a significant role on angiogenesis by promoting
endothelial cell migration, differentiation, and survival.37,38

Silica-based materials have been correlated with mRNA
Ang-1 upregulation in HUVECs.38 Therefore, these mate-
rials can potentially promote angiogenesis and endothelial
cell viability through facilitation of Ang-1 production in the
implants host environment.

Supported by the above observations, we hypothesize that
a silicon oxynitrophosphide (SiONP) PECVD coating can
enhance angiogenesis by facilitating endothelial cell adhe-

sion, proliferation, migration, matrix deposition, and capil-
lary tubule formation. Moreover, we believe that SiONP
implants can overexpress angiogenic and antioxidant mark-
ers. Our initial aim was to evaluate the contact angle and cell
adhesion of the surface, making a correlation between both.
Following, we evaluated the effect of SiON and SiONP im-
plants on HUVECS viability, proliferation, fibronectin de-
position, cell migration, and capillary tubule formation.
Finally, we measured the gene expression of angiogenic
markers (VEGF-A, HIF-1a, Ang-1, and nesprin-2) and oxi-
dative stress markers (SOD-1, catalase-1 [CAT-1], glutathi-
one peroxidase-1, and nitric oxide sytnthase-3 [NOS-3]).

Materials and Methods

Study design

The materials used in this study were as follows: HUVECs,
Endothelial Cell Basal Medium-2 (EBM-2), and Endothelial
Cell Growth Medium-2 (EGM-2) from Lonza�; glass cov-
erslip (GCS), tissue culture plate (TCP), and PECVD-coated
amorphous silica-based implants: SiON, SiONP1 (Si = 61.8,
O = 7.3, N = 30.5, at %), and SiONP2 (Si = 58.7, O = 14.2,
N = 26.8, at %); Alexa Fluor 488� Phalloidin actin staining,
4¢,6-Diamidine-2¢-phenylindole dihydrochloride (DAPI), and
Calcein-AM BD Biosciences� staining; immunostaining, anti-
fibronectin (primary antibody), and mouse anti-goat with
Alexa 488 (secondary antibody); Trizol�, isopropanol 100%,
and ethanol 75%; RNA purification filter from Invitrogen�,
GoScript� Reverse Transcription System for cDNA conver-
sion, and Gene expression assay from TaqMan� for angiogenic
and antioxidant markers; phosphate-buffered saline (PBS),
fetal bovine serum (FBS), and penicillin (10,000 units)/strep-
tomycin (10 mg)/per milliliter (P/S) from Sigma–Aldrich.

Fluorescent images were captured using the Zeiss Axio
Vert.A1 Inverted microscope. OriginPro2017, Past3, and
Microsoft Excel were used for graphs and data analysis. A
microplate reader was used for absorbance reading, a nano-
drop was used for measuring RNA concentration, and PCR
Thermo Fisher Scientific 7000 was used for cycle threshold
(Ct) values on a quantitative reverse transcriptase-polymerase
chain reaction (qRT-PCR). All experiments used HUVECs
from passage 2 to 4, and the cells were all subcultured at least
once after thawing and before experiments. Each experi-
mental section used cells from the same passage. All PECVD-
coated samples and GCS were sterilized by dry heat applied
using standard bacti-cinerator inside the biosafety cabinet.

PECVD-coated amorphous silica-based
implants fabrication

Four-inch diameter <100> test-grade P-type silicon
wafers were acquired from NOVA Electronic Materials
(Flower Mound, TX). A standard cleaning procedure was
used as follows.21 First, the silicon wafers were immersed
in a piranha solution (3:1 mixture of sulfuric acid [H2SO4,
96%] and hydrogen peroxide [H2O2, 30%]) for 10 min.
Second, they were removed, rinsed in deionized (DI) water,
and blown with nitrogen (N2). Third, the wafers were im-
mersed in hydrofluoric acid to remove the native oxide layer.
Finally, the wafers were rinsed in DI water for three cleaning
cycles, dried with N2 gas, then placed on 200�C hot plate for
5 min, and stored in a clean dry container.8,9
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A TRION ORION II PECVD/LPECVD system (Trion
Technology, Clearwater, FL) was used to deposit a 200 nm
uniform coating of SiON and two different compositions of
SiONP (Table 1). All coatings were processed at a substrate
temperature (T) of 400�C (temperatures for deposition can be
200–599�C for amorphous SiONPx and SiONx films and
coatings), a chamber pressure (P) of 900 mTorr (deposition
pressure can be 50–2000 mTorr), an inductively coupled plasma
(ICP) power of 30 W (showerhead ICP power 20–500 W), and
an applied excitation frequency of 13.56 MHz(100 KHz1-GHz).
The gas source and flow rates of SiON and SiONP process
coatings can be seen in previous17,21 and current39 publications.
SiONP1 and SiONP2 implants used in the presented study can
be recognized by sample 3 and 4 from the latter publication.39

The refractive indices and thicknesses were measured using
an ellipsometer at a wavelength of 632.8 nm (Gaertner
LS300). The results of thickness and refractive indices were
also confirmed using a reflectometer (Ocean Optics NC-UV-
VIS TF Reflectometer). The elemental surface composition
was verified on each PECVD-coated implant group using
Energy Dispersive X-Ray Analysis (EDX) detector attached
with scanning electron microscopy (SEM) (Hitachi S-3000N
Variable Pressure SEM) at acceleration voltage of 12 KeV.
The surface elemental composition is shown in Table 1. The
SEM was also used for verifying the film thickness at 20 KeV.

Surface wettability

The tested groups were as follows: GCS, TCP, SiON,
SiONP1, and SiONP2. The hydrophilicity of the surfaces
was inferred from the contact angle of water. The contact
angle of DI water droplets on the wafer-coated surface was
measured using a sessile drop technique. For each sample,
the contact angle of nine repeat drops of DI water was
measured at room temperature and each coating was tested
in triplicate. The images were captured using a high-speed
camera (WATEC, high resolution, NAVITAR lens) synced
to FTA32 Software (First Ten Angstrom).

Cell attachment

GCS of 1.5 cm diameter and TCP were used as negative
and positive controls, respectively. Amorphous silica im-
plants (SiON, SiONP1, and SiONP2) measuring 1.2 · 1.2 cm
and GCS measuring 1.5 cm diameter were placed in a 12-well
plate and 5 · 103 cells/cm2 were seeded on the top of each
surface using 100mL of EBM-2 without FBS or other growth
factors (n = 4 per group). We allowed the cells to attach to a
specific surface for 45 min and the amount of medium was
completed up to 1 mL/well. After 4 h, the surface was gently
washed 2 · with PBS and then fixed with 4% paraformalde-
hyde prepared in PBS. The cells were permeabilized with
Triton X-100 (0.1%), washed with PBS, and stained with

Alexa Fluor 488 for actin and DAPI for nuclei. Four fluo-
rescent pictures were captured per group in 10 · magnifica-
tion, and cells were counted using ImageJ Software (NIH).

Cell viability

The cells were seeded on GCS (control for cell behavior on a
silica-based surface), TCP (control for cell behavior on an op-
timized surface for osteoprogenitors), SiON, SiONP1, and
SiONP2 surfaces in a density of 5 · 103 cells/cm2. EBM-2 was
supplemented with 0.1% FBS and 1% P/S and used as the
conditioned medium.

This experiment used a 12-well plate and 6 samples per
group. At 24 h, the medium was removed and added MTS assay
reagent diluted five times in the cell culture medium. After 3 h,
60mL of reagent was collected in duplicate and placed in a
96-well plate, and the absorbance was read using a spectro-
photometer at 570 nm wavelength. The living cell count was
collected using a standard curve acquired at the same moment
in the same plate for accuracy. The data were calculated rela-
tive to the initial cell seeding number and normalized to the
surface area of each group: GCS surface area (1.767 cm2), TCP
well (3.8 cm2), PECVD-coating implants (1.44 cm2).

Cell proliferation

Using the same cell seeding density and groups studied on
the previous section (n = 6 per group), the cell growth rel-
ative to the positive control was evaluated after 1, 3, and
7 days. EBM-2 supplemented with 10% FBS and 1% P/S
was used as the conditioned medium and changed every
48 h. The cell number was normalized according to the
surface area and MTS assay was used for cell counting as
mentioned in the previous section (2.4 cell viability).

Effect of eluted ions from PECVD-coated amorphous
silica-based implants on HUVEC proliferation

EBM-2 was supplemented with 2% FBS +1% P/S and was
used as the control for studying the eluted ions from PECVD-
coated implants. Initially, EBM-2 + 1% P/S was placed in a
12-well plate with GCS, SiON, SiONP1, and SiONP2 (n = 6
per group) without cells for 48 h. Then, eluted ions within
medium from PECVD-coated implants and medium in con-
tact with GCS and TCP surfaces were collected from the 12-
well plate and used for this experiment.

Cells were seeded (5 · 103 cells/cm2) in a 96-well plate and
allowed to attach to the well for 30 min before adding the
medium with eluted ions and supplemented with 2% FBS.
The cells were allowed to grow for 24 h (n = 9 per group) and
48 h (n = 9 per group). At each time point, we added 50mL of
Calcein-AM fluorescent dye for live cells. After 30 min, three
pictures were captured at 5 · and 10 · magnifications on a
Zeiss fluorescent inverted microscope per each well and used
for living cells counting (n = 3 per group). MTS proliferation
was also performed after 24 and 48 h (n = 6 per group).

Effect of eluted ions from PECVD-coated
amorphous silica-based implants on HUVECs
transwell cell migration

We used the same groups and procedures that are de-
scribed in the section ‘‘Effect of eluted ions from PECVD-
coated amorphous silica-based implants on HUVECs

Table 1. Energy-Dispersive X-ray Spectroscopy

Analysis of Atomic Surface Composition of SiON,

SiONP1, and SiONP2 Coating

Sample Si (at %) O (at %) N (at %) P (at %) P/N

SiON 52.5 35.1 12.3 0 0
SiONP1 61.8 7.3 30.5 0.28 0.9
SiONP2 58.7 14.2 26.8 0.27 1.0

SiONP, silicon oxynitrophosphide.
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proliferation’’ to prepare the medium before starting the cells
experiment. Using 100mL of EBM-2 + 1% P/S, 30 · 103cells
were seeded on the top surface of the transwell membrane
with 8mm pore size inserted in a 24-well plate (Castor, Inc.).
The plate was placed in the incubator (37�C, 5% CO2, 90%
humidity) for 30 min for adequate attachment. Then, 600mL
of medium was collected from PECVD-coated implants, and
GCS were supplemented with 2% FBS and placed below the
membrane (n = 5 per group).

After 24 h, the cells were fixed with 4% paraformaldehyde,
diluted in PBS, and a sterile cotton swab was used to remove
the nonmigrated cells from the upper part of the membrane.
The cells were stained with DAPI, and we captured three pic-
tures at 10 · magnification using a Zeiss fluorescent inverted
microscope. Cells were counted using the ImageJ Software.

Matrix deposition

The studied surfaces were: GCS, TCP, SiON, SiONP1, and
SiONP2 (n = 6 per group). We seeded 5 · 103 cells/cm2 using a
12-well plate. The GCS and PECVD-coated implants di-
mensions were the same as used for the cell attachment, via-
bility, and proliferation. EGM-2 + 10% FBS +1%P/S was used
on the positive control (TCP), and EGM-2 + 2% FBS +1% P/S
was used for the negative control (GCS) and on amorphous
silica implants (SiON, SiONP1, and SiONP2).

The cells were allowed to grow for 5 days. Then, the
surfaces were blocked with 1% bovine serum albumin pre-
pared in PBS solution, exposed to the primary antibody anti-
fibronectin, and to the secondary antibody (mouse anti-goat
IgG Alexa Fluor� 488) labeled with Alexa 488. We cap-
tured three pictures per sample using a Zeiss fluorescent
inverted microscope at 10 · and 20 · magnifications.

Finally, the ImageJ Software was used to measure the
percentage of area occupied by fibronectin.

Capillary tubule formation on Matrigel� assay

Using a 12-well plate, the cells were seeded on GCS, TCP,
SiON, SiONP1, and SiONP2 (n = 4 per group) at a density of
60 · cell/cm2 per well. Before starting the experiment, pi-
pette tips and well plates were placed in a -20�C freezer for
1 h and the Matrigel thawed overnight at 4�C. First, a 12-well
plate was placed on an ice block inside the cell culture hood
and 200mL of Matrigel was placed on top of GCS, TCP, or
amorphous silica implants. Second, the plates with Matrigel
were placed inside the incubator (37�C, 5% CO2, 90% hu-
midity) for 30 min. Third, the cells were seeded, and the
experiment ran for 6 h. Finally, Calcein-AM 3mM was di-
luted in EBM-2, the medium was carefully aspirated, and the
new medium with Calcein-AM was added. After 30 min, we
captured three pictures per well at 10 · magnification and
used the ImageJ Software for the quantification of total tu-
bule length and tubule thickness.

Quantitative reverse transcriptase–polymerase
chain reaction

In this experiment, 20 · 104 cells per sample were seeded
(n = 4 per group) and EBM +5% FBS was used as the condi-
tioned medium for all the groups (TCP, SiON, SiONP1, and
SiONP2). Initially, we seeded the cells on studied surfaces
using 100mL of medium. After 30 min in the incubator, the total

medium was filled up to 1 mL per well. At each time point, 1 mL
of Trizol was added inside each well and mixed. The cell lysate
with RNA was collected and placed in a 1.5 mL centrifuge tube
and 100mL of chloroform was added into each tube, mixed, left
for 5 min, and centrifuged at 13,000 rpm for 15 min. After
centrifugation,*300mL of the transparent top layer containing
RNA was collected without disturbing the bottom layers (DNA
and proteins) and placed in a new 1.5 mL centrifuge tube.

Five hundred microliters of isopropanol 100% was added
to the new tubes for RNA precipitation and the samples were
centrifuged at 13,000 rpm for 10 min. The isopropanol was
removed without disturbing the RNA pellet, and 1 mL etha-
nol 70% was placed inside the tubes and centrifuged at
10,000 rpm for 5 min. The ethanol was carefully removed
without disturbing the RNA pellet, and the tubes were kept
open at room temperature for 10 min for ethanol evaporation.
At the end, we added 25mL of RNA-free water in each tube
for RNA resuspension. The RNA concentration was mea-
sured using a micro-volume UV-vis spectrophotometer (Nano
Drop 2000c; Thermo Fisher Scientific, Inc., Watham, MA),
and all samples were diluted to 100 ng/mL during cDNA
conversion using the GoScript Reverse Transcription System.

Gene expression assays (TaqMan) were acquired from
ThermoFisher Scientific and prepared in a 20 mL reaction
using a 96-microplate following step-by-step company
protocol. We used Applied Biosystems� 7500 Real-Time
PCR Systems with a standard TaqMan set up, 50 cycles for
a Ct values measurements, and the samples were analyzed in
duplicate. We used the delta-delta Ct method for calcula-
tions. The results were shown relative to the housekeeping
gene and compared with the control. The housekeeping gene
was 18S, and the studied genes were: VEGF-A, HIF-1a,
Ang-1, nesprin-2, SOD-1, Cat-1, and NOS-3 (Table 2).

Statistics

The data are shown as the mean – standard deviation. An
unpaired T-test for data from two groups or one-way ana-
lysis of variance with post hoc Tukey’s pairwise for data
from groups of three or more was used to compare and detect
significant differences, considering a p-value of <0.05. Sample
size was determined based on the number of groups and stan-
dard deviation from a pilot study and previous publica-
tions,17,40,41 and G*Power 3 version 3.0.5 Statistical Software
was used for calculations. A confidence interval of 95% and a
statistical power of 80% for all required calculations were
considered. A Pearson correlation coefficient was considered

Table 2. Gene and Specific TagMan

Assay Identification

Gene Assay identification

VEGF-A Hs00900055_m1
HIF-1a Hs00153153_m1
Ang-1 Hs00919202_m1
Nesprin-2 (SYNE2) Hs00794881_m1
SOD-1 Hs00533490_m1
Cat-1 (CAT) Hs00156308_m1
e-NOS (NOS3) Hs01574665_m1

CAT-1, catalase-1; HIF-1a, hypoxia-inducible factor-1a; SOD-1,
superoxide dismutase 1; VEGF-A, vascular endothelial growth
factor A.
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as high/strong (0.5–1), moderate/medium (0.3–0.49), or low/
small (£0.29). Positive values were considered as direct and
negative values as inverse correlation.

Results

Surface wettability and surface composition

The results of surface wettability for all the tested groups
are presented in Figure 1. Figure 1A shows the contact angle
measured on GCS (64.81 – 6.26�), TCP (50.04 – 3.32�),
SiON (40.31 – 2.92�), SiONP1 (47.39 – 1.01�), and SiONP2
(32.47 – 1.73�) surfaces. SiONP2 surface shows the lowest
contact angle compared with others. However, GCS pre-
sented the highest contact angle compared with other groups
( p < 0.001), which is more than twofold higher compared
with the SiONP2 implant ( p < 0.001).

Table 1 shows the surface composition analysis by EDX of
the PECVD different coatings (200 nm). All the coatings have
a comparable Si (at %) concentration, but SiON (35.1 at %)
has highest oxygen concentration compared with SiONP1
(7.3 at %) and SiONP2 (14.2 at %). Also, the nitrogen con-
centration was lowest for SiON (12.3 at %) compared with
SiONP1 (30.5 at %) and SiONP2 (26.8 at %). Both SiONP1
(0.28 at %) and SiONP2 (0.27 at %) show a comparable
concentration of phosphorous.

Cell attachment and morphology and correlation
with wettability

The results of cell attachment in Figure 1A and B revealed
that the GCS group had the lowest attached cell count of all

the groups ( p < 0.001), indicated by at least threefold less cells
than TCP, SiON, and SiONP1, and fivefold less cells than
SiONP2. SiONP2 presented almost twofold more attached
cells than TCP, SiON, and SiONP1 surfaces ( p < 0.001).
SiON surface presented a significant number of cell at-
tachment compared with SiONP1 ( p < 0.05).

The number of cells attached on the studied surfaces was
correlated with the contact angle for each surface, and we ob-
served a significant strong inverse correlation between the pa-
rameters (r = -0.95, p = 0.0098), as shown in Figure 1C and D.

Cell viability and proliferation

No cytotoxic effects were observed to HUVECs under
minimal survival conditions of EBM-2 and 0.1% FBS on
any surface. We observed that HUVECs exposed to the
SiONP groups (SiONP1 and SiONP2) had a significant
improvement in cell number relative to both positive (TCP)
and negative controls (GCS), as presented in Figure 2A.

The study of cell growth relative to TCP (positive con-
trol) demonstrated that SiONP2 implants presented a sig-
nificant enhancement on cells growth among the groups
after 3 ( p < 0.01) and 7 days ( p < 0.001). All amorphous
silica implants presented at least twofold more cells than
the TCP ( p < 0.001) and fourfold more than the GCS
( p < 0.001) after 7 days of culture (Fig. 2B).

Effect of eluted ions on HUVEC proliferation

After 24 h of the elution experiment, eluted ions from
PECVD-coated amorphous silica surfaces significantly en-
hanced cell growth compared with control (EBM-2 + 2% FBS,

FIG. 1. Cell attachment and contact angle. (A) Actin and nuclei fluorescent staining showing HUVECs attached to studied
surfaces 4 h after seeding in EBM-2 without FBS (top). Scale bar = 100mm. Contact angle/surface wettability (bottom). (B) Bar
graph shows the cell attached number relative to TCP. (C) Table shows the average of contact angle and cell attachment number.
ANOVA, *p < 0.05, ***p < 0.001, ###p < 0.001, #p < 0.05 indicate statistical significance, n = 4 per group. (D) Correlation cell
attachment number and contact angle. Correlation test of Pearson, p < 0.05 indicates statistical significance, r < 0 indicates inverse
correlation. ANOVA, analysis of variance; EBM-2, endothelial cell basal media-2; FBS, fetal bovine serum; GCS, glass
coverslip; HUVEC, human umbilical vein endothelial cell; TCP, tissue culture plate. Color images are available online.
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FIG. 2. Cell viability and proliferation. (A) Graph shows cell viability after 24 h (MTS assay). (B) Chart shows cell
growth after 1, 3, and 7 days (MTS assay). ANOVA, ***p < 0.001, **p < 0.01, *p < 0.05, ###p < 0.001 indicate statistical
significance, n = 6 per group. Color images are available online.

FIG. 3. (A) Effect of elution from amorphous silica PECVD-coating scaffolds on HUVEC proliferation. Pictures after
Calcein-AM staining (24 and 48 h). Scale bar = 200 mm (B) Effect of elution from PECVD-coating implants on HUVECs
membrane transwell migration (24 hours). (B) Fluorescent pictures of nuclei fluorescent staining. Scale bar = 200mm. (C, D)
Bar graphs show the number of growth and migrated cells. ANOVA, *p < 0.05, ##p < 0.01, ###p < 0.001 indicate statistical
significance. PECVD, plasma-enhanced chemical vapor deposition. Color images are available online.
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p < 0.01). Fluorescent images show representative views of
each studied group (Fig. 3A). After 48 h, the SiONP groups
presented twofold more cells than the GCS (control) ( p < 0.01)
(Fig. 3C).

Transwell membrane cell migration

The ions released from implants on conditioned medium
were tested on HUVECs after 24 h and compared with
control (EBM-2 + 2% FBS). The only difference between
medium collected from the control and PECVD-coated
implants was the presence of ions released from the SiON,
SiONP1, and SiONP2 groups. All amorphous silica im-
plants coated by PECVD method presented a significant
improvement on cell migration compared with EBM-
2 + 2% FBS ( p < 0.001), showing at least threefold more
cells. Representative images of DAPI fluorescent staining
are shown in Figure 3B and related with bar graph in
Figure 3D.

Matrix deposition

The surfaces were tested for fibronectin deposition after
5 days in EBM-2 + 2% FBS on GCS (negative control) and
PECVD-coated amorphous silica groups and 10% FBS on
TCP (positive control). The SiON and SiONP groups pre-

sented a significant enrichment in fibronectin deposition
compared with the GCS ( p < 0.01). SiONP2 implants pre-
sented the most significant enhancement among all studied
groups ( p < 0.001). The SiONP groups showed a significant
improvement compared with SiON ( p < 0.01) (Fig. 4K).

Fluorescent images demonstrated that the PECVD-coated
amorphous silica implants presented fibronectin deposition
forming a dense tubular shape network (Fig. 4E–J). The
GCS group formed a low-density tubule network structure
and the TCP group formed a relatively dense fibronectin
deposition with poor tubular network structure (Fig. 4A–D).
High-density and dense tubular network structure for fi-
bronectin deposition indicates enhanced vascular tubule
network formation.

Capillary tube formation assay

After analysis on the ImageJ Software plugin (Angio-
genesis Analyzer), the SiON, SiONP1, and SiONP2
groups exhibited a substantial enhancement on the tubule
length compared with the GCS ( p < 0.05). The most sig-
nificant difference was observed on SiONP2 ( p < 0.01),
which presented more than twofold tubule length com-
pared with the GCS. The SiONP groups presented twofold
more tubule thickness among all studied groups ( p <
0.001) (Fig. 5).

FIG. 4. HUVECs matrix deposition after 5 days in cell culture. (A-J) Fluorescent pictures of fibronectin immunostaining
(green) and nuclei staining (blue). (A, C, E, G, and I) Were captured in 10 · view, scale bar = 200 mm. (B, D, F, H and J)
were captured in 20 · view, scale bar = 100mm. Graph shows percentage of area occupied by fibronectin (K). ANOVA,
***p < 0.001, **p < 0.01, ##p < 0.01 indicate statistical significance, n = 6 per group. Color images are available online.
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Quantitative reverse transcriptase–polymerase chain
reaction

Gene expression of angiogenic markers. VEGF-A, HIF-
1a, Ang-1, and Nes-2 gene expression was measured after
24 and 48 h. After 24 h, all PECVD-coated amorphous silica
implants presented at least twofold more expression than the
control group ( p < 0.05) (Fig. 6A). After 72 h, SiONP im-
plants expressed at least twofold more angiogenic markers
than the control ( p < 0.05), and SiONP2 showed a remark-
able heightening ( p < 0.01), especially fivefold expression of
Nes-2 (Fig. 6B).

Gene expression of antioxidant enzymes. SOD-1, Cat-1,
and NOS-3 demonstrated to be significantly upregulated
at 24 h in SiON, SiONP1, and SiONP2 ( p < 0.05) and at 72 h
in SiONP1 and SiONP2 ( p < 0.05). At 24 h, Cat-1 was at
least twofold enhanced in PECVD-coated amorphous silica
groups compared with the control ( p < 0.01), and SiONP2
enhanced Cat-1 expression at least threefold more than the
control ( p < 0.001) (Fig. 6C). At 48 h, SiONP2 was 4.5-fold
greater for NOS-3 expression ( p < 0.001) and 2.5-fold
greater for SOD1 expression ( p < 0.01) (Fig. 6D).

Discussion

In the present study, we tested the hypothesis that
PECVD-coated amorphous silica implants formed by sili-
con, oxygen, nitrogen, and phosphorus can boost angio-
genesis in endothelial cells under normal/physiological
in vitro condition. We verified that amorphous silica-coated
implants can enhance the angiogenic properties of HUVECs
by improving cell adhesion, proliferation, migration, capil-

lary tubule formation (as summarized in Table 3), and gene
expression of angiogenic indicators.

In the present study and based on the EDX results,
SiONP1-coated implants have the highest nitrogen per-
centage compared with SiON and SiONP2 implants. Our
previous study indicated that the surface wettability de-
creased as the nitrogen percentage increased and otherwise
with the oxygen percentage in the PECVD coatings that lead
to N-H bonds formation rather than the hydrophilic Si-O
bonds.23 This observation can explain the high contact angle
(low wettability) of SiONP1 implants that have the highest
nitrogen content compared with SiON and SiONP2.

By comparing the SiONP1 and SiONP2 implants, the N-
content decrease and O-content increase from SiONP1 to
SiONP2 can explain the decrease in contact angle and the
high surface wettability of SiONP2. Thus, SiONP2 implants
reported the lowest contact angle and the highest surface
energy/wettability compared with all the tested groups. It is
well known that surfaces with lower contact angles (<90�)
present high surface energy and wettability (hydrophilicity)
that lead to improved cells attachment and proliferation
within the first 6 h of the cell culture.23,27,42,43

In the present study, once cells were exposed for a short
period of time to the studied surfaces (4 h) with no FBS or
growth factors, the HUVECs attachment was significantly
enhanced on the SiONP2 surface (Fig. 1A, B), and this ob-
servation was strongly inversely correlated with the contact
angle (Fig. 1C, D). These findings verify that the wettability
and surface energy play a crucial role in the cell attachment
within the first 4 h of implants/cells contact.

As expected, the materials synthesized in our experi-
ment did not present cytotoxic effects on HUVECs under

FIG. 5. Capillary tubule formation 6 h after culture on bed of Matrigel�. (A–E) Fluorescent images captured after
Calcein-AM staining. Scale bar = 200 mm. (F) Bar graph shows tubule length relative to TCP (positive control). (G) Bar
graph shows tubules thickness relative to TCP (positive control). ANOVA, ***p < 0.001, **p < 0.01, *p < 0.05, #p < 0.05
indicate statistical significance, n = 4 per group. Color images are available online.
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minimum FBS condition (Fig. 2A). Relative cell growth,
indirectly evaluated by the MTS proliferation assay, verified
that during the studied time frame all PECVD-coated
amorphous silica implant groups presented a significant
improvement in cell growth compared with GCS and TCP.
Especially, after 7 days, SiON, SiONP1, and SiONP2 pre-
sented at least twofold more cells than the positive control
(TCP) (Fig. 2B).

The significant improvement in cell growth on the amor-
phous silica-based implants can be attributed to the surface

chemistry of these coatings. Due to its amorphous nature,
these PECVD coatings released Si, N, and P ions that en-
hance the cell proliferation compared with the positive and
negative controls. These findings corroborate previous pub-
lications where ionic silicon-based materials enhanced en-
dothelial cell proliferation due to the effect of the released Si
ion that stimulate endothelial cell functions, such as cell
migration, chemotactic homing, and tubular networking.39,44

Currently, we reported the dissolution of the amorphous
silica-based coatings produced by the PECVD technique,

FIG. 6. Gene expression angiogenic markers relative to 18S as compared with control at 24 h (A) and 72 h (B). Gene
expression antioxidant enzymes relative to 18S compared with control at 24 h (C) and 72 h (D). ***p < 0.001, **p < 0.01,
*p < 0.05 indicate statistical significance, n = 4 per group. CONTROL, endothelial cell basal medium supplemented with 2%
FBS on TCP; VEGF-A, vascular endothelia growth factor A; HIF-1a, hypoxia-inducible growth factor-1a; Ang-1,
angiopoietin-1; Nes-2, nesprin-2.

Table 3. Summarize the Study Results

GCS TCP SiON SiONP1 SiONP2

Cell growth relative to initial cell seeding
(24 h) (n = 6 per group)

3.3 – 0.2 N/A 5.1 – 0.5* 5 – 0.7* 5.2 – 0.4*

Cell growth relative to initial cell seeding
(48 h) (n = 6 per group)

4.5 – 0.2 N/A 7.8 – 0.5** 8.9 – 0.1** 9.2 – 0.6**

No. of migrated cells (n = 5 per group) 32 – 19 N/A 97 – 9*** 131 – 19*** 160 – 32***
Area occupied by fibronectin (%)

(n = 6 per group)
21.1 – 8 53.3 – 7 36.7 – 3 56.5 – 4** 68.4 – 4***

Total tubule length relative to TCP
(n = 4 per group)

0.41 – 0.02# 1.0 – 0.04 0.62 – 0.03# 0.7 – 0.06# 0.92 – 0.05

Total tubule thickness relative to TCP
(n = 4 per group)

0.5 – 0.11# 1.0 – 0.23 0.9 – 0.15 1.54 – 0.32* 2.1 – 0.45**

ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.05 indicate statistical significance. ANOVA, analysis of variance; GCS, glass
coverslip; TCP, tissue culture plate; N/A, not applicable.
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the same method used in Ilyas et al.’s study.39 In that study,
inductively coupled plasma optical emission spectrometry
analysis confirmed the presence of Si and P ions released
from SiONP coatings produced by the PECVD technique. It
also revealed that ionic silicon released from the amorphous
silica coating in cell culture medium has a sustained release
from 30 min to 8 days.39

Based on the latter observation that surface chemistry and
released ions can have some effect on endothelial cell pro-
liferation, we designed an experiment utilizing the eluted
ions from studied surfaces and evaluated the cells prolifer-
ation by MTS assay and Calcein-AM staining at 24 and 48 h.

Our findings demonstrated that ions released from coated
materials, mainly Si and N, could induce a significant im-
provement in endothelial cell growth after 24 and 48 h. The
FBS concentration used on the eluted material from SiON,
SiONP1, and SiONP2 was the same used on the control (2%
FBS), the eluted ions from all silica implants showed two-
fold more cells at 24 h, and especially SiONP groups pre-
sented twofold more cells at 48 h. We believe that the
enhancement on cell proliferation at 48 h on elution exper-
iment (Fig. 3A, C) could be due to P incorporation or higher
Si and N content within the medium collected from the
SiONP1 and SiONP2 groups. Previous studies correlated the
presence of ionic Si and P with an enhancement on endo-
thelial cell angiogenic properties.30,31,44–46

The role of N on endothelial cell angiogenesis is still
unclear, and the direct effect has been related to N reacting
with oxygen forming NO.32

The SiON, SiONP1, and SiONP2 coatings showed a sig-
nificant enhancement on cell migration compared with con-
trol (EBM +2% FBS) (Fig. 3B, D), showing that the ionic
content released from implants coated with amorphous silica
demonstrated some chemotactic effect on HUVECs, obser-
vations that match with a previous publication.22 Among the
amorphous silica-coated implant groups, SiONP2 presented
the largest improvement in cell migration, which can be at-
tributed to the presence of ionic P or due to the different
surface composition of Si, O, and N observed on SiONP1 and
SiONP2 implants, as shown in Table 1. We observed that
SIONP2 implant’s surface has two times more oxygen than
the SiONP1 group, and this difference can illustrate the en-
hancement in HUVECs angiogenesis in the SiONP2 group.

The analysis of fibronectin deposition after 5 days showed
that the amount of fibronectin was markedly increased in the
SiONP2 group, which can be attributed not just to the effect
of the surface chemistry, but to the higher surface energy
observed on the SiONP2 group demonstrated by the lowest
contact angle (Fig. 1). Fibronectin is a extracellular glyco-
protein produced by endothelial cells in the early stages of
new blood vessel formation.47,48 The presence of this protein
is important for endothelial cell differentiation, migration,
and proliferation.47–50 Therefore, its presence can be used as a
demonstration of an efficient HUVECs matrix deposition.48

Our results demonstrate that SiON, SiONP1, and SiONP2
(Figs. 4E–J) formed a circular structure matrix deposition,
similar to the capillary tubule formation, and the SiONP2
group showed a significant enhanced deposition (Fig. 4J).

The capillary tubule formation assay on a bed of Matrigel
used TCP and EGM-2 as the positive control, and as ex-
pected, the TCP presented the largest capillary network
structure (Fig. 5B, F). The other groups: negative control

(GCS) and amorphous silica-coated implants were supple-
mented with 2% FBS and 1% P/S without the growth factors
present on EGM-2. As we can observe on fluorescent images
(Fig. 5D, E, and G), the tubule thickness was enhanced in the
SiONP groups. Moreover, the total tubule length was sig-
nificantly increased in the SiON and SiONP groups com-
pared with the GCS, which can be attributed to the high
surface energy (low contact angle) and the surface chemistry.

The above results confirm the previous results showing that
silica-based materials can improve capillary tubule length in
HUVECs and give more insight on the effect of those materials
on capillary tube thickness that was not analyzed before.44

In addition, the gene expression of angiogenic markers
study showed a significant upregulation of VEGF-A, HIF-1a,
Ang-1, and Nesp-2 on HUVECs on SiON and SiONP im-
plants. VEGF-A is a major angiogenesis regulator that binds
and activates the VEGF receptor inducing endothelial cell
proliferation, migration, and capillary tubule formation. A
recent publication verified the crucial role of ionic Si on an-
giogenesis by upregulating HIF-1a and inducing angiogen-
esis in endothelial cells.44 Some studies showed that P can
upregulate VEGF-A and induces endothelial cell migration
and proliferation.30,31,46

Ang-1 is a protein produced by endothelial cells that can
induce HUVECs migration and differentiation.37 Moreover, by
activation of the tyrosine kinase 2 (Tie2-receptor) can protect
endothelial cells under unfavorable survival conditions against
apoptosis.38,51 Nes-2 is an intracellular protein that connects the
actin filament to the endothelial cell nuclei and has been related
with endothelial cell shape changing and migration.52 As we
could verify the upregulation of Nes-2 in our samples coated
with amorphous silica by PECVD, we believe that Nes-2 could
have some relationship with the enhancement in a capillary
tubule formation network and transwell cell migration ob-
served mainly on the SiONP1 and SiONP2 groups.

By correlating the upregulation of these angiogenic
markers to the chemical structure of each coating, it was
found that as the phosphate to nitrogen ratio increased in the
coating (P/N = 0.0, 0.9, and 1.0 for SiON, SiONP1, and
SiONP2, respectively), angiogenic marker expression in-
creased. This can be attributed to the change in surface
coordination or surface functional group formation and its
impact on cell response. These findings can be supported by
previous publications that showed the importance of ionic
phosphorous on protein kinase B (Akt) activation.28,29 The
Akt pathway downstream induces HIF-1a and Ang-1 syn-
thesis53,54 that are essential for endothelial cell survival,
growth, proliferation, and migration.55,56

Another study also noted that extracellular inorganic phos-
phate activated the Akt pathway by suppressing levels of
membrane-bound phosphatases and tensin homolog.57 More-
over, it is well known that HIF-1a is a transcription factor of
VEGF-A.58 Thus, in the current study, we suggest that the in-
organic phosphate from SiONP coatings upregulated HIF-1a,
Ang-1 and VEGF-A through the Akt signaling pathway
(sodium-dependent phosphate cotransporter, NPT). This path-
way is regulated by the concentration of inorganic phosphate
and as such may have improved endothelial cell viability,
proliferation, migration, and capillary tubule formation.

We also analyzed the gene expression of oxidative stress
markers. We observed the upregulation of enzymes that play
a major role in the catalysis of reactive oxygen species and
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its products. SOD-1 and cat-1 were significantly upregulated
in cells exposed to SiON, SiONP1, and SiONP2 implants
compared with the control group, especially at the first 24 h.
At 24 h, SiONP2 implants presented a remarkable cat-1
upregulation among all studied groups showing threefold
more mRNA than the control.

In a recent publication, our group demonstrated the rele-
vant role of ionic Si on SOD-1 upregulation in osteoblasts.17

There are few studies that indicate the correlation of the
effect of ionic Si or silica base materials with endothelial
cells and antioxidant enzymes. SOD-1 is an enzyme that
catalyze the conversion of O2

- (superoxide) in H2O2.59,60

Cat-1 is an enzyme responsible for catalyzing the conversion
H2O2 in H2O and O2.61,62 These enzymes play a major role
during physiological and pathological oxidative stress con-
ditions where H2O2 and O2

- are the main reactive oxygen
species produced by cells under oxidative stress. Further in-
vestigations are necessary for a better understanding of a
possible antioxidant effect of these biomaterials on HUVECs.

Conclusions

Our present study demonstrated that PECVD-coated amor-
phous silica-based materials formed by Si, O, N, and P can
successfully enhance the angiogenic properties of HUVECs,
improving cell proliferation, migration, fibronectin deposi-
tion, and capillary tubule formation by upregulating VEGF-A,
HIF-1a, nesprin-2, and Ang-1. The angiogenic enhancement by
these implants may induce faster osteointegration and healing,
preventing complications such as implants loosening and fail-
ure. Additionally, Cat-1 and SOD-1 upregulation open some
doors for further investigations of a possible antioxidant effect
of these implants, which could be beneficial for improving the
osteointegration and healing in the unfavorable oxidative stress
environment of large bone defects.
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