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ABSTRACT

PLASMA ENHANCED CHEMICAL VAPOR DEPOSITION COATING AMORPHOUS
SILICA BASED IMPLANTS ENHANCING ANGIOGENESIS AND MITIGATING

TOXIC OXIDATIVE STRESS IN CRITICAL SIZE BONE DEFECTS

Felipe Alves do Monte, PhD

University of Texas at Arlington, 2017

Supervising Professor: Pranesh B. Aswath

The advances in bone tissue engineering search for a biomaterial that could efficiently
and gradually replace the bone while the new tissue grows through the implanted
structure. However, due to limitations mainly related to mechanical properties and
challenges, such as the balance between tissue regeneration and material
degradation, the coating of well-known inert materials still has been used in
orthopedics and dental clinical practices. Bone defects are commonly related to
deleterious oxidative stress induced by low oxygen levels and inflammation. Toxic
oxidative stress can impair damaged tissue healing due to inhibiting new blood vessels
and new bone formation. The interaction between this hostile environment and
implanted materials have been neglected, and the use of materials that can reduce
oxidative stress to a physiological levels could enhance new tissue formation, reducing
healing time and preventing material’s loosening and failure. Based on findings from
our group’s previous study, we identified that ionic silicon plays a significant role on
reduction of reactive oxygen species by upregulating superoxidase dismutasel
(SOD1), which is an important antioxidant enzyme. Another study demonstrated that

mesoporous silica could enhance angiogenesis by upregulating hypoxic inducible

vi



growth factor (HIF-1a). For present research, we hypothesized that implants coated
with amorphous silica by plasma enhanced chemical vapor deposition (PECVD)
method could enhance endothelial cells angiogenesis under toxic oxidative stress
condition. Moreover, we tested the hypothesis that the PECVD coating implants could
enhance angiogenesis and reduce oxidative stress in an adult rat’s critical size
calvarial defects. In order to test our hypothesis, we investigated (in vitro), and under
normal condition, the effect of the ionic silicon and/or the amorphous silica PECVD
coating materials on the endothelial cells viability, proliferation, migration, capillary
tubule formation, matrix deposition, angiogenic markers and antioxidant enzymes. An
In vivo experiment was also conducted in a rat’s critical size calvarial defect. And
angiogenic and oxidative markers were measured in histological sections and serum.
Firstly, we demonstrated that ionic silicon can recover the HUVECS' viability under
toxic oxidative stress conditions by reducing cell death and upregulating HIF-1q,
VEGFA, and vascular endothelial growth factor receptor 2 (VEGFR-2). Secondly, we
showed that PECVD coating amorphous silica based implants incorporated with
nitrogen and phosphorus enhanced endothelial cells angiogenesis, increasing matrix
deposition, cell migration, capillary tube formation, and gene expression of angiogenic
markers and antioxidant enzymes. Third, we verified angiogenesis improvement on
HUVECSs under oxidative stress by preventing cell death, enhancing matrix deposition
and upregulating the expression of angiopoietin-1 and antioxidant enzymes. Lastly, in
vivo experiment corroborated with these findings and demonstrated enhancement in
angiogenesis and reduction of oxidative stress. In conclusion, our findings support the
use of PECVD coating amorphous silica-based implants applied in large bone defects

due to its antioxidant and proangiogenic effect.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction

Large and complex bone defects are injuries usually correlated with high energy
trauma and can lead to functional and cosmetic disability associated with bone loss,
poor vascularization and neural damage. Despite the advances in bone tissue
engineering, the implants used on reconstruction of these injuries are still associated
with complications such as loosening and failure results from foreign bone response
and lack of osteointegration. Therefore, there is a necessity to engineer a device with
improved biocompatibility that can enhance new blood vessels and bone formation,
and accordingly improve osteointegration. Large bone defects are associated with
relevant soft tissue and vascular injury, followed by consequent oxygen deprivation.
The hypoxic environment tends to form overwhelmed levels of reactive oxygen
species and reduce endothelial cells and osteoblast activity. The biomaterials used on
a hypoxic environment are not designed to stimulate healing despite the unfavorable
conditions, and therefore lead to extended healing times and poor outcomes. It is a
relevant approach to synthesize biomaterials that can enrich angiogenesis and
osteogenesis in hypoxic environment. Recently, our group has been studying a
plasma enhanced chemical vapor deposition (PECVD) based amorphous silica
materials. The results showed that surface coating with SION composition increased
mineralization and osteoblast activity. Moreover, these studies demonstrated that the
presence of ionic silicon can enhances superoxidase dismutase-1, an important

antioxidant enzyme. New blood vessel formation is a crucial event in the early stage



of the bone healing which will bring cells, growth factors and remove the toxins and
the dead tissue. lonic silicon released from microcarriers can upregulated hypoxia
inducible factor (HIF-1a) and induces angiogenesis on human umbilcal vein
endothelial cells (HUVECS). Phosphorus has been associated with upregulation of
angiogenic markers. Thus, coating implants with amorphous silica incorporated with
nitrogen and phosphorus could enhance new blood vessel formation and mitigate
oxidative stress. These conditions can facilitate the osteointegration of implants used

in bone replacement.

1.2 Hypothesis

Therefore, we hypothesize that ionic silicon and PECVD coating amorphous
silica based materials can enhance angiogenesis and reduce oxidative stress on
HUVECs under normal condition and harmful oxidative stress. The present study
brings the attention of biomaterials and tissue engineering research to a situation that
mimics more realistically what happens in surgical practice, using in vivo and vitro
models to understand the interaction between the amorphous silica based implants
and the unfavorable environment formed by elevated levels of reactive oxygen species
induced by toxic concentration of hydrogen peroxide (in vitro) and critical size bone

defects (in vivo).

The present study addresses the following aims:

1- Study the effect of ionic silicon on HUVECs under harmful hydrogen peroxide

environment (in vitro).

2- Comprehend the role of PECVD coating amorphous silica base materials formed

by Si, O, N and P on HUVECS angiogenesis (in vitro)



3- Appreciate the role of PECVD based amorphous silica materials formed by Si, O,

N and P on angiogenesis under toxic levels of oxidative stress (in vitro and in vivo).

1.3- Specific aims

Our overall purpose was to investigate the effect of amorphous silica based
materials on angiogenesis in the hostile environment of large bone defects. As well as
to understand the role of silicon ion released by these materials on angiogenesis
under a harmful oxidative stress environment. The complex and high energy fractures
are commonly associated with large bone loss and significant vascular damage,
leading to hypoxia and consequently harmful levels of reactive oxygen species. This
unfavorable environment contribute to an inappropriate healing, which can result in
delayed and nonunion. This hostile environment will be the home of biomaterials used
as bone filler. Therefore, it seems reasonable use materials based on elements that
can reduce oxidative stress and/or enhance angiogenesis and osteogenesis. An
analogue situation can be observed in bone losses caused by other conditions, for
instance, bone removal due to tumor and infection, and congenital bone mal-

formations.

1.3.1 Specific aim 1: Study the effect of ionic silicon on HUVECs under harmful
hydrogen peroxide environment (in vitro).

This aim studied the effect of hydrogen peroxide, a common reactive oxygen
species found in hypoxic environments, on human umbilical vein endothelial cells
(HUVECS). These cells are a well-established model for studying angiogenesis in vitro
The present aim was to study HUVECs viability and proliferation to evaluate
cytotoxicity and cells growth under specific silicon ion concentration, respectively.
Moreover, it was tested the cells’ capacity to migrate and form a capillary like-tube

structure, two important cells properties essential for a successful defect healing.



Lastly, in order to verify the effect of silicon ion on HUVECs under deleterious oxidative
stress and guide a possible mechanism, the cells were exposed at the same time to
preselected hydrogen peroxide and silicon ion concentrations, and cell viability and

gene expression were studied.

1.3.2 Specific aim 2: Understand the role of PECVD coating amorphous silica based
materials formed by Si, O, N and P on endothelial cells angiogenesis (in vitro).

The initial aim was to manufacture PECVD coating amorphous silica based
implants and incorporate nitrogen and phosphorus changing the surface elemental

composition.

In vitro: HUVECS were tested on PECVD based amorphous silica implants.
First, the wettability of different implants was tested. Following, the effect of implants
and ions released from the surfaces was tested. The present study tested HUVECS
viability, adhesion, morphology, proliferation, matrix deposition, tube formation, and
migration. Lastly, the effect of implants on gene expression of angiogenic and

antioxidant markers was tested.

1.3.3 Specific aim 3: Understand the role of PECVD coating amorphous silica based
materials formed by Si, O, N and P on angiogenesis under toxic oxidative stress (in
vitro and in vivo).

In vitro: the cells on implants were exposed to preselected harmful hydrogen
peroxide concentration, then it was tested cell viability, matrix deposition, capillary tube
formation, angiopoietin-1 and 4-hydrononenal (4-HNE) |in conditioned medium. Gene
expression of angiogenic and antioxidant markers were tested to verify the effect of
an applied coating on HUVECs and facilitate the understanding of mechanisms

involved in probable angiogenic and antioxidant effects induced by the coatings.



In vivo: A rat critical size calvarial defect, which is an orthotopic defect that will
not heal without intervention, was used to evaluate the effects of coated materials in
vivo. This animal model is widely used because it is reproducible, quick, and does not
require implant or fracture stabilization. Furthermore, the animal model allows a
straight approach to the investigation of biomaterials on intramembranous ossification.
Our focus was to analyze the effect of studied materials on new blood vessel
formation, and local and system oxidative stress markers. The new blood vessels
formation and local oxidative stress were analyzed by immunohistochemistry, and
systemic oxidative stress was evaluated by measuring levels of products of lipid

peroxidation (4-HNE) in the blood stream.

1.4 Dissertation structure
In following passages, an overview of the six chapters of this dissertation is
provided. Moreover, the significance and contribution of each chapter to the central

theme is highlighted.

Chapter 1, General Introduction: The problem addressed in this research work
is presented while summarizing hypothesis and specific aims. The lack of
osteointegration as a major issue in the implants used for bone replacement has been
discussed. The unfavorable oxidative stress environment faced by these implants is
hypothesized to lead to loosening and failure due a poor attachment between the
biomaterial and the host tissue. The angiogenesis and the reduction of oxidative stress
have been defined as the main strategies for enhancing osteointegration. Implants
coated with amorphous silica by PECVD method were chosen as a potential
angiogenic and antioxidant biomaterials. Lastly, the specific aims and in vitro and in
vivo experimental design used to prove the hypothesis have been detailed. For a

better understanding of the research work flow presented in this dissertation, we



concluded this chapter describing the dissertation structure, which prepare the reader

for our findings described in the chapters 3,4, and 5, and summarized in chapter 6.

Chapter 2, Background: This chapter deals with definitions of osteointegration,
biocompatibility, angiogenesis, osteogenesis and oxidative stress. Extensive literature
review study used to show the importance of the implant osteointegration and its
relationship with angiogenesis and oxidative stress is described. In addition, the
interaction between angiogenesis and osteogenesis phenomena during the bone
healing is explained. A general idea of PECVD coating method and the effect of silica
based material in new bone and blood vessel
formation is given. At the end this chapter emphasizes on the clinical relevance of this

research.

Chapter 3, This chapter discusses the in vitro experiments ran to test the
hypothesis that ionic silicon could enhance angiogenesis in HUVECs despite toxic
oxidative stress induced by hydrogen peroxide. The results showed that 0.5 mM ionic
silicon improved HUVECs migration , capillary tube formation and upregulated
VEGFA, VEGFR2 and HIF-1a in HUVECs even under unfavorable conditions of
0.6mM H202 . Moreover, 0.5 mM ionic silicon solution enhanced cell survival and
reduced cell death in HUVECs under toxic oxidative stress conditions. These findings
support the use of silica on implants used for bone replacement, once they can
potentially enrich angiogenesis even when the materials are under harmful oxidative

stress.

Chapter 4, describes in vitro experiment using PECVD coated amorphous
silica-based implants, incorporated with phosphorus and nitrogen. It demonstrated

that the coated surfaces improved HUVECs adhesion, matrix deposition and capillary



tubule formation. Moreover, an upregulation of angiogenic markers (VEGFA, HIF-1a,
ang-1 and Nesprin-2), and oxidative stress markers (SOD-1, cat-1 and NOS3) was
observed. At the end, it was verified that SIONP2 composition (N20O flow rate=5)
presented the most relevant outcome and could enhance angiogenesis and

osteointegration, reducing the possibility of loosening and failure.

Chapter 5, The goal of this chapter was to evaluate the effect of the PECVD
coated SIONP implants on HUVECs angiogenesis under toxic oxidative stress. In
addition, the implant was tested for oxidative stress and angiogenic markers in vivo,
using a rat critical size cavarial defect model. In vitro experiment showed a remarkable
improvement on angiogenic properties of HUVECs under toxic oxidative stress. In vivo
study demonstrated the potential benefit of PECVD coated amorphous silica-based
implants on reduction of oxidative stress and leverage angiogenesis in large bone

defects.

Chapter 6, Conclusion: This section finalizes this dissertation and makes the
link among all chapters, demonstrating the importance of this approach and
significance of its results. Here, the authors talk about how the researchers have
neglected the effect of manufactured materials on host environment during the initial
testing, and demonstrated how beneficial PECVD coating amorphous silica-based
materials can be for osteointegration by boosting angiogenesis and reducing oxidative

stress.



CHAPTER 2

BACKGROUND

One million bone graft procedures occur in the United States every year!. The
autograft, the bone collected from the same individual, is the gold standard
treatment.>~* However, the autograft has some disadvantages, such as morbidity of
the donor area and the lack of sources from the same individual.®> Allograft, which is
the bone harvested from a different individual from the same species, could be an
option but immunogenicity, lack of sources, and unsatisfactory biological properties

are drawbacks that make this option unusual.®

Based on the previous statements, we can see that inert biomaterials have
large applicability in this field. And Polyether ether ketone (PEEK),%9 titanium*°-1#4 and
ceramics, such as zirconial>?° are some of the materials currently used in bone
replacement and supportive implants, such as plates, rods and screws. Nevertheless,
the lack of osteointegration observed by implants loosening and failure is a issue that
still need to be overcomed. Then, the coating procedures emerge with the aim to
improve attachment between implants and the host tissue and to reduce inflammatory
response. Initially, implants coated with hydroxyapatite (HA) were developed with the
aim to improve osteointegration and biocompatibility of naked metal implants.
However, the analysis of multiple clinical trials have demonstrated that after 5 years,
HA-coated implants presented the same survival rate as uncoated titanium implants.?!
Today, the advancement of biomaterials and the usage of bioactive glasses provided
with enhanced bioactivity and osteoinduction  further resulted in improved

osteointegration.?? However, bioactive glasses have certain limitations such as poor



interfacial bonding that facilitates coating delamination and in-addition the high

temperature manufacturing processes result in reduced bioactivity.??

In recent work, our group demonstrated the use of plasma enhanced vapor
deposition (PECVD) coating method for deposition of amorphous silica. This approach
allows us to overcome the limitations of bioactive glass coatings process by the use
of the low temperature fabrication method, the preservation of silicon bioactivity and
enhanced adhesion to underlying surface.?*?> In addition, we demonstrated that the
incorporation of nitrogen in PECVD-based amorphous silica upregulates superoxidase
dismutase | (SOD1) which further triggers the downstream gene expression of Runx2

and collagen type I, providing it with enhanced osteogenesis and biomineralization.?®

Despite the advances in bone tissue engineering and biomaterials, the aseptic
implant failure for lack of osteointegration is not unusual.?® The revision for the
replacement of the primary implant is usually required and followed by elevated
morbidity, and usually cost at least twice the value of the initial procedure.?” For
example, in 2002 a revision of hip arthroplasty was approximately $ 57,000 in the

United States.?8

Inert biomaterials have been used for replacement of large bone defects, dental
implants, and hip and knee replacements. The interaction between these implants and
the host tissue has been vastly studied with the aim to enhance the biocompatibility
and improve the osteointegration. Biocompatibility was recently defined as “the ability
of a biomaterial to perform its desired function with respect to a medical therapy,
without eliciting any undesirable local or systemic effects in the recipient or beneficiary
of that therapy, but generating the most appropriate beneficial cellular or tissue

response in that specific situation, and optimizing the clinically relevant performance



of that therapy™?°. And osteointegration can be defined as a direct connection between
the implants and the surrounding living bone without formation of any scar fibrotic

tissue between the structures30:31,

Despite the number of studies®-911-1432-34 ‘most of the attention is dedicated to
the study of the effect of the biomaterials in the host tissue without considering the
unfavorable oxidative stress condition present in this environment.®®> Perhaps, the
elaboration of materials that could reduce the toxic oxidative stress could improve the
biocompatibility and the osteointegration and reduce complications, such as implants

loosening and failure.3®

Such as was mentioned above, we showed in a recent publication that the
presence of ionic silicon plays a dominant role in superoxidase dismutase-1 (SOD-1)
production.3® This enzyme has a relevant function in reduction of oxidative stress by
converting superoxide in hydrogen peroxide, which will suffer further conversion in
H20 and O2. Hence, maybe silica based materials can have some antioxidant effect
on implants’ host environment, facilitate elimination of reactive oxygen species and

improve osteointegration.

There is a vast scientific information about the antioxidant effect of ionic silicon
and silica on plants and vegetables.3"-3° However, we could not find relevant papers
that demonstrated the antioxidant effect of ionic silica and silica based materials in

mammals’ cells in vitro and in vivo.

Angiogenesis is defined as the sprouting of new blood vessels from a
preexistent one.*® This phenomena is crucial for adequate bone healing and
improvements on angiogenesis could boost the healing process and mitigate delayed

and non-fracture union in large bone defects. Furthermore, the angiogenesis
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enrichment could facilitate the attachment between the implants and surrounding
bone.442 A study found that silica mesoporous can improve angiogenesis in
endothelial cells by up-regulating the hypoxia inducible factor lalfa (HIF-1a).#® Other
studies demonstrated that bioactive glasses can leverage angiogenesis.**“* One
study demonstrated that ions released from bioactive glasses could stimulate human
umbilical vein endothelial cells (HUVECS) proliferation, accelerate cell migration, up-
regulated expression of the vascular endothelial growth factor (VEGF), basic fibroblast
growth factor (b-FGF) and endothelial nitric oxide synthase (eNOS).4” Another study
showed that human dental pulp stromal cells combined with Bioglass® could up-
regulate expression of endothelial cell markers, CD31 and vascular endothelial growth

factor, on these cells in vivo and in vitro.#4

With the purpose of better understanding our research work, we will describe
some physiological and pathological events that happen in a large bone defect
healing: angiogenesis, intramembranous ossification and oxidative stress. Moreover,

we will describe some considerations about PECVD coating processing.

2.1 Angiogenesis

Angiogenesis and osteogenesis are strongly correlated. Therefore, it is
essential to understand both mechanisms to engineer new biomaterials and transpose
the hostile hypoxic environment created from a large bone defect after an injury.42:49.50
Angiogenesis is recognized as the sprouting of a new vessel from the previous one
stimulated by inflammatory substances and growth factors, such as the tumor
necrosis factor-a (TNF-a), interleukin-1 (IL-1), IL-6, IL-11,IL-18 and VEGF released
after tissue injury. Figure 1 explains the process initialization with rupture a of a basal
membrane by metalloproteases triggered by an initial overproduction of a growth

factor on an injured area (Fig 1A) and migration of endothelial cells (Fig 1B)*°. The
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basal membrane is a thin layer of cells’ that lies immediately deep to the endothelial
cells monolayer, and in a mature vessel constrain the structure preventing endothelial
cells migration and uncontrolled growth>%51, The earliest stage of fracture healing is
the hematoma formation, environment rich in VEGF®2. This hormone is a specific
mitogen for endothelial cell and by activation of tyrosine kinase receptors induces cells
proliferation, migration and new blood vessel formation®3. VEGF can be upregulated
by multiple factors, and one of the most important is hypoxic induced factor 1 alfa (HIF-
la) that is upregulated on na unbalanced hypoxic environment. Studies have shown
that the VEGF produced by osteoblast also play an important role on osteogenesis
and intramembranous ossification from initial stages, stimulating macrophages

infiltration, to final stages, inducing osteoclast production during the remodeling phase

52-54

2.1.1 Angiogenic markers
- Vascular endothelial growth factor- A (VEGFA) and vascular endothelial growth

factor receptor-2 (VEGFR2)

The VEGF-A is a heparin-binding protein that can induces vascular permeability
and stimulates endothelial cell survival, proliferation, migration and differentiation.-57
The molecule binds and activates the tyrosine kinase receptors, the vascular
endothelial cell receptor 1 and 2 (VEGFR-1 and 2).°® The VEGFR-2 is considered

more important in controlling endothelial cell function. (See figure 2). 5960
- Hypoxia inducible factor (HIF-1a)

The HIF-1a is a major driver of the close coupling between angiogenesis and
osteogenesis, can work as a pro or anti-angiogenic factor. Mostly, the HIF-1a act as a

proangiogenic factor under hypoxic conditions by stimulating upregulation of VEGFA
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and down streaming angiogenesis by activating VEGFR-2 receptor. We will describe

more details about this molecule in the following sections.
- Angiopoietin 1 (Ang-1)

Angl is a protein well known for playing a significant role on angiogenesis. The
protein has a carboxyl-terminal fibrinogen -like domain that binds to Tie2 receptor and
promotes endothelial cell migration, differentiation and survival by activating
endothelial-specific receptor tyrosine kinase 2 (Tie-2)%!. Studies have concluded that
Ang-1 inhibit endothelial cell apoptosis®2¢3 by multiples pathway, which contain PI-3
kinase/AKT activation and inhibition of Smac with upregulation of Survivin protein®s.
Angl can be more beneficial to osteogenesis than the vascular endothelial growth
factor. Studies demonstrated that molecule can increase bone mass® and induce

osteoblast differentiation, mineralization and bone formation.®°

2.2 Intramembranous ossification

The bone has the peculiar capacity to heal without forming fibrotic tissue. After
an injury, the bone can heal by a direct intramembranous or indirect endochondral
ossification. The intramembranous occur without previous cartilage tissue formation.
In the endochondral ossification there is an initial cartilage production followed by a
calcium deposition, collagen type | production and accordingly new mature bone
formation.#®6® On our study, we focus on intramembranous ossification, which is the
predominant on healing process of craniomaxillofacial fractures. Initially, after a bone
damage there is a hematoma formation, which consists of blood and bone marrow
cells. Following the initial stage there is an inflammatory response with a secretion of
chemokines tumor necrosis factor-a (TNF-a), interleukin-1 (IL-1), IL-6, IL-11 and IL-

18.49 The chemokines will recruit mesenchymal cells from the inner periosteum layer
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and systemically, from other body sites by the homing effect,*® and induces bone

regeneration.®’

2.3 Oxidative stress

Oxidative stress is the imbalance between prooxidant and antioxidant
systems.®® The injured environment swiftly decreases oxygen site levels. In small
injuries, this situation can be efficiently reversed. However, on large bone defects the
imbalance remains, with a prolonged elevation of reactive oxygen species (ROS)
level.®® ROS are intermediate products of oxygen reduction produced by the
mitochondrial respiratory chain during physiological cell metabolism. Most ROS is
formed by superoxide anion, that by action of superoxidase dismutase or

spontaneously is rapidly removed by conversion to hydrogen peroxide.®®

The unbalance in cell metabolism, such as, the hypoxic condition induced by
a large bone defect, can induce ROS accumulation, oxidative stress and further cell
dysfunction and death. Antioxidant enzymes are proteins whose function is to reduce
the ROS levels and maintain physiologic cell metabolism. A small level of oxidative
stress is beneficial for regular cell methabolism.”® However, toxic levels of reactive
oxygen species decrease levels of antioxidant enzymes and induces cell malfunction
and DNA damage.”* Therefore, there is a necessity of equilibrium between
degradation and ROS formation. (See figure 3). Antioxidant enzymes are a group of
proteins responsible for accelerating the ROS degradation . The most important
include superoxidase dismutase 1 (SOD-1) that act converting superoxide ion (O2) in
hydrogen peroxide (H202), and Catalase (cat-1) and glutathione peroxidase that

degrade hydrogen peroxide in water and oxygen.

14



HIF-1a is a transcription factor that plays an important role on angiogenesis.
During physiological oxygen levels, HIF-1a is raptly oxidized and deactivated.
Nevertheless, low oxygen level environments accumulate HIF-la and can
downstream an angiogenesis pathway upregulating VEGF and VEGFR.7273
Moreover, an alternative angiogenesis pathway can be activated by lipid and protein
oxidation and further nuclear factor kappa-light-chain-enhancer of activated B cells

(NF-kB) and toll like receptor 2(TLR2) activation (see Figure 4).59

Oxidative stress can have a deleterious effect on osteoblast reducing
mineralization and gene expression of osteogenic markers, such as Runt-related
transcription factor 2 (Runx2) alkaline phosphatase (ALP) and collagen type 17475,
These observations suggest that high levels of reactive oxygen species can aggravate

regeneration of large bone defects.

2.3.1 Antioxidant enzymes and endothelial nitric oxide synthase

- Superoxidase dismutase-1 (SOD-1)

There are three human isoforms of SOD: 1- Cu/Zn SOD (SOD1): located
predominantly in the cytoplasm, 2- Mn SOD (SOD2): located mainly in the
mitochondria, and 3 — Cu/Zn EC-SOD (SOD3): extracellular.”®’” SOD1 play a major
role on the first line of defense against superoxide free radical. Furthermore, studies
suggest that SOD1 blocks the release of mitochondrial cytochrome ¢ and could act
against cell apoptosis.’®7® Additionally, this Study shows that SOD1 can have a
protective effect on HUVECs under oxidative stress induced by oxygen and glucose
deprivation.”® SOD-1 is important for adequate bone formation, and its presence has

shown it to be important for collagen cross-linking and maintenance of bone mineral
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density.8%81 SOD-1 showed it to recover the osteoblast differentiation and the matrix

deposition in an oxidative stress environment.8?
- Catalase-1 (Cat-1)

Catalases, also known as hydroperoxides, can be formed by more than 300
sequences. These enzymes are found in practically all living organisms in contact with
oxygen. This function is to protect the cells against oxidative stress induced by
reactive oxygen species. The enzyme catalyzes hydrogen peroxide (H2032), breaking

down the molecule in water and oxygen. (See reaction one below).8384
2H202 —» 2H20 + 02 (1)
- Glutathione peroxidase 1 (GPx1)

GPx1 is abundant in cell cytoplasm and belongs to a glutathione peroxidase
family. GPX-1 is one of the most important human antioxidant enzymes, acting as a
catalyst of hydroperoxides and hydrogen peroxides, which protects cells against
damage. The catalyzes reaction is the same as catalase-1 showed above. Moreover,
GPx1 mediate mitochondrial function, signal transduction and maintenance of thiol
redox- balance.8* GPx contain selenocysteine as its active site. Initially, there is an
oxidation of selenol (E-SeOH) and production of selenenic acid (E-SeOH). This acid
will react with glutathione (GSH) and produce selenenyl sulfide (E-SeSG). Afterwards,
a second molecule of GSH generates an active form of the enzyme. Under higher

levels of hydroperoxides, E-SeOH may undergo further oxidation. (See figure 5).8°

- Endothelial cell Nitric oxide Synthase (eNOS) or Nitric Oxide synthase-3 (NOS3)

NOS3 is an enzyme mostly produced by endothelial cells and its main function

is to produce nitric oxide (NO), which is a short-lived free radical gas that play a
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significant role on a tissue adequate perfusion by inducing blood vessel dilation and
protection. Unbalanced oxidative stress produces abnormal elevated levels of
superoxide anion that inactivates NO and produces a potent oxidant peroxynitrite that

induced proteins, lipids, and DNA damage. &

A study demonstrated that eNOS knockout mice presented a reduction of
endothelial cells mobilization by VEGF, and a decreased matrix metalloproteose-9,
which is necessary for stem cells mobilization during angiogenesis. Therefore, the
study demonstrated the importance of eNOS on angiogenesis and tissue
regeneration. & Nitric oxide has important roles in angiogenesis, such as the
suppression of the angiostatin, which is an inhibitor of angiogenesis®. Another study

also found that the enzyme can be important for angiogenesis after ischemia.®?

NOS seems to have a close relationship to fracture healing.8¢-89-°2 One study observed
that NOS inhibition led to an inadequate healing of rat femoral fracture.®® Another
study evaluated the temporal expression of NOS for 21 days and showed a

progressive increase during all time points.%

2.3.2 Oxidative stress marker, 4-hydrononenal (4-HNE)

The accumulation of free radicals can induce abnormal degradation of cell
membrane by phospholipid peroxidation. The process is characterized by electron
transfer from the membrane to the free radical, generating many sub products. One
of the most commons products of phospholipid peroxidation is the 4-hydroxinonenal
(HNE), which mainly results in oxidation of the fatty acyl chain.®®®* The 4-HNE is
metabolized in a water soluble and less toxic molecule, which facilitates its

excretion.®*%> However, toxic levels of oxidative stress induced by acute or chronicle

17



conditions can induce mitochondrial disfunction® and has been used as an indicative

of oxidative stress in tissue and fluids®3-9,

The 4-HNE is one of the major products of oxidative stress cell damage. The molecule
can be detected systemically in a variety of organs. Nonetheless, analysis of its free
form has a limited value because the 4-HNE exists bonded to other molecules, such
as, DNA, proteins or amino phospholipids.®* Therefore, most of the methods target the
detection of 4-HNE adducts with protein, and the main approach has been the
immunochemical techniques and the mass spectrometric analysis. Among the
immunodetection methods, specifics antibodies have been developed for detection of

4-HNE bound to proteins. 9:97

One study measured 4-HNE levels in rats from broad ages and verified that
serum levels can vary from 10 to 20 ng/mL, and no statistical difference was observed
among the groups. ® As mentioned above, the 4HNE- is more accurately measured
bound to other biological molecules, such as proteins. Hence, the 4-HNE BCA assay
seems to be a feasible and efficient way for measuring its concentration in the blood
stream and evaluate the effect of elements, biomaterials and drugs on increased or

mitigated oxidative stress in animal models and in vitro studies with human cells.

There are other molecules that are frequently used as an indicator of oxidative
stress level. For example, the Malondialdehyde (MDA), which is also a product of lipid
peroxidation, also detected as a free stated and covalent bonded to other biological
molecules.®® Another study demonstrated a significant difference on serum levels and
half-life of 4-HNE and MDA. On one hand, 4-HNE was detected in significant higher
levels and for long period of time, approximately up to 10 days. On the other hand,

MDA was detected in lower levels and up to 2 days.1 Therefore, many studies have

18



been using 4-HNE in histological and serum samples to detect and quantify oxidative

2.4 Biomaterials, biocompatibility and oxidative stress

As mentioned before in this review, improvement of biomaterials
biocompatibility is the major goal in their development. A successful biomaterial
implantation requires an equilibrium of oxidant production and elimination.
Researchers have shown that pre-existing host tissue condition can affect healing
response.19 Therefore, preexisting conditions, for example, diabetes, cardiovascular
diseases, tumors, or high energy trauma, and even the surgical wound, can produce

high levels of reactive oxygen species and play a major role on implant fate.(See figure

6) . 104-109

Oxidative stress plays a relevant role in inflammation, fibrosis and wound
healing.*'? Additionally, the phases of healing and inflammation are associated with
significant alterations of redox equilibrium.11%112 Studies have shown that inflammation
is associated with enhanced oxidant production. Furthermore, oxidative stress is

considered a major inflammation amplifier.13

The inflammatory response to a material implantation is described as a timely
event, beginning with protein absorption (within a few seconds), and followed by ,
neutrophil invasion (1 day), monocyte/macrophage infiltration (3 days), foreign body
giant cell (FBGC) (1-2 weeks), finalizing with collagenous encapsulation (3-4 weeks)
(See figure 7).114 The inflammation is required for an adequate tissue healing. After
implantation the healing response starts with fibroblast infiltration, angiogenesis and
granulation tissue formation. Finally, there are the maturation and the tissue

remodeling phases that can lasts for months or years. 14
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The surgical wound to implant biomaterials into the body by itself can generate
a tissue damage that induces a release of intra and extracellular components, which
contribute to elevation of oxidative stress. In addition, the oxidative stress induced by
the extracellular matrix and cell degradation products triggers H202 production as a
defense mechanism against possible invading organisms and recruit phagocytic

leucocytes from distant sites.1®

In addition to reactive oxygen species released from the damaged cells, other
components are released from the cells and extracellular matrix. These components
called damage-associated-signals (DAMPSs), include molecules, such as S-100
proteins, high mobility groups box-1 (HMGB-1), ATP, DNA, and hyaluronic acid.*6.117
The DAMPs can be the cause or the consequence of oxidative stress and are
responsible for activation of innate immune response and exacerbation of
inflammation. (See figure 7)'17 Other factors, for instance, hypoxia and time of surgical
wound exposure to the air can influence elevation of ROS and interfere with the

healing of the host area of implanted materials. (see figure 8).35118.119

Overall, oxidative stress can have influence on multiple stages of the tissue
healing and remodeling, acting on the early stages on the cells responsible for the cell
debris cleaning, granular tissue formation and angiogenesis. The presence of ROS
and its sub products can influence cell viability, adhesion, migration, spreading,
differentiation and proliferation.’?°-125 |n the late stages of the tissue healing,
maturation and remodeling, the temporary extracellular matrix is replaced by a mature
structure. During these stages new DAMPs are produced and lead to macrophage

activation and oxidative attack of the implant.126.127
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The product of materials degradation also can induce production of reactive
oxygen species. Even inert materials, such as metals, can undergo some degree of
degradation by electrochemical corrosion and can produce more ROS than

degradable materials, such as polymers. (See figure 9).35128129

Therefore, it is important to manage the oxidative stress either using
biomaterials or drug delivery systems with antioxidant enzymes, or managing the
oxidative stress in the host tissue.'*® These strategies could reduce inflammatory
response, improve the biocompatibility, and promote a heightened implant
osteointegration. Currently, researchers have proposed the strategy to target nuclear
factor (erythroid-derived 2)-like 2 (Nrf2), a major transcriptional factor activator of
antioxidant enzymes, instead of using antioxidant enzymes (cat-1) and molecules

(vitamin C).35131

2.5 Inorganic elements playing the role on angiogenesis

Inorganic elements are recognized as essentials for the growth of living
organisms. The balance among these elements and new blood vessel formation and
maintenance is required for an adequate cells and tissues survival.13>-134 Elements
such as Titanium (Ti), Vanadium (Va), Chromium (Cr), and Cooper (Cu) have been
used as implants for bone reconstruction and replacement,'35-137 and its interaction
with angiogenesis can have pro or anti-angiogenic effects.13>-134 Qther inorganic
elements, for instance, Si, N, and P also have been incorporated to biomaterials and
can play a relevant role in angiogenesis and maintenance of new blood vessel
formation.43132.138-140ysually metal implants used in dental and orthopedic surgeries
are combined in alloys formed by at least 2 or more compounds, such as TiAlV and

CoCrMo alloys used for hip and knee replacement and TiCu used for dental implants.

141-144
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Currently, Ti based materials are largely used in clinical practice. These
materials demonstrated an ambiguous effect on endothelial cells angiogenesis.'34
Interestingly, smooth and hydrophilic surfaces showed to elevate VEGFA and cell
differentiation improving the vascular network formation.'*> However, another
publication correlated TiO2 nanoparticles with an anti-angiogenic effect by inhibition
of VEGF and VEGFR-2.146

Va is an element largely use in metal implants. Studies have clearly
established the inhibition effect of Va on cell proliferation.4” Moreover, it has been
reported that this can induce cells apoptosis and a cytotoxic effect by DNA
interaction.14”-149 Additionally, another study reported that this element can damage
endothelial cells by increasing ROS production.147:150

Cr is usually combined with Co and other elements as a metal alloy used as
orthopedic implants. 37 A study reported that Cr can direct a reaction with biological
structures and produce ROS, DNA damage and gene mutations.'33151 Even a low
concentration of Cr can induce OH radicals formation and activation of nuclear factor-
kappaB (NF-kB) and stimulate inflammatory processes. Furthermore, Cr can cause
apoptosis by inducing p53 activation. 151152
P is present in a high amount in the human body mainly concentrated in the bone.
Reports indicated that increased P ions can stimulate Akt signaling and increase
MMP-2 and bFGF.1%31% Another research article verified that P can enhance
endothelial cells migration and tubule formation.'3® Moreover, this increased the
expression of key pro-angiogenic genes, such as the forkhead box protein C2
(FOXC?2), Ostpontin (OPN), and VEGFA in pre-osteoblast cells.1315 Osteopontin is

a well-known osteogenic marker indicator of osteoblast differentiation that can also
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has been recently related with angiogenesis.3?1% In a nutshell, phosphorus has a
stimulatory effect on genes with a pro-angiogenic effect and on VEGF production.'32
Recently, our research group reported the effect of nitrogen incorporation to
amorphous silica and an enhancement on osteogenesis. However, a better
understanding about the effect of this element on angiogenesis is required. Studies
have reported the effect of nitrogen coating bisphosphonates (N-BPs) inhibiting
angiogenesis through inhibition of farnesyl pyrophosphate synthase (FPPS) in
endothelial cells.4%1%6 Other researchers have reported the effect of nitrogen on
endothelial cells angiogenesis linking the element effect with nitric oxide activity.13?
Previously in this review we have mentioned and described some nitric oxide
properties and effects on angiogenesis and oxidative stress. Mainly, the NO can
prevent endothelial cells apoptosis and enhance endothelial cell proliferation through
the bFGF and VEGF expression.157:158

Si is currently known as an element which alone or combined with Mg and Ca
plays a major role on osteogenesis by upregulating transcription factors related with
osteoblast differentiation, Runx-2 and Osterix.1>-62 Furthermore, the studies
observed upregulation of proteins related with bone matrix formation. 15%-162The effect
of Si ion on angiogenesis have been indirectly reported by studying products of
dissolution and/or degradation of materials such as bioactive glasses.'63164 The
bioactive glasses have been successfully applied in bone tissue engineering due to
their capacity to strongly attach to the host tissue.'®® Silicon ion is the main
composition of the bioactive glasses, which has the most successful formulation used
in dental and orthopedic clinical practice represented by the 45S5 ( Bioglass®).166
However, the Bioactive glasses are also formed by other elements, such as Na, Ca,

Mg and Cu.166-168 |n general, it has been reported that these materials can induce
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angiogenesis by stimulating secretion of angiogenic factors, which increase
endothelial cells migration, proliferation, and capillary tubule formation.67.169-171
Nonetheless, just recently the recognition of ionic silicon as a pro-angiogenic element
started to be elucidated.*® The authors demonstrated that ionic silicon plays a role in

stimulating VEGFA production in endothelial cells through up-regulation of HIF-1a.43

2.6 Plasma enhanced chemical vapor deposition (PECVD)

PECVD is a thin film deposition technique that allows for tunable control over
the chemical gases making a solid deposit of reacted elemental from the gases on
preselected substrate. The most significant advantages of this technique for
biomaterials application are as follows: allows the creation of high energy, stable
bonding states, allow ionic release of components from the film which is very useful
in physiological application; generated a uniform coating of silicon dioxide, silicon
nitride, silicon oxynitride, and phosphorous containing silicon oxynitride films at low
temperature (250-400°C). Use of an energetic plasma to ‘damage’ the substrate
surface could result in an appreciable surface roughness that aids in cell attachment.
(See figure 10).2436.172

Initially, the chemical vapor deposition (CVD) was used for fabrication of

electronic semiconductor devices, such as solar cells and batteries; and optical

coatings, such as mirrors and antireflection coatings.73-176

CVD is a method of coating a substract forming a thin film. The method uses
deposition of a solid phase from a gaseous phase, and a volatile precursor gas
reacting or decomposing on a heated substract. The system operates on
temperatures between 400 and 1200 °C. First, there is a gas phase decomposition.
Second, there is diffusion to surface followed by physical adsorption, diffusion,

decomposition and desorption of a reaction by products. (see figure 11 ). 177
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Afterward, the PECVD emerges. This method applies plasma rather than
temperature as a source of energy for the gases reaction. With this method the
substrate (wafer) is maintained at a lower temperature created by the radio frequency
electromagnetic waves. During this process there is a high free electron content with
non-thermal equilibrium, and the plasma becomes positively charged and the particles
are accelerated toward the wafer. The wafers rest on a negative charged plate that is

heated to lower temperatures (~250-400 °C) compare to the CVD method.178-181

The process uses precursor(s) and carrier gas mix in the chamber. Firstly, The
energy is transferred to the system by radio frequency induced plasma. Secondly,
there is dissociation with ions and radicals formation and particles move to the
substrate. Lastly, the radicals are adsorbed onto the substrate and the film layer starts

to form with gradual density increasing. (see figure 12)182

The other advantages and the limitations of the method are as follows:
Advantages—> a lower operating temperature, a good step coverage, a uniform coating

on different surfaces patterns, a high packing density and a stress reduction.*’”

Limitations=> The current toxic precursors, have a limited capacity, sample

contamination, to establish stoichiometry and a high equipment cost.1’”

2.7 Conclusion
Therefore, supported by the extensive and broad literature reviews mentioned
in this section, we strongly believe that the PECVD coating amorphous silica-based
implants recently created by our research group can boost angiogenesis and reduce
oxidative stress in large bone defects. In addition, our research work bring a current
perspective of testing biomaterials in oxidative stress environment, which mimic the

real deleterious environment faced by these implants.
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Here, we are testing our hypothesis by verifying the effect of the new

synthesized implants in the angiogenic properties of human umbilical vein

endothelial cells (HUEVCS) and rat’s critical size calvarial defects.
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inflammatory mediators and induction of macrophages fusion and formation of foreign
body giant cells(FBGC). E) Activation of dendritic cells and amplification or

suppression of the inflammatory response.4
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CHAPTER 3
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ABSTRACT

Oxidative stress, induced by harmful levels of reactive oxygen species (ROS), is a
common occurrence that impairs proper bone defect vascular healing through the
impairment of endothelial cell function. lonic Silicon released from silica-based
biomaterials, can upregulate hypoxia-inducible factor 1a (HIF-1a). Yet, it is unclear
whether ionic Si can restore endothelial cell function under conditions of oxidative
stress. Therefore, we hypothesized that silicon ion can help improve human umbilical
vein endothelial cells’ (HUVECS) survival under deleterious oxidative stress
conditions. In this study, we evaluated the silicon ion’s effect on HUVECs viability,
proliferation, migration, gene expression, and capillary tube formation under normal
conditions, and under harmful levels of hydrogen peroxide. Our results demonstrated
that media, containing 0.5 mM Si4+, significantly enhanced cell viability and
proliferation in HUVECs under normal conditions. Furthermore, 0.5 mM Si4+
enhanced cell migration more than two-fold, as compared to the control. HUVECs
exposed to 0.5 mM Si4+ presented a conformational change, even without the bed of
Matrigel, and tended to form significantly more tube-like structures than the control
(p<0.001). In addition, 0.5 mM Si4+ enhanced cell viability in HUVECs under harmful
hydrogen peroxide levels (0.6 mM), as well as using both live and dead fluorescent
microscopy. HIF-1a, VEGFA, and VEGFR-2 were overexpressed more than two-fold
in silicon-treated HUVECs, as compared to the control under harmful hydrogen
peroxide concentrations (0.6mM). In conclusion, we demonstrated that 0.5 mM Si4+
can recover the HUVECS’ viability under oxidative stress conditions by reducing cell

death and upregulating VEGFA, HIF-1a, and VEGFR-2.
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1. Introduction

One million bone graft procedures are performed in the United States every
year (Vacanti and Langer, 1999). Many of these procedures are used to correct large
bone defects which are a hypoxic environment, rich in reactive oxygen species (ROS).
The high levels of ROS create an oxidative stress that can damage the cells and make
it difficult to enable adequate tissue regeneration (Ryter et al., 2007,Tabak et al.,
2011). Hence, biomaterials have been used as bone substitute for treatment of these
injuries. However, despite all the advances in bone tissue engineering, there are
limitations in the ability to address the repair of large bone defects with a suitable
biomaterial that can meet the requirements of biocompatibility and osteointegration.
Moreover, there is limited understanding about the role played by these biomaterials
in the healing area under oxidative stress induced by the deleterious hypoxic

conditions.

There is remarkable evidence of silicon’s effect in bone formation (Ryter et al.,
2007, Tabak et al., 2011,llyas et al.,, 2015,0Odatsu et al., 2015,Asselin et al.,
2004,Hench et al., 1971,Renno et al., 2013,Varanasi et al., 2012,Wang et al., 2014,Lu
et al., 2006). Silicon-based and Si-doped materials have been used as biomaterials to
enhance bone regeneration, as they elicit mineral deposition and osteoblast
differentiation(llyas et al., 2015,0datsu et al., 2015). Currently, the biomaterials have
been designed to act at a molecular level by stimulating a specific cellular response
(Asselin et al., 2004). Since the 1970’s, with the discovery of bioactive glass 45S5
(Bioglass®) (Hench et al., 1971), these Si-based materials have been shown to
enhance bone healing and material-bone attachment through Si** and Ca?* release,

inducing deposition of a hydroxycarbonate apatite layer within a few hours (Renno et
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al., 2013), posterior osteoblast differentiation, and collagen type | deposition (Varanasi

et al., 2012,Wang et al., 2014) .

Angiogenesis is crucial for bone tissue repair (Lu et al., 2006) and involves
endothelial cell’ migration, proliferation, differentiation, and tube formation (Saghiri et
al., 2015). The newly formed blood vessels transport the growth factors, cytokines,
and progenitor cells to damaged tissue. A recent study correlated Si** release from
mesoporous silica microspheres with hypoxia inducible factor 1a (HIF1-a) up
regulation (Dashnyam et al., 2017). Early on after trauma, tissue repair occurs in a
hypoxic environment, and changes in mitochondrial activity occur, leading to reactive
oxygen species’ (ROS) over-production. Hypoxia can induce HIF-1a accumulation and
angiogenesis downstream pathway activation (Solaini et al., 2010). However, elevated
levels of ROS create a cell damaging effect that can impede proper endothelial cell
function (Sharma et al., 2012). The threshold among physiologic, angiogenic, and
hazardous levels of ROS depends on the cell type. While the mesenchymal stem cells
are more sensitive to cell damage due to ROS, the endothelial cells have been shown
to be more resilient (Wen et al., 2013). Thus, it appears that the early effect of silicon
ion released from biomaterials needs to be understood to establish the role of this
element in angiogenesis under deleterious levels of oxidative stress.

Human umbilical vein endothelial cells (HUVECS) are well established for the
study of the angiogenic effect of drugs and biomaterials in vitro (Morin and Tranquillo,
2013,Sivaraman et al.,, 2017,Wang et al.,, 2016). ROS are described as reactive
molecules and free radicals derived from molecular oxygen; products generated from
metal catalyzed oxygen reaction generated from mitochondrial activities. Under
hypoxic conditions, the ROS levels can increase to concentrations that induce

additional cellular damage. In particular, hydrogen peroxide is a major contributor to
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oxidative damage (Solaini et al.,, 2010). Large bone defects lead to hypoxia and
production of deleterious levels of reactive oxygen species. These conditions are
usually present in regions surrounding implants and biopolymers used for biological
and structural support of bone defects. The studies mentioned above support the idea
that silicon ion can have a positive effect on bone healing in pro-oxidant conditions by
enhancing HIF-1a and improving angiogenesis. However, there is no conclusive study
that evaluates the isolated effect of the silicon ion on HUVECs under harmful levels of

reactive oxygen species. Thefore, this isolated effect is studied in this work.

Thus, we hypothesize that Si** at specific concentration(s) can enhance the
HUVECSs'’ viability in a toxic level of hydrogen peroxide by upregulating the gene
expression of HIF-1a and, accordingly, VEGFA, and VEGFR-2. Our goal is to gain a
new understanding of the ionic silicon on HUVECs under harmful oxidative stress
levels and understand the element’s role in angiogenesis during the early stages of
tissue repair. First, the cells’ viability, proliferation, tube formation, and migration in
HUVECs under normal condition (culture media without H202) is verified, using three
different Si** concentrations (0.1, 0.5 and 1 mM). Second, the cell viability and gene
expression on HUVECs exposed to toxic levels of H20: treated with specific(s) Si4*

ions concentration(s) is tested.

2. Material and Methods

2.1 Silicon ion and hydrogen peroxide solutions preparation

The Si** solution was prepared by dissolving sodium meta-silicate - Na2SiOs (1
mol I-1) in RNA free sterile water. After preparation, the solution was filtered using a
nylon syringe filter (33mm, 0.2um, 50/PK) and followed by serial dilutions until the final
dilution in endothelial cell culture media-2 (Lonza Walkersville, In) reached the desired

Si** concentrations: 0.1 mM, 0.5 mM and 1.0 mM. Hydrogen peroxide (H202 30%
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(w/v)) was used as the source of ROS and was diluted with sterile water followed by
filtration, as mentioned above. Serial dilutions were made with sterile water until the
desired H202 concentrations were reached: 0.2mM, 0.4 mM, 0.6 mM, 0.8 mM, 1.0 mM
and 1.5 mM. The last dilution was made in the well-plate with the specific endothelial

cell media.

2.2 Cell culture

Human umbilical vein endothelial cells (HUVECSs) (Lonza Walkersville, In) were
thawed and sub-cultured in 75 cm? Corning® cell culture flasks with canted neck and
vented caps following manufacturer’s protocol[4]. Endothelial cell growth media 2
(EGM-2) (Lonza Walkersville, In) was used for the HUVECSs’ expansion, and the media
was changed every two days until the cells reached 70% confluence. The HUVECs
were then sub-cultured. Cells from Passage 3 were used on all the designed

experiments.

2.3 HUVECS'’ viability exposed to different H202 concentrations

A total of 3 x 10* cells/cm? were seeded per well in a 96 well-plate using a total
volume of 100 pl of specific cell culture media (n=12/group), depending on the study.
Endothelial Growth Media (EGM) was used as control, and the other six groups were
formed by the H202 concentrations detailed earlier. The sterile water with H202 was
placed on the bottom of the well before the reduced EGM,; this was prepared by diluting
EGM with Endothelial Basal Media (EBM) for a final concentration of 20% (v/v), and
is labeled on this manuscript as EGM 20%, FBS concentration was corrected to 2%
after dilution. Analyses were conducted after 6 and 24 hours, and 6 samples were
used per time point for Calcein-AM (BD, Biosciences, CA) fluorescent staining, and 6
samples were used for CellTiter 96® AQueous One Solution Cell Proliferation Assay

(MTS). First, the cells were prepared for the proliferation assay, and a solution was
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prepared using 1mL of EBM per 100 uL of the reagent. After the specific time point,
the cell culture media was removed from each well and 120 pl of the prepared solution
was placed inside the well. After 3 hours, 60 pL of the solution was collected and
placed in a new 96 well plate. This was read using a microplate reader POLARstar
Omega BMG Labtech at a 490-nm wave length. Next, 50 pL of Calcein-AM 2mM was
added to the other 6 wells/group and allowed to sit for 30 minutes. Fluorescent pictures
were taken using the Carl Zeiss Axio Vert A1 TL/RL LED Inverted Microscope with the

FITC light filter. All results presented were compared to the initial cell seeding density.

2.4 Silicon ion effect on HUVECs under normal conditions (viability and proliferation)

2.4.1 Cell viability

In all, 1.5 x10* cells/cm? were seeded per well with n=12 per group in the 5 groups:
EBM + 0.1 % FBS (negative control), EGM (positive control), EBM + 0.1% FBS + Si**
0.1mM, EBM + 0.1% FBS + Si** 0.5 mM, and EBM + 0.1% FBS + Si** 1mM. After 6

and 24 hours, 6 samples per group on each time point were used for the MTS assay.

2.4.2 Cell proliferation

Totally, 1.5 x10* cells/cm? were seeded per well with n=12 per group in the 5
groups: EGM 20% (negative control), EGM (positive control), EGM 20% + Si 0.1 mM,
EGM 20% + Si 0.5 mM, and EGM 20% + Si 1 mM. All groups with silicon ion were
prepared with EGM 20%, with an aim to give more sensitivity to changes induced by
the different Si** concentrations on HUVECSs. In order to determine the best EGM
dilution for this experiment, the cells were cultivated in EGM, diluted in three different
concentrations. EGM at 20% dilution exhibited a significant difference (p<0.01) in cell
proliferation, relative to control after 24 hours. The data was collected using the same
methods mentioned in Section 2.3 at 6, 24, and 48 hours after cell seeding, using the

MTS assay (n=6/group each time point) and Calcein-AM fluorescent staining
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(n=6/group each time point) for pictures. Additionally, the fluorescent images were
used for cell counting on ImageJ, v1.47 (National Institutes of Health, Bethesda,

MD)(Rasband WS, 1997-2017).

2.5 Capillary-like tube formation assay under different Si4* concentrations

2.5.1 HUVECs seeded on bed of Matrigel

The experimental design groups were the same as used in Section 2.4, with
n=6 per group. The experiment was conducted according to previous studies
(Information, 2014,Arnaoutova and Kleinman, 2010). Briefly, first, 50 pl of Matrigel®
Matrix (Basement Membrane Phenol-Red Free) was placed at the bottom of each well
and placed in an incubator at 37°C, with 95% relative humidity and 5% COg, for 30
minutes. Thereafter, 50,000/cm? cells were seeded per well, using 100 pL of specific
media and/or Si**, as detailed above. The well plate was maintained in the incubator
for 6 hours and was subsequently stained with Calcein-AM using the same method as
mentioned in Section 2.3. Lastly, after 30 minutes, 3 different pictures were captured
per well using Zeiss Fluorescent Microscopy FITC Filter at 5x magnification. The
angiogenesis analyzer ImageJ plugin (Rasband WS, 1997-2017) was used for
measuring the total tube length (pixels), number of nodes, number of meshes, and

number of segments.

2.5.2 HUVECSs seeded in well plates without Matrigel

Four groups were used for capillary-like tube formation without Matrigel: EGM
(control) and the three silicon ion concentrations (0.1, 0.5, and 1.0 mM); 50,000
cells/cm? were seeded per well (n=5 per group) in a 96 well-plate using 100 pL of
EGM-2. After 24 hours, the growth media from 3 of the 4 groups was changed to media
with three different silicon ion concentrations, and the final group was replaced with

new growth media to serve as the control. Three hours after the media change, the
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cells were stained with Calcein-AM, following the protocol described. Three different
5x magnification images were captured per well using Zeiss fluorescent microscopy;
FITC filter and ImageJ were used for calculations. A number of connected networks
formed, indicating that conformational change of HUVECs into capillary precursor

structures are presented.

2.6 Scratch wound healing assay

This experiment utilized three groups (n=3/group): EGM (positive control),
EBM-2 (negative control), and Si** 0.5 mM + EBM (treatment). Initially, 50,000 cells
were seeded in each well and cultured until they reached 90% cell confluence. A 200
ML pipette tip was used to make a scratch in a cross shape; the media was removed,
and each well was washed two times with phosphate buffer solution (PBS). The new
media was added according to the groups described above. A 5x magnification bright
field image was taken just after the addition of the new media (t0). After 12 hours (t12),
the wells were washed with PBS, fixed with 4% paraformaldehyde solution, and
stained with toluidine blue. Images were captured from the same area as the tO
images, and the percentage of occupied area at t12 was calculated using the Wound

Healing ImageJ software plugin (Rasband, 1997-2017).

2.7 Transwell migration assay

The cell migration by transwell membrane was tested in triplicate in the
following groups: EGM (positive control), EBM + 2% FBS (negative control), and EBM
+ 2% FBS + Si** 0.5 mM (treatment). In all, 30,000 cells were seeded in the upper
chamber of the 8 uM Transwell (Castor Inc) in 100 pL EBM. Thereafter, 600 pL of
studied media was placed at the bottom of the well and the cells were allowed to

migrate through the micropores for 12 hours; the HUVECs were fixed with 4%
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paraformaldehyde solution. After fixation, the cells from the upper part of the well were
removed using a cotton swab, and the remaining cells (bottom/migrated cells) were
stained with DAPI (P369, Invitrogen) for nuclear visualization. Finally, three images
per well were captured at 5x, 10x, 20x, and 40x magnification view using Zeiss

Fluorescent Inverted Microscopy, and ImageJ software was used for cell counting.

2.8 Effect of Si on HUVECs under harmful hydrogen peroxide level

2.8.1 Cell viability

The Si** and H20:2 solutions and cells suspensions were prepared following the
method mentioned in Sections 2.3 and 2.4. The experiment used three experimental
groups: EGM, EGM + H202 0.6 mM, and EGM H202 0.6 mM + Si 0.5 mM (treatment).
Both 0.6 mM H202 and Si** 0.5 mM were used, based on the results observed in the
previous sections. Totally, 15,000 cells/cm? were seeded per well in a 96 well-plate
with twelve samples per group (n=12). The data was collected after 6 and 24 hours.
In all, 6 samples per group were used for the MTS assay, and 6 samples per group
were used for live and dead fluorescent microscopy staining with Calcein-AM (3uM)
and propidium iodite (4.5 uM) diluted in warm DPBS. Analyzed data is presented
relative to control (EGM).
2.8.2 Quantitative real-time polymerase chain reaction (QRT-PCR)

In total, 500,000 cells were seeded in a 6 well-plate (n=6/group) and cultured
for 24 hours. The experimental groups were the same used for viability (Section 2.8.1).
First, the cells were lysed using the buffer RLT (guanidinum thiocyanate) with 10 ul 8-
Mercaptoethanol per 1 mL of buffer. Second, the cells were sheared using rubber
scrapper under mild pressure to lyse the cells and collect mMRNA (RNeasy Mini Kit,
Qiagen, Valencia, CA, USA), which were then converted to cDNA using gRT-PCR

method (Reverse Transcription System, Promega, Madison, WI, USA) according to
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manufacturer’s protocol. Both mRNA and cDNA were quantified during the process
using microvolume UV-VIS spectrophotometer (Nano Drop 2000c, Thermo Fisher
Scientific Inc., Watham, MA, USA). Reference gene 18S was used as housekeeping
to be considered more specific to HUVEC cells (Chen et al., 2013), and GAPDH was
also used as housekeeping for better comparison with other studies. Lastly, relative
guantification of gene expression was evaluated by comparing the cycle threshold
(CT) method and fold change, calculated using 2-22CT. The studied genes included
VEGFA, KDR and HIFl-a (Table 1). The data was calculated relative to the

housekeeping genes and compared to control (EGM 20%).

2.9 Statistical Methods

Data are expressed as means and standard deviations. Statistical analysis was
performed using a one-way ANOVA with post-hoc Tukey’s Pairwise for comparison
amongst all groups, and Student t-test for comparison between groups. The significant
level was considered when p<0.05. Past3 version 3.15 and OriginPro 2015 Statistical
Softwares were used for calculations and graphs.

Sample size was determined based on the number of groups and standard
deviation from the pilot study, 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.

Analyzed data is presented on bar graphs, cell viability and proliferation under
ROS environment, and normal condition is shown relative to initial cell seeding; cell
migration assays are presented relative to positive control. The gene expression is
shown relative to the housekeeping gene and compared to control. Capillary tube

formation was not normalized.

72



3. Results

3.1 HUVECS viability exposed to different H202 concentrations

HUVECs were exposed to different concentrations of H202 to determine cell
viability at 6 and 24 hours). MTS proliferation assay showed that H202 0.2 and 0.4 mM
presented no significant difference compared to control (EGM without H2032).
However, the viable cells’ number was significantly increased compared to the other
H202 groups (p<0.001) (Figure 1A). H202 0.6 mM was the first studied level to
demonstrate a significant decrease compared to control (p<0.001) (Figure 1A). The
other groups, H202 > 0.6 mM, demonstrated to be highly toxic to HUVECs after 24
hours, with a significant decrease or absent viable cells number. H202 0.6 mM was
considered and used for our experiment due to its capability of maintaining cell survival
at a recoverable level, showing approximately 55% cell viability relative to initial cell
seeding. Moreover, this concentration significantly reduced the viable HUVECS’
number, as compared with control to 45+21%, (p<0.001) and 64+23% (p<0.001) after
6, and 24 hours, respectively (Figure 1A). The Calcein-AM fluorescent images
corroborate the MTS assay results, showing the reduction of viable cells at 6 and 24
hours (Figure 1B).

3.2 Silicon ion effect on HUVECs under normal condition

3.2.1 Cell viability

The effect of the silicon ion on the HUVECS' viability was tested under normal
conditions. The silicon ion had no cytotoxic effect on any concentrations used in this
experiment; all groups presented an increase in cell number compared with the initial
cell seeding. However, after 6 hours, the cells exposed to Si** 1.0 mM presented no
significant increase. At 24 hours, Si** 0.5 mM presented a significant increase in the

relative cell number (3.21 £0.05 fold, p<0.05) compared with the 0.1, 1.0 mM silicon
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concentrations, and negative control (EBM). The positive control (EGM) showed the
most significant increase in viable cells number (3.95 £0.07 fold, p<0.05) (Figure 1A).
3.2.2 Cell proliferation

Cell proliferation was tested at 6 and 24 hours. After 6 hours, the groups with
silicon ion presented similarly to the 2-fold more cells than control groups (p<0.05). At
24 hours, the positive control (EGM) presented a significant increase (4.6 = 0.22 fold)
(p<0.05) among all groups. Finally, 48 hours after initial cell seeding, the positive
control (EGM) had the most significant cell growth (8.04 +0.42 fold, p<0.01).
Nevertheless, among the silicon ion groups, the Si** 0.5 mM presented a significant
increase of cell growth (4.39 +0.28 fold, p<0.05) compared to the Si** 0.1 mM (3.44
+0.25 fold) and Si** 1.0 mM (3.12 +0.34 fold) groups (Figure 2B).

After 48 hours, the viable cell counting relative to positive control (EGM),
showed that the 0.5 mM Si#* group presented 2-fold more than the other silicon ion
groups (p<0.05) and 5-fold greater than the negative control (EGM 20%, p<0.01)
(Figures 2C and 2D).

3.3 Capillary tubule formation

3.3.1 HUVECSs seeded on bed of Matrigel

Capillary tube formation of HUVECs was tested on a bed of Matrigel exposed
to different silicon ion concentrations: EGM (positive control) and EBM (negative
control) specific environment. Si** 0.5 mM samples showed a significant enhancement
of capillary tube formation among all groups, especially on the number of meshes
(p<0.01), which is closely related with pre-capillary structure maturity (Figures 3A and

3B).
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3.3.2 HUVECS seeded without Matrigel

All silicon ion groups presented a conformational cell shape change with the
cells tending to form a capillary precursor structure (circular structures labeled in
Figure 3C). All silicon groups formed significantly greater number of connected
networks, at least 10-fold more than control (EGM). The 0.5 mM Si#* group formed 10-
fold more connected networks than the 0.1 mM Si** (p<0.05) and 20-fold more than

the 1.0 mM Si** group (p<0.01) (Figure 3D).

3.4 Scratch wound healing assay

A wound healing assay was used to test the amount of cell migration on a
scratched surface. After fixation and staining with Toluidine blue, the bright field
pictures (5x view) show the greatest amount of cell migration across the scratched
area of the positive control group (EGM), followed by EBM + 0.5 mM Si#*. (Figure 4A).
After measurements using Wound Healing (ImageJ plug-in), the data analysis showed
that the addition of 0.5 mM Si** to EBM increased the HUVEC migration almost 3-fold

on the scratched area after 12 hours (Figure 4B).

3.5 Transwell migration assay

After fixation of the HUVECSs, DAPI staining, and image capturing in 10x, 20x,
and 40x (Figure 4C), the number of migrated cells were calculated. The data shows
that the silicon treatment group presented approximately two-fold increase in migrated
cell numbers, as compared to the negative control (EBM + 2% FBS, p<0.05) (Figures

4C and 4D).
3.6 Effect of Silicon ion on HUVECs under harmful hydrogen peroxide level

3.6.1 Cell viability
After 6 and 24 hours, the silicon treatment group presented a significant

increase in the live cells number, as compared to the non-treatment group (p<0.05)
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(Figures 5A and 5B). After 24 hours, HUVECs exposed to harmful levels of hydrogen
peroxide (H202 0.6 mM), and silicon ion 0.5 mM simultaneously, presented almost 3-
fold decrease in dead cell numbers, as compared to cells exposed to hydrogen

peroxide without silicon treatment (p<0.05) (Figure 5C and 5D).

3.6.2 Quantitative real-time polymerase chain reaction (QRT-PCR)

After 24 hours of cell seeding, the cell lysate was collected and analyzed. All
groups were compared with control EBM 20% and expressed relative to the
housekeeping genes 18S and GAPDH. Cells exposed to 0.6 mM H202 presented a
significant decrease of studied angiogenic genes expression, as compared to the
control (p<0.01). Cells exposed to the silicon ion presented a significant increase in
the expression of all angiogenic genes studied (p<0.001). The difference was more
evident when compared to the 18S housekeeping gene: VEGF (7.13 +£0.54 fold,
p<0.01), KDR (4.92 +£1.18 fold, p<0.01), and HIF-1a (5.97 +2 fold, p<0.01) (Figure 6A).
Similarly, but with less intensity, all genes were significantly overexpressed relative to
GAPDH: VEGF (5.3 #1 fold, p<0.05), KDR (4 +0.73 fold, p<0.05) and HIF-1a (3 +0.86
fold, p<0.05) (Figure 6B).

The results show that cells exposed to 0.6 mM H202 and treated with 0.5 mM
Si** presented a significant over-expression as compared to the control, and relative
to the 18S housekeeping gene: VEGFA (3.49 £0.75 fold, p<0.01), KDR (2.38 £0.58
fold), HIF-1a (2.77 +0.45 fold) (Figure 6A). When GAPDH was considered as the
housekeeping gene, there was a significant over-expression of VEGFA (4.36 +0.68

fold, p<0.001) and HIF-1a. (1.73 + 0.42 fold, p<0.05) (Figure 6B).

4. Discussion
Our study shows the novel effect of the ionic silicon on HUVECs under harmful

oxidative stress. There was significant enhancement on cell viability and reduction of
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cell death on HUVECs exposed to H202 0.6 mM in the presence of Si** 0.5 mM.
Furthermore, the same condition exhibited an enhancement on expression of VEGFA,
VEGFR-2, and HIF-1a, which are major angiogenic markers.

The concentration of 0.6 mM hydrogen peroxide was selected for these
experiments due to its significant reduction of HUVEC viability. The chosen
concentration also allowed some degree of cell survival, which could be enough for
cell recovery by the positive effect of the silicon ion. Other studies have used this same
concept (Wen et al., 2013) , but we verified the conditions for our designed experiment
because, as mentioned in the material section, we have used a unique combination of
cells and growth media. Superoxide is the main reactive oxygen species produced in
hypoxic conditions. Nevertheless, it is highly unstable and gets converted to hydrogen
peroxide (Kim and Byzova, 2014). Hence, hydrogen peroxide has been used in a
variety of studies (Csordas et al., 2006,Wei et al., 2010,Wen et al., 2013,Song et al.,
2014)[5-8].

Oxidative stress is a condition present at the beginning of bone regeneration
after trauma, and can lead to a deleterious effect on osteoblasts and endothelial cells,
impairing new bone and vascular structure and formation (Prasad et al., 2003,Yeler
et al.,, 2005,Arai et al., 2007). In vivo models are unable to precisely identify the
reactive species levels and toxicity due to its molecular instability. Therefore, reactive
oxygen species’ production has been specifically studied in vitro. Some studies used
hypoxic chamber (Yang et al., 2014,Zhang et al., 2016), but hydrogen peroxide
appears to more realistically mimic the oxidative stress in an acute bone loss situation.
The concentration of H202is controversial, depending on a variety of factors, such as

condition media, cell type, and passage. In our study, we used H202 0.6 mM, similar
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studies have been designed with other concentrations due to usage of different
condition media and cells (Csordas et al., 2006,Wei et al., 2010,Wen et al., 2013).

Our study investigated the effect of three silicon ion concentrations (0.1, 0.5,
and 1.0 mM) on the HUVECS’ viability and proliferation under normal conditions (non
pro-oxidant or no H202). The experimental silicon concentrations were non-toxic to the
HUVECSs at the concentrations tested. Thus, 0.5 mM Si** showed an increase in cell
proliferation after 48 hours, potentially being a therapeutic dosage for use in
unfavorable situations, such as after a trauma or injury, to combat the harmful
hydrogen peroxide concentrations observed in these hypoxic environments. Contrary
to our observation, a study using the same silicon ion groups showed no effect on the
HUVEC’s proliferation under normal conditions (Robertson, 2009). We believe that the
difference observed in our experiment was due to specific changes and reductions in
the growth factor used in the cell culture media of silicon ion groups, allowing the cells
to be exposed to an in vitro environment with enough nutrition to demonstrate a
potentially beneficial effect of the silicon ion on cell proliferation and without significant
added effect from growth factors. The enhancement on cell proliferation can be
associated with VEGFR2 and VEGFA upregulation, such as was described previously
(Koch et al., 2011), and observed in the gene expression of the present study (Figure
6).

All silicon ion concentrations used in this study induced marked conformational
change, forming enhanced capillary-like structure on the HUVECSs cultured in normal
condition without Matrigel (Figure 3C and 3D). This observation needs further
investigation to better understand silicon’s effect on the cytoskeleton and cell-to-cell
interaction. The tube formation on the bed of Matrigel showed the enhancement of

capillary-like tube formation precursors in the presence of 0.5 mM Si#*, particularly
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demonstrated by the increased number of matured structures and mesh networks
(Figure 3A and 3B). Some studies, which evaluated materials based on silicon, also
presented a similar result; however, the effect was verified in combination with other
elements, such as calcium and magnesium (Dashnyam et al., 2017,Kong et al., 2014).
Endothelium cells’ capillary tube formation is correlated with a cascade downstream
of integrin ligation induced by cell matrix interaction (Davis and Senger, 2005,Davis et
al., 2007). Nesprin are proteins that link the cell nuclei to the cytoskeleton and are
associated with the HUVECSs’ loop formation during angiogenesis (King et al., 2014).
We speculate that Si**can have some effect on the cell matrix interaction and/or
nesprin activation and expression, and further investigation is necessary for
clarification.

The presence of silicon ion increased the capillary tube formation structure,
with, and without Matrigel. At the same time point, the three silicon groups
demonstrated an enhancement of 2-fold on the cell proliferation compared to the
controls (Figure 2B, 2C and 2D). However, capillary tube formation assay with Matrigel
cannot be correlated with the first 6 hours’ proliferation results (Figure 2B), because
the cell culture condition of Matrigel is rich in endothelial cells’ growth factor, and
proteins are not present in the cell culture media used in the proliferation study. The
same must be considered in the tube formation experiment without Matrigel, when a
marked increase in the capillary-like tube structure was observed in groups with silicon
and minimum cell culture condition on EBM (without growth factors) (Figures 3C and
3D).

The present study showed that 0.5 mM Si** significantly increased cell
migration in the scratch assay (Figures 4A and 4B) and had a chemotactic effect on

HUVECSs, confirmed by the transwell cell migration, which showed significant
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improvement as compared to the negative control (EBM) (Figures 4C and 4D). Cell
migration is a relevant phenomenon during angiogenesis, and its enhancement would
greatly impact the tissue healing process. The transwell cell migration simulated the
effect of silicon ions released by the biomaterials used in bone tissue replacement
and/or stabilizer. Both results were reinforced by a current publication which used
mesoporous silica (Dashnyam et al., 2017).

The present study demonstrates that HUVECs exposed to H202 0.6 mM (toxic
levels) and treated with Si** 0.5 mM reduces cell death and enhancement of cell
survival on live/dead cell fluorescent staining (Figure 5). These findings suggest that
the silicon ion can limit cell death during the first 24 hours, on cells exposed to
unfavorable oxidative stress present in injuries and bone loss. Recently, a few studies
have been focused on effects of biomaterials/implants used on oxidative stress
induced by bone defects (llyas et al., 2016,Sansone et al., 2013). These studies have
focused on the long term outcome of oxidative stress and its association with implant
loosening and failure (Sansone et al., 2013,Pietropaoli et al., 2013,Kinov et al., 2006)
. Yet, these studies neglected research on early time points, as the period is crucial
for angiogenesis and efficient tissue repair for improved long-term implant or
biomaterial attachment and potentially reduce failure rates.

The studied angiogenic genes expressed a consistent pattern with significant
overexpression under harmful oxidative stress when treated with the silicon ion (Figure
6), reinforcing the observation of live/dead HUVEC microscopy and MTS proliferation
assays. (Figure 5). Studies correlate silicon-based materials with a positive effect on
angiogenesis and enhanced expression of VEGF and VEGFR-2 in HUVECs in vitro

(Li and Chang, 2013,Zhai et al., 2012). Nevertheless, none of these studies showed
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the effect of ionic silicon in HUVECs angiogenesis in the real clinical situation of
unfavorable oxidative stress.

Our study showed under-expression of VEGFA, VEGFR-2 and HIF-1a in
HUVECs exposed to a harmful hydrogen peroxide concentration and recovery, with
over-expression in silicon treatment groups. HIF-1a over-expression in a treatment
group corroborates the fact that HUVECs have a higher survival rate and less cell
death under harmful H202 concentrations. HIF-1a activation is a master event in the
down-stream signaling of angiogenesis (Krock et al., 2011). HIF-1a is necessary for
blood vessel invasion and progenitor cell survival in hypoxic and damaged
environments, especially when the blood vessels have not reached the site of injury.
Downstream in the pathway, HIF-1a reduces oxygen consumption to help avoid
harmful ROS accumulation (Stegen et al., 2016). HIF-1a proved to be essential for
new bone formation on the osteoblast progenitor cells by upregulating the angiogenic
markers (Stegen et al., 2016). A recent publication showed a relationship between the
silicon ion released from mesoporous microcarriers and HIF1-o upregulation by
HUVECs under regular cell culture media conditions without toxic levels of reactive
oxygen species (Dashnyam et al., 2017). Our results corroborated these findings and
showed increased HIF-1a expressed in HUVECs exposed to harmful levels of
hydrogen peroxide.

The present study shows that VEGFA expression is significantly increased in
HUVECs exposed to 0.5 mM Si#*, even when the cells were under harmful oxidative
stress. The VEGFR2 followed the same pattern but with less increase. Vascular
endothelial growth factor-A (VEGFA) and analogous receptor (VEGFR-2) are crucial
in both angiogenesis and regulation of long term blood vessel formation (Hu and

Olsen, 2016) . Moreover, VEGFA and VEGFR-2 play a significant role in the different
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stages of endochondral and intramembranous ossification, having a paracrine,
autocrine, and intracrine effect on osteoblast function during the bone repair (Hu and
Olsen, 2016). Hence, our results support the beneficial effect of Si** under normal and
deleterious levels of H202, showing overexpression of the relevant genes related with

new blood vessel formation.

The effect that Si** plays on angiogenesis could be analogous to our previous
work in osteogenesis. In that work (llyas et al., 2016), it was found that osteogenic
transcription was dependent on ionic Si enhancement of SOD1. It is possible that a
similar link could have occurred for angiogenesis. For example, elevated superoxide
dismutase activity (6-fold) under hypoxic conditions (<4% O2) led to HIF-1a
stabilization and new blood vessel formation (Wang et al., 2005,Movafagh et al.,
2015). Other studies have noted a reduction of ROS and its products by other
antioxidants such as glutathione family of antioxidants (e.g., glutathione (GSH),
glutathione peroxidase (GPX1)) (MarA- et al., 2009,Armstrong et al., 2002). For
example, the glutathione family of antioxidants has been linked to have a stimulatory
effect on HIF-1a and VEGFA under conditions of oxidative stress (MarA- et al.,
2009,Galasso et al., 2006). The study demonstrated inhibition or limitation of new
blood formation in mice deficient of GPX1 (Galasso et al., 2006). It may be possible
that ionic Si enhances angiogenic markers as seen in this work by these antioxidant
expressions. Future work will explore these important mechanisms since they play an

essential role in mitigating deleterious oxidative stress and promoting angiogenesis.

5. Conclusion
This study demonstrates that ionic silicon markedly enhances HUVEC viability,
even in unfavorable conditions of harmful levels of reactive oxygen species (H202).

The silicon ion also induces a significant conformational change, with or without the
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favorable Matrigel® condition, forming capillary precursor tube structures. Our results
also show the enhancement on cells’ migration in a wounded area (scratch assay) and
by homing effect (transwell migration). These findings strongly support the idea that
the controlled release of silicon ion by biomaterials used in bone tissue engineering
can have a beneficial effect in the early stages of tissue regeneration by enhancing
new blood vessel formation, a crucial step in the healing process. We believe that
future studies need to focus on understanding how the silicon ion induces HUVEC
cytoskeleton changes, and the specific mechanism responsible by beneficial silicon

ion effect on HUVECS’ survival under harmful, oxidative stress.
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Tables and lllustrations

Table 1. Gene and specific TagMan assay ID. VEGFA, KDR and HIF-1a were used

for angiogenesis and 18S and GAPDH as housekeeping

Gene Assay ID
VEGFA Hs00900055_ml1
VEGFR2 (KDR) Hs00911700 ml
HIF1-a Hs00153153 ml
18S Hs03003631_gl
GAPDH Hs02786624 gl
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Figure 1. HUVECs viability under H202 - MTS assay and Calcein-AM staining. A)
Shows the cells number relative to control at 6 and 24-hour time points. At 24 hours
H202 0.6 mM was significantly lower than 0.4 mM and higher than 0.8 mM
(***p<0.001, *p<0.05, n=6/group). B) Shows fluorescent pictures of HUVECs stained
with Calcein-AM at 6 h (I and Ill) and 24 h (Il and V). Pictures | and Ill show cells
exposed to endothelial cell growth media (EGM) and pictures Il and 1V show cells

exposed to EGM and Hydrogen peroxide (H202). Scale bar = 100um
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Figure 2. HUVECSs viabiltity and proliferation — MTS assay and Calcein-AM. A) The
bar graph shows the viable cells number measured by MTS assay after 6 and 24
hours. At 24 hours, Si** 0.5 mM was the most significant among the silicon groups and
EBM. (**p<0.01, *p<0.05, #p<0.05) (n=6). B) Bar graph shows cells proliferation
relative to initial cell seeding after 6, 24, and 48 hours. At 6 hours, all silicon groups
similarly presented a significant enhancement in relative cell growth, as compared with
controls (p<0.05). At 48 hours, among all silicon groups and EGM 20%, Si** 0.5 mM

showed the most significant relative cell growth ( (p<0.05). C) Fluorescent pictures (5x
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view) of HUVECs stained with Calcein-AM after 48h, showed enhancement on cell
proliferation after being exposed to silicon ion. Picture | shows the reduced viable
cells number on negative control (EGM 20%). Picture Il shows an outstanding
increase in the cell numbers on positive control, followed by EGM 20% + Si** 0.5 mM
group shown in picture IV. The other two silicon ion groups (pictures Ill and V)
showed similar results with less viable cells than positive control and EBM 20% + Si4*
0.5 mM. D). Bar graph showing viable cells number are relative to positive control
(EGM). EGM 20% + Si** 0.5 mM group presented 2-fold more than the other silicon
groups (p<0.05) and 5-fold more than negative control (EBM 20%) (p<0.01)
(***p<0.001,**p<0.01, *p<0.05, ##p<0.01, #p<0.05) (n=6). EGM—-> endolthelial cell

growth media; EBM-> endothelail cell basal media. Scale bar = 200pum
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Figure 3. HUVECs capillary tube formation with and without Matrigel - Calcein-AM staining and
Angiogenesis Analyzer data. A) Pictures I, I, Ill, IV and V show fluorescent pictures (5x view) of
HUVECSs stained with Calcein-AM, 6 hours after seeding on bed of Matrigel. Si** 0.5 mM presented the
best parameters among all groups, especially on the number of meshes and nodes. Scale bar = 200
pm. B) Shows analysis of data collected from ImageJ. Si** 0.5 mM presented significantly higher
number of meshes, segments, junctions and nodes when compare with other groups. C) Fluorescent
pictures (5x view, scale bar = 200 pm; and 10x view, scale bar = 100 pum) of HUVECs stained with

Calcein-AM, 3 hours after media change and 27 hours after initial cell seeding.
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Figure 3. C Pictures | and V (control) show a low number of circles. Pictures I, lll, IV, VI, VII, and VI
represent the cells exposed to different silicon ion concentrations and show a higher number of circular
structures, similar to pre-capillary tubes. D) Bar graph showing the data analysis from the fluorescent
pictures of number of connected networks formed according to group relative to control (EGM). EBM +
Si** 0.5 mM produced the most remarkable results followed by 0.1 mM,and 1mM. E) Angiogenesis
analyzer (Image J plug-in) (Arrow head A-B); nodes, identified as pixels that had at least 3 neighbors,
corresponding to a bifurcation (arrow A-B); twig (C1, D1), segment (C2, D2) delimited by two junctions
(C3, D3) (note that this pointed junction is composed of several nodes) and branches (C4, D4). E shows
a junction implicated only in branch (E1) and master junctions like E2 delimiting master segments (E3).
F shows the master tree composed from master segments associated by master junctions delimiting
the meshes (F1). Optionally, two close master junctions can be fused into a unique master junction
(F2). Note the underlying segment (F3). (***p<0.001, **p<0.01, *p<0.05###p<0.001, #p<0.05). EBM:

endothelial cell basal media; EGM: endothelial cell growth media.
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Figure 4. HUVECs migration — scratch assay (Toluidine blue) and transwell membrane (DAPI). A)
Scratch wound healing assay. Pictures (5x view, scale bar = 200 um) of wounded area on time Oh (no
staining) and 12h (toluidine blue staining). Picture | shows EGM (positive control) group with higher
wounded area occupied by migrated cells. Picture Il shows EBM (negative control) group with lower
number of cells on wounded area and picture Ill represents EBM treated with Si** 0.5 mM showing the
increase of silicon on cell migration, as compared with EBM (picture Il). B) Graph shows percentage
of occupied initial wounded area by migrated cells relative to control (EGM) 12h after scratch. EBM +
Si** group presented almost 3 times more occupied area than EBM without silicon. C) Fluorescent
pictures of HUVECSs stained with DAPI 12 hours after transwell cell migration (10x , scale bar = 100 um;
20x, scale bar = 20um; 40X, scale bar = 20 um). Pictures I, IV and VIl show EGM (positive control),
Pictures II, V and VIIl EBM + 2% FBS (negative control), and pictures Ill, VI and IX silicon treatment
group. D) Bar graph presents number of transwell migrated cells relative to EGM (positive control).
Silicon treatment group showed two times more cell migration than negative control. (*p<0.05)
(n=3/group). EGM: endothelial cell growth media; EBM: endothelial cell basal media. FBS: fetal bovine

serum.

97



E' EGM H>0, 0.6 mM H,0, 0.6 mM + Si 0.5 mM
: R v | m e ———
5 0.9 ¥ .
£ > 08
]

6h ¢ 207 I 1
Eg o
EZ . o
£33
T 2 02 l
L 2 01
s 0
s 6h 24h

*p<0.05

EGM + H,0, 0.6 mM iy
EGM + H,0,06 mM +Si0.5mm  N7/9roup

-c
EGM H,0, 0.6 mM H,0, 0.6 mM + Si 0.5 mM

(=]

16

=}
* ¥
O
gL !
[}
;,_2 10
=3 s
Es
o 6 .
o m© g
s 4
30
8 w 2
§ o .
e N S D p<0.01
9 &
« © % *p<0.05
S ) !
o =) n=3/group
Vv x
Dol («3}
©
o5
O’b
‘Z\’L

Figure 5. Live and dead assay (Calcein-AM and propidium iodide staining). A) Pictures (5x view, scale
bar = 200 um) of HUVECS stained with Calcein-AM under hydrogen peroxide oxidative stress with and
without silicon ion treatment, as compared to control. Pictures | and IV show EGM (control) group.
Pictures Il and V show cells exposed to H202, and pictures Il and VI show HUVECs under H20>
environment and treated with Si** 0.5 mM. B) Graph presents data of comparison between treated and
non-treated group relative to control (EGM). Treatment group shows twice and three times more viable
cells than H202 0.6 mM group at 6 hours and 24 hours, respectively. C) Fluorescent pictures after
propidium iodide staining 24 hours after cell seeding. Pictures I, IV and VIl show different magnification
of lowest number of dead cells on negative control (EGM). Pictures II, V and VIII show different
magnifications of highest number of dead cells on positive control (H202 0.6 mM). Pictures lll, VI and
IX show lower number of dead cells than positive control. D) Bar graph shows that silicon treatment
group (H202 + Si 0.5 mM) have three times less dead cells than positive control (H202 0.5 mM).
(***p<0.001, **p<0.01, *p<0.05) (n=3/group). EGM: endothelial cell growth media. 5x view (scale bar =

200 pm), 10x view (scale bar = 100 um), 20x view (scale bar = 50 pum).
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Figure 6. HUVECS Gene expression of angiogenic markers. A) Bar graph showing gene expression
after 24 hours. VEGFA, KDR and HIF-1a were significantly under expressed when HUVECs were
exposed to H202 0.6 mM (p<0.01), and over expressed on silicon group (p<0.001) and H20: treated
with silicon group (p<0.01) relative to 18S, as compared to control (EGM 20%). B) Bar graph presenting
gene expression of VEGFA, KDR and HIF-1a, 24 hours after cell seeding relative to GAPDH, as
compared to control (EGM 20%). VEGFA, KDR and HIF-1a under expressed on H2020.6 mM (p<0.01),
and presented significant overexpression on silicon group (p<0.01). VEGFA (p<0.001) and HIF-1a
(p<0.05) was significantly increased on cells exposed to H202 and treated with silicon. (**p<0.01,
*p<0.05) (n=4/group). VEGFA: vascular endothelial growth factor A; KDR: vascular endothelial growth
factor receptor 2; HIF-1a: hypoxia-inducible factor 1l-alpha; GAPDH: Glyceraldehyde 3-phosphate

dehydrogenase; EGM: Endothelial cell growth media.
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CHAPTER 4

AMORPHOUS SILICA COATED IMPLANTS BOOST ANGIOGENIC ACTIVITIES OF
ENDOTHELIAL CELLS BY STIMULATING FIBRONECTIN DEPOSITION,
CAPILLARY TUBULE FORMATION, AND UPREGULATING THE EXPRESSION OF

VEGFA, ANGIOPOIETIN-1 AND NESPRIN-2
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ABSTRACT

Lack of osteointegration is a major cause of aseptic loosening and failure of implants
used in bone replacement. Implants coated with materials that can enhance
angiogenesis can improve osteointegration and potentially reduce these
complications. Silicon and phosphorus based materials has been shown to upregulate
gene expression of angiogenic factors in endothelial cells and improve cells migration,
proliferation and capillary tube formation. In the present study we tested the hypothesis
that implants coated by the plasma enhanced chemical vapor deposition (PECVD)
method with amorphous silica formed by Si, O, N, and P could enhance human
umbilical vein endothelial cells (HUVECSs) angiogenic properties in vitro. The tested
groups were: glass cover slip (GCS), tissue culture plate (TCP), SION, SiONP1 and
SIONP2 implants. The SiONP2 composition demonstrated the most significant
enhancement on fibronectin deposition, showing 3.5 fold more than the GCS
(p<0.001). The SIONP2 group also presented a significant improvement in capillary
tubule length and thickness compared to the GCS (p<0.01) and the other PECVD
coating amorphous silica groups (p<0.01). At 24 hours, we observed at least a 2 fold
upregulation of vascular endothelial growth factor A (VEGFA), hypoxia inducible factor
(HIF-1a), angiopoietin-1 (ang-1) and nesprin-2, more evident in the SIONP1 and
SIONP2 groups. In conclusion, the studied amorphous silica coated implants, specially
the SIONP2 composition, could enhance endothelial cells angiogenetic properties in
vitro, and may induce faster osteointegration and healing, preventing complications

such as implants loosening and failure.
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1. INTRODUCTION

New blood vessel formation is a crucial event for adequate bone healing.! Large
bone defects are associated with proportional vascular damage.? Poor vascularization
reduces oxygen and nutrients that are necessary on elevated demand on sites of
injured tissues under regeneration.® The lack of sufficient vascularization can lead to
non and delayed union, and surgical intervention for bone replacement is required.*>
The commercially available implants, such as polyether ether ketone (PEEK), TiOz,
polymethylmethacrylate and bioceramics have been used for this purpose.®®
However, lack of osteointegration is still a problem of these materials, which not

uncommonly, undergo to some degree of loosening and failure.°

Studies have been using bioceramics coating to enhance osteointegration.-13
Nevertheless, the frequently used materials are hydroxyapatite, that despite being the
main component of natural bone does not have osteoinductive capacity!* and
bioactive glass 45S5 (Bioglass®) that is osteoinductive and osteoconductive;®
However, the coating process requires elevated temperatures that can create cracks
and lack of efficient adhesion between the coating and underlying material leading to

delamination.1®

Silica based materials have proved to enhance new bone formation by enhancing
osteoblast differentiation and matrix deposition.1’”-?! Moreover, these materials can
induce angiogenesis in HUVECs by upregulating hypoxia inducible factor 1 alfa (HIF-

1a) and vascular endothelial growth factor A (VEFGFA).??

Studies demonstrated that ionic phosphorus can enhance angiogenesis by
upregulating VEGFA in pre- osteoblast cell line and metalloproteinase-2 (MMP-2) and

fibroblast growth factor-basic (bFGF) in endothelial cells. The Nitrogen effect on
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HUVECs angiogenesis is unclear and sometimes ambiguous. However, nitric oxide
has an important role on angiogenesis due to its inhibiting action on angiostatin, which
is an angiogenic suppressor. Moreover, inhibited endothelial cell apoptosis, enhances
endothelial cells proliferation by upregulation of VEGF-A and bFGF, and induces

cells migration by stimulating podokinesis overexpressing av33.

PECVD coating has remarkable advantages compared to other methods. The
methods require relatively lower temperatures (~300°C) and accordingly prevent
mismatch between coating and core materials. PECVD coating can efficiently form a
stable coating layer of amorphous silica on an underlying metal surface. This
amorphous silica coating layer formed by Si, O and N (SiON), proved to go under
dissolution in an in vitro cell free physiologic environments, and in 6 hours can be
rapidly released, interact with medium and form a hydroxycarbonate apatite layer.?!
Moreover, the same publication demonstrated that SiON coating implants can
enhance osteogenesis and biomineralization.?! Further publication, using the same
coating method and composition, demonstrated that SION implants can enhance
osteogenesis by upregulating superoxidase dismutase 1 (SOD1), which is a potent
antioxidant enzyme that plays a role on osteogenesis, angiogenesis and oxidative

stress pathways.’

Previous publications demonstrated that PECVD coating SiON implants have
a hydrophilic surface.?® One study showed that a high surface energy, which is directly
correlated with hydrophilicity and contact angles lower than 90°, can improve cell

attachment and proliferation.

Supported by above observations, we hypothesize that a PECVD coating amorphous

silica-based materials formed by Si, O, N and P can enhance angiogenesis by
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facilitating endothelial cells adhesion, proliferation, migration, matrix deposition, and
capillary tubule formation. Moreover, we believe that SIONP implants can overexpress
angiogenic and antioxidant markers. Our initial aim was to evaluate surfaces’ contact
angle and cells’ adhesion making a correlation between both. Following, we evaluated
the effect of SION and SIONP implants on HUVECS viability, proliferation, fibronectin
deposition, cell migration and capillary tubule formation. Lastly, we measured the gene
expression of angiogenic markers (VEGFA, HIF-1a, Angl and Nesprin-1) and

oxidative stress markers (SOD-1, CAT-1, GPX-1 and NOS3).

2. MATERIALS AND METHODS

The materials used in this study were as follows: Human umbilical vein
endothelial cells (HUVECSs), Endothelial cell basal medium-2 (EBM-2) and Endothelial
cell growth medium (EGM-2) from Lonza®; glass cover slip (GCS), Tissue culture
plate (TCP) and PECVD coating amorphous silica based implants, SION, SIONP1 (Si=
61.8, 0=7.3, N=30.5, at%) and SiONP2 (Si=58.7, 0=14.2, N=26.8, at%). Alexa Fluor
488® Phalloidin actin staining, DAPI and Calcein -AM BD Biosciences® staining.
Immunostaining, Anti-fibronectin (primary antibody) and mouse anti-goat with Alexa
488 (secondary). Trizol ®, isopropanol 100% and ethanol 75%. RNA purification filter
from Invitrogen®, GoScript™ Reverse Transcription System for cDNA conversion and
Gene expression assay from TagMan® for angiogenic and antioxidant markers.
Phosphate buffered saline (PBS), fetal bovine serum (FBS) and Penicillin (10,000
units)/ streptomycin (10 mg) / per mL (P/S)mL from Sigma-Aldrich. Fluorescent
pictures were captured using the Zeiss Axio Vert. Al Inverted microscope.
OrigemPro2017, Past3 and Microsoft Excel were used for graphs and data analysis.
A microplate reader was used for absorbance reading, a nanodrop was used for RNA

concentration and the PCR Thermo Fisher Scientific 7000 was used for Ct values on
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a guantitative real time polymerase chain reaction (QRT-PCR). All experiments used
HUVECSs from passage 2 to 4, and the cells were all subcultured at least once after
thawing and before experiments. Each experimental section used cells from the same
passage. All PECVD coating samples and GCS were sterilized by dry heat applied

using standard bacti-cinerator inside the biosafety cabinet.

2.1 PECVD coating amorphous silica based implants fabrication

Four inches <100> test grade P-type silicon wafers were acquired from the
NOVA Electronic Materials, 1189 Porter Rd. Flower Mound, TX, USA. A standard
cleaning procedure was used. First, the silicon was immersed in a piranha solution
(3:1 mixture of sulfuric acid (H2SO4, 96%) and hydrogen peroxide (H202, 30%)).
Second, they were removed and rinsed in deionized (DI) water. Third, the wafers were
immersed in hydrofluoric acid to remove the native oxide layer. Finally, the wafers
were rinsed in DI water for three cleaning cycles and dried with N2 gas and placed on

200° C hot plate [8,9].

A TRION ORION II PECVD/LPECVD system (Trion Technology, Clearwater,
FL) was used to deposit a 200nm uniform coating of SION and two different
compositions of SIONP (see Table 1). All coatings were processed at a substrate
temperature of 400°C, a chamber pressure of 900 mTorr, an inductively coupled
plasma ICP power of 30 W, and an applied excitation frequency of 13.56 MHz. Gase’s
source and flow rate can be seen on table 1.

The refractive indices and film’s thickness were measured using an ellipsometry
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).
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The elemental surface composition was verified on each PECVD coating
implant group using Energy Dispersive X-Ray Analysis (EDX) from scanning electron
microscopy (Hitachi S-3000N Variable Pressure SEM) at acceleration voltage of 12
KeV. The surface elemental composition can be seen on table 2. The SEM was also

used for verifying film thickness at 20 KeV.

2.2 Surface wettability

The tested groups were as follows: GCS, TCP, SiON, SiONP1 and SIONP2.
For each sample, 9 repeat drops were measured at room temperature and each
coating was tested in triplicate. The hydrophilicity of the surfaces was inferred from
the contact angle of water to obtain a clear image about the surface wettability. The
contact angle of deionized water (DI) droplets on the wafer coated surface was
measured using a sessile drop techniqgue. The images were captured using a high-
speed camera (WATEC, high resolution, NAVITAR lens) synced to (First Ten

Angstrom, FTA32) software.

2.3 Cell attachment

GCS of 1.5 cm diameter and TCP were used as the negative control and the
positive control, respectively. Amorphous silica implants (SiON, SIONP1 and SIONP2)
measuring 1.2 x 1.2 cm, and GCS measuring 1.5 cm diameter were placed in a 12
well plate and 5 x 103 cell /cm? were seeded on top of each surface using 100 pL of
EBM-2 without FBS or other growth factors (n=4/group). We allowed the cells to attach
to a specific surface for 45 minutes and the amount of medium was completed up to
1 ml/well. After 4 hours the surface was gently washed 2x with PBS and then fixed
with 4% paraformaldehyde 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
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for nuclei. Four fluorescent pictures were captured per group in 10x magnification and

cells were counted using ImageJ Software.

2.4 Cell viability

The cells were seeded as follows: on GCS, TCP, SiON, SIONP1 and SIONP2
surfaces in a density of 5 x 103 cells /cm?. EBM-2 was supplemented with 0.1% FBS
and 1% P/S and used as the condition medium. This experiment used a 12 well plate
and 6 samples per group. At 24 hours the medium was removed and we added a
MTS reagent assay diluted 5 times in the cell culture medium. After 3 hours, 60 uL of
reagent was collected in duplicate and placed in a 96 well plate, and the absorbance

was read using a spectrophotometer at 570 n

m wave length. The cell number was collected using a standard curve acquired
at the same moment in the same plate to maintain accuracy of the numbers. The data
was calculated relative to the initial cell seeding and normalized to the surface area of
each group: GCS surface area (1.767 cm?), TCP well (3.8 cm?), PECVD coating

implants (1.44 cm?).

2.5 Cell proliferation

Using the same cell seeding density and groups studied on the previous section
(2.4) (n=6/group), the cell growth relative 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 hours. The cell number was normalized
according to the surface area and MTS assay was used for cell counting such as was

mentioned on the previous section (cell viability 2.4).
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2.6 Effect of eluted ions from PECVD coating amorphous silica-based implants on
HUVECSs proliferation

EBM-2 was supplemented with 10% FBS +1% P/S and used as the conditioned
medium on the positive control, and 2 % FBS + 1% P/S was used as the negative
control and for studying the elution from PECVD coating implants. Initially, EBM-2 +
1% P/S was placed in a 12 well plate with GCS, empty, SION, SIONP1 and SiONP2
(n=6/group) without cells for 48 hours. After, eluted ions within medium from PECVD
coating implants and medium in contact with GCS and TCP surfaces were collected
from the 12 well plate and used for this experiment. Cells were seeded (5 x 103 cells
/cm?) in a 96 well plate and allowed to attach to the well for 30 minutes before adding
the medium with eluted material and supplemented with 10% FBS or 2 % FBS. The
cells were allowed to grow for 24 hours (n=9/group) and 48 hours (n=9/group). At each
time point we added 50 pL of Calcein-AM fluorescent dye for live cells, waited 30
minutes and captured 3 pictures at 5x and 10x magnification on a Zeiss fluorescent
inverted microscope per each well and used for live cells counting (n=3/group). MTS

proliferation was also performed after 24 and 48 hours (n=6/group).

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

We used the same groups and procedures used in section 2.6 of this
manuscript to prepare the medium before starting the cells experiment. Using 100 pL
of EBM-2 + 1% P/S, 30,000 cells were seeded on the top surface of the transwell
membrane with 8 um 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 minutes for adequate
attachment. After, 600 pL of medium collected from PECVD coating implants and

GCS were supplemented with 2% FBS and placed bellow to the membrane
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(n=5/group), and 600 uL of medium collected from TCP group was supplemented with
10% FBS, placed bellow to the membrane and used as the positive control
(n=5/group). After 24 hours the cells were fixed with 4% paraformaldehyde, diluted in
PBS and a sterile cotton swab was used to remove the non-migrated cell from the
upper part of the membrane. The cells were stained with DAPI and we captured 3
pictures at 10X magnification using a Zeiss fluorescent inverted microscope. The

number of cells were counted using ImageJ Software.

2.8 Matrix deposition

The studied surfaces were: GCS, TCP, SiON, SIiONP1 and SiONP2
(n=6/group). We seeded 5 x 102 cells /cm?using a12 well plate. The GCS and PECVD
coating implant dimensions were the same used for the cell attachment, viability 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 as the negative control (GCS) and on
amorphous silica implants (SION, SIONP1, SIONP2). The cells were allowed to grow
for 5 days. After, the surfaces were blocked with 1% bovine serum albumin prepared
in PBS solution, exposed to the primary antibody anti-fibronectin, and to the secondary
antibody (Goat anti-Mouse IgG Alexa Fluor™ 488) labeled with Alexa 488. We
captured three pictures per sample using a Zeiss fluorescent inverted microscope at
10x and 20x magnification. Lastly, we measured by ImageJ Software the percentage

of area occupied by fibronectin.

2.9 Capillary tubule formation on Matrigel® assay

Using a 12 well plate, the cells were seeded on studied surfaces (GCS, TCP,
SiON, SIONP1, SiONP2) (n=4/group) at a density of 60,000 cell/cm? per well. Before
starting the experiment, pipette tips and well plates were placed in — 20°C per 1 hour

and the Matrigel® thawed overnight at 4°C. First, a 12 well plate was placed on an
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ice block inside the cell culture hood and 200 pL 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% humidity) for 30 minutes. Third, the
cells were seeded, and the experiment ran for 6 hours. Lastly, Calcein-AM 3uM was
diluted in EBM-2, the medium was carefully aspirated and the new medium with
Calcein-AM was added. After 30 minutes, we captured 3 pictures per well at 10x
magnification and used for quantification of total tubule length and tubule thickness

analyzed by ImageJ Software.

2.10 gquantitative real-time polymerase chain reaction (QRT-PCR)

In this experiment we seeded 200,000 cells per sample (n=4/group) and EBM
+ 5% FBS was used as the conditioned medium for all groups (TCP, SiON, SiONP1
and SIONP2). Initially, we seeded the cells on studied surfaces using 100 pL of
medium and after 30 minutes 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 100 pl
of chloroform was added into each tube, mixed, waited 5 minutes, and centrifuged at
13,000 rpm for 15 minutes. After centrifugation, approximately 300 pl 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. Inside the new
tubes we added 500 pl of Isopropanol 100% , used for RNA precipitation and the
samples were centrifuged at 13,000 rpm for 10 minutes. The isopropanol was removed
without disturbing the RNA pellet, and 1mL ethanol 70% was placed inside the tubes
and centrifuged at 10,000 rpm for 5 minutes. The ethanol was carefully removed to
not disturb the RNA pellet, and the tubes were maintained open at room temperature

for 10 minutes for ethanol evaporation. At the end, we added 25 pl of RNA free water
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in each tube for RNA resuspension. The RNA concentration was measured using a
micro-volume UV-vis spectrophotometer (Nano Drop 2000c, Thermo Fisher Scientific
Inc., Watham, MA, USA), and all samples were diluted to 100 ng/uL during cDNA
conversion using the GoScript™ Reverse Transcription System. Gene expression
assays (TagMan) 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 TagMan set up
and 50 cycles for a cycle threshold (Ct) values measurements and the samples were
analyzed in duplicate. We used the delta-delta Ct method for calculations. The results
were shown relative to the housekeeping gene and compared to the control. The
housekeeping gene was 18S and studied genes were: VEGFA, HIF-1a, Angiopoietin-

1, Nesprin-2, SOD-1, Cat-1 and NOS3.

3. RESULTS

3.1 Surface wettability

The contact angle was measured on GCS (64.81 + 6.26°), TCP (50.04 + 3.329),
SiON (40.31 + 2.929), SIONP1 (47.39 + 1.01°) and SiONP2 (32.47 + 1.73°) surfaces.
GCS presented the uppermost contact angle compared to other groups (p<0.001),
showing an angle more than 2-fold higher than SIONP2 implants (p<0.001). (Figure

1)

3.2 Cell Attachment and morphology and correlation with wettability

The GCS group presented a significantly reduced attached cell number
among all groups (p<0.001), indicated by at least 3 fold less cells than TCP, SiON
and SIONP1 and 5 fold less cells than SIONP2. SIONP2 presented almost 2 fold more

attached cells than TCP, SiON and SiONP1 surfaces (p<0.001). SiON presented a
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significant enhancement on a surface cell attachment compared to SIONP1 (p<0.05).

(Figure 2)

The number of cells attached on the studied surfaces was correlated with the
contact angle, and we observed a significant strong inverse correlation between the

parameters (r = - 0.95) (p=0.0098). (Figure 3)

3.3 Cell viability and proliferation

There was no cytotoxic effect of studied surfaces on HUVECs under minimal
survival condition of EBM-2 and 0.1% FBS. We observed that that HUVECS exposed
to SIONP groups had a significant improvement in cell number relative to controls

(TCP and GCS). (Figure 4A)

The study of cell growth relative to TCP (positive control) demonstrated that
SIONP1 implants presented a significant 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 2 fold more cells than TCP (p<0.001) and 4 fold more than GCS (p<0.001)

after 7 days. (Figure 4B)

On the study of the effect of ions released from PECVD coating implants, after
24 hours the cell growth of the medium with ions eluted from amorphous silica
surfaces were comparable to the positive control (EBM + 10% FBS) (p>0.05) and
significant more than EBM-2 + 2% FBS (p<0.01). After 48 hours, the positive control
(EGM-2) presented the most significant cell growth compared to all other groups
(p<0.01), and the SIONP groups presented 2 fold more cells than the GCS (Figure
5B). Fluorescent images show representative images of each studied group (Figure

5A).
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3.4 Transwell membrane cell migration

The ions released from implants on conditioned medium were tested on
HUVECs after 24 hours and compared to controls, EBM-2 + 2 % FBS (negative
control) and EGM-2 (positive control). The only difference between medium collected
from the negative control and PECVD coating implants were the presence of ions
released from SiON, SIONP1 and SIONP2 groups. All amorphous silica implants coat
by PECVD method presented significant improvement on cell migration compared to
EBM + 2% FBS (negative control) (p<0.001), showing at least 3-fold more cells.
Representative images of DAPI fluorescent staining can be seen in figure 5A and

related with bar Graph seen in figure 5B.

3.5 Matrix deposition

The surfaces were tested for fibronectin deposition after 5 days in EBM-2
supplemented with 2% FBS on GCS (negative control) and PECVD coating
amorphous silica groups, and 10 % FBS on TCP (positive control). SION and SIONP
groups presented a significant enrichment in fibronectin deposition compared to GCS
(p<0.01). SIONP2 implants presented the most significant enhancement among all
studied groups (p<0.001). SIONP groups showed a significant improvement compared
to SION (p<0.01). (Figure 7K). Fluorescent images demonstrated that the PECVD
coating amorphous silica-based implants presented a fibronectin deposition forming a
dense tubular shape network (Figure 7E-J).The GCS group formed a low density
tubule network structure and the TCP group formed a relative dense fibronectin

deposition with a poor tubular network structure. (Figure 7A-D).
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3.6 Capillary tube formation assay

After analysis on the ImageJ Software plugin (Angiogenesis Analyzer), SiON,
SIONP1 and SIONP2 groups exhibited a substantial enhancement on the tubule length
compared to GCS (p<0.05). And the most significant difference was observed on
SIONP2 (p<0.01) groups that presented more than 2 fold tubule length compared to
GCS. The SIONP group presented 2 fold more tubule thickness among all studied

groups (p<0.001). (Figure 8).

3.7 Quantitative real time polymerase chain reaction (QRT-PCR)

3.7.1 Gene expression of angiogenic markers

VEGFA, HIF-1a, Ang-1 and Nes-2 gene expression were measured after 24
and 48 hours. After 24 hours all PECVD coating amorphous silica based implants
presented at least 2 fold more expression than the control group (p<0.05). (Figure
9A). After 72 hours SIONP implants expressed at least 2 fold more angiogenic
markers than the control (p<0.05), and SiONP2 group showed a remarkable

heightening (p<0.01), specially on 5 fold expression of Nes 2. (Figure 9B).

3.7.2 Gene expression of antioxidant enzymes

SOD-1, Cat-1 and NOS3 demonstrated to be significantly upregulated at 24
hours in SION , SIONP1 and SiONP2 groups (p<0.05), and 72 hours in SIONP1 and
SIONP2 groups (p<0.05). At 24 hours, Cat-1 was at least 2 fold enhanced in PECVD
coating amorphous silica groups compared to the control (p<0.01). and SiONP2
enhanced Cat-1 expression at least 3 fold more than the control (p<0.001). (Figure
9C). At 48 hours, the most considerable upregulation can be seen on NOS3 that in

SIONP2 group presented 4.5 fold more than the control (p<0.001), followed by SOD1
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that also on the SIONP2 group was 2.5 fold more expressed than the control (p<0.01).

(Figure 9D)

4. DISCUSSION

In the present study we tested the hypothesis that PECVD coating amorphous
silica implants formed by silicon, oxygen and phosphorus can boost angiogenesis in
endothelial cells under normal/physiological in vitro condition. We verified that
amorphous silica coated implants can enhance angiogenic properties of HUVECS by
improving cell adhesion, proliferation, migration, capillary tubule formation and gene

expression of angiogenic indicators.

We could verify that the HUVECs attachment was significantly enhanced in the
SIONP2 group (figure 2) and this observation was strongly inversed correlated with
the contact angle (figurel&3). According to literature, surfaces with lower contact
angles (<90° present high wettability and surface energy (hydrophilicity) and
accordingly improve cells attachment and proliferation.?4-26:23 Hence, once the cells
were exposed for a short period of time to studied surfaces (4 hours) and with no FBS
or growth factors, we believe that our findings related with SIONP2 and cell attachment
was mainly related with surface, energy and the surface elemental composition did

not play a relevant role on these results.

As expected, the materials synthesized in our experiment did not present a
cytotoxic effect on HUVECs under minimum FBS condition (figure 4A). Relative cell
growth, indirectly evaluated by the MTS proliferation assay, verified that during the
studied time frame all PECVD coating amorphous silica based implants groups
presented a significant improvement in cell growth compared with GCS and TCP,

especially after 7 days when SiON, SIONP1 and SIONP2 presented at least 2 fold
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more cells than the positive control (TCP) (figure 4B). These finds corroborate
previous publications when the materials based in silicon ion could enhance
endothelial cells proliferation.?” Moreover, some studies referred that high surface

energy could enhance endothelial cells proliferation.

Based on the latter observation, that surface energy can have some effect on
endothelial cells proliferation, we designed an experiment utilizing just the elution from
studied surfaces and evaluated the cells proliferation by MTS assay and Calcein-AM
staining at 24 and 48 hours. Our findings demonstrated that ions released from coated
materials, mainly Si and N, could induce a significant improvement in endothelial cells
growth after 24 and 48 hours. At 24 hours the elution from SiON, SIONP1 and SiONP2
showed cell growth comparable with the positive control, which clearly demonstrates
the effect of released ions from PECVD coating implants once the solution used as
positive control contained 5 times more FBS than elution from implants coated with
amorphous silica. Furthermore, the FBS concentration used on the eluted material
from SiON, SIONP1 and SIONP2 was the same used on the negative control (2 %
FBS), and the implants coated with amorphous silica showed 2 fold more cells at 24
hours, and SIONP groups presented 2 fold more cells at 48 hours. We believe that the
enhancement on cell proliferation at 48 hours on elution experiment (figure 5) can be
due to the phosphorus incorporation, or higher Si and N content within the medium
collected from SIONP1 and SiONP2 groups. These findings can be supported by
literature, when some studies correlated the presence of ionic silicon and phosphorus
with an enhancement on endothelial cells angiogenic properties.?”2829-31 The role of
nitrogen on endothelial cells angiogenesis is still unclear, and the direct effect has

been related to nitrogen compound with oxygen forming NO.32
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The SiON, SIONP1 and SIONP2 implants showed a significant enhancement
on cell migration compared to negative control (EBM + 2% FBS) (figure 6), showing
that the ionic content released from implants coated with amorphous silica by PECVD
demonstrated some chemotactic effect on HUVECS, observation that corroborated
with a previous publication. Among the amorphous silica coated implants groups,
SIONP2 presented the most relevant improvement in cell migration, which can be
attributed to presence of ionic phosphorus, or due to the different surface composition
of Si, O and N observed on SIONP1 and SIONP2 implants, as can be seen on table

2.

The analysis of fibronectin deposition after 5 days shows that the amount of
fibronectin was remarkably increased in the SIONP2 group, which can be attributed
not just to the effect of the surface elemental composition, but to the higher surface
energy observed on SiONP2 group demonstrated by the lowest contact angle (figure
1). Fibronectin is a extracellular glycoprotein produced by endothelial cells since the
early stages of new blood vessel formation.®334 The presence of this protein is
important for endothelial cells differentiation, migration and proliferation.33-%6
Therefore, its presence can be used as a demonstration of an efficient HUVECs matrix
deposition.®* Our results demonstrated that SiON, SIONP1 and SiONP2 (figures 7E-
J) formed a circular structure matrix deposition, similar to the capillary tubule
formation, and the SIONP2 group showed a significant enhanced deposition (figure

7J).

The capillary tubule formation assay on a bed of Matrigel ® used TCP and
EGM-2 as the positive control, and as expected presented the longer capillary network

structure (figure 8B&F). The other groups, negative control (GCS) and amorphous
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silica coated implants, were supplemented just with 2% FBS and 1% P/S without
growth factors present on EGM-2. As we can see on fluorescent pictures (figure
8D,E&G), the tubule thickness was expressively enhanced in the SIONP groups.
Moreover, the total tubule length was significantly increased in the SION and SIONP
groups compared to GCS, which can be attributed to the surface energy (contact
angle) and elemental composition. Study showed that silica based materials can
improve capillary tubule length in HUVECs.?” However, it was not analyzed the effect

of those materials on capillary tubule thickness.

In the present research, gene expression of angiogenic markers showed a
significant upregulation of VEGFA, HIF-1a, Ang-1 and Nesp-2 on HUVECS exposed
to SION and SiIONP implants. VEGFA is a major angiogenesis regulator that binds
and activates the vascular endothelial growth factor receptor (VEGFR) inducing
endothelial cells proliferation, migration and capillary tubule formation. Recent
publication verified the crucial role of ionic silicon on angiogenesis by_upregulating
HIF-1a and induces angiogenesis in endothelial cells. Some studies showed that
phosphorus can upregulate VEGFA and induces endothelial cells migration and
proliferation.?®-3! Ang-1 is a protein that can be produced by endothelial cells can
induce HUVECs migration and differentiation. 32 Moreover, by activation of the tyrosine
kinase 2 (Tie2-receptor) can protect endothelial cells under unfavorable survival
conditions against apoptosis.3#3® In our literature review we could not find a
relationship between ang-1 and ionic silicon or silica based materials. Nes-2 is an
intra-cellular protein that connects the actin filament to the endothelial cell nuclei and
has been related with endothelial cell shape changing and migration.®¢ As we could
verify upregulation of nes-2 in our samples coat with amorphous silica by PECVD

method, we believe that nes-2 could have some relationship with the enhancement in
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a capillary tubule formation network and transwell cell migration observed mainly on

SIONP1 and SiONP2 groups.

We also analyzed the gene expression of oxidative stress markers. In our
results we could observe upregulation of enzymes that play a major role on catalysis
of reactive oxygen species and its products. SOD-1 and cat-1 were significantly
upregulated in cell exposed to SiON, SIONP1 and SiIONP2 implants compared to
control group, especially at the first 24 hours. At 24 hours SIONP2 implants presented
a remarkably cat-1 upregulation among all studied groups, showing 3 fold more m-
RNA levels than the control. In recent publication our group demonstrated the relevant
role of ionic silicon on SOD-1 upregulation in osteoblasts.3” We could not find
publications that correlate the effect of ionic silicon or silica base materials with
endothelial cells and antioxidant enzymes. SOD-1 is an enzyme that catalyze the
conversion of Oz~ (superoxide) in H202.383% And cat-1 is an enzyme responsible for
catalyze the conversion H202 in H20 and 02442 These enzymes play a major role
during physiologic and pathologic oxidative stress condition once H202and Oz are the
main reactive oxygen species produced during cell under oxidative stress. Further
investigations are necessary for a better understanding of a possible antioxidant effect

of these biomaterials on HUVECSs.

In conclusion, our study demonstrated that PECVD coating amorphous silica-
based materials formed by Si, O, N and P can successfully boost angiogenic
properties of HUVECSs, improving cell proliferation, migration, fibronectin deposition
and capillary tubule formation, by upregulating VEGFA, Nesprin-2 and angiopoietin-1.
The angiogenic enhancement by these implants may induce faster osteointegration

and healing, preventing complications such as implants loosening and failure.
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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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Tables and lllustrations

Tablel. Shows the three steps and flow rates of the different gases used for
processing SION, SIONP1 and SIONP2 implants. Used gases—> Silane (SiH4), Nitrous

oxide (N20), Ammonia (NH4), Phosphine (PH3), Nitrogen (Nz), Argon (carrier gas).

SiH,JAr PH,/SiH JAr N,O N, NH, Ar Time
(15/85%) (2/15/83%) (sec)
Step 1 0 0 0 0 0 250 30
Step 2 (SiON,) 24 0 155 225 50 0 226
Step 2 0 24 225 50 0 322
(SIONP)1 5
(SIONP,)2 16
Step 3 0 0 0 0 0 250 30
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Table 2. Energy-dispersive X-ray spectroscopy (EDS) analysis of atomic surface

composition of SION, SIONP1 and SiONP2 coating. See EDS spectra below the table.

EDS compositional data (at%)

Sample Si 0 N P
SIiON 525 351 123 0
SiIONP1 618 7.3 305 0.28
SIONP2 587 142 268 027
Full scale counts: 4737 Basel6(20)
e s SiON
4000 —
3000 —
2000 —
8]
1000 —N
0— \ T T
10 15 20
keV
Full scale counts: 5176 Basel6(22)
6000 .
5000 — S:t S I O N P ]
4000 —
3000 —
2000 -
1000
0——id I|J T T T
0 2 4 8 10
keV
Full scale counts: 5154 Basel6(23)
5000 — i S i O N P2
4000 —
3000
2000 —
10004 g
0 s J‘T T T T
(1] 2 4 g 10
keV

129




Table 3. Gene and specific TagMan assay identification

Gene Assay identification
VEGFA Hs00900055 m1
HIF-1a Hs00153153 m1
Ang-1 Hs00919202_m1
Nesprin-2 (SYNE2) Hs00794881_m1
S0D-1 Hs00533490_m1
Cat-1 (CAT) Hs00156308_m1
e-NOS (NOS3) Hs01574665_m1
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Figure 1. Contact angle (surface wettability). A) Images of water drop on studied
surface and lines traced for measurements. B) Bar graph shows comparison of contact

angles. (***p<0.001, #p<0.05). GCS-> glass cover slip, TCP-> tissue culture plate.
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Figure 2. Cell attachment and morphology. A) Actin and DAPI fluorescent staining
showing HUVECS attached to studied surfaces 4 hours after seeding in EBM-2 without
FBS. Scale bar = 100 um. B) Bar gpraph shows the cell attached number relative to
TCP. (***p<0.001, *p<0.05, ###p<0.001). EBM-2-> endothelial cell basal media-2,

GCS-> glass cover slip, TCP-> tissue culture plate.
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Figure 3. Correlation cell attachment number and contact angle. GCS—> glass cover

slip, TCP-> tissue culture plate.
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###p<0.001). GCS-> Gass cover slip, TCP-> tissue culture plate.
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Figure 5. A) Effect of elution from amorphous silica PECVD coating scaffolds on
HUVECS proliferation. A) Pictures after Calcein-AM staining (24 and 48 hours). Scale
bar = 200 ym. B) Graph shows cell growth measured by MTS assay. (**p<0.01,

*p<0.05), ##p<0.01.
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Figure 7. HUVECs matrix deposition after 5 days in cell culture. A-J) fluorescent
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Figure 8. Capillary tubule formation 6 hours afterculture on bed of Matrigel®. A-E)

Fluorescent images captured after Calcein-AM staining. Scale bar= 200 ym. F) Bar

graph shows tubule length relative to TCP (positive control). G) Bar graph shows

Tubules thickness relative to TCP (positive control). (***p<0.001, **p<0.01, *p<0.05,

#p<0.05). GCS~> glass cover slip, TCP-> tissue culture plate.
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Figure 9. Gene expression angiogenic markers relative to 18S as compared to control
at 24 hours (A) and 72 hours (B). Gene expression antioxidant enzymes relative to
18S as compared to control at 24 hours (C) and 72 hours (D). (***p<0.001, **p<0.01,
*p<0.05). CONTROL-> endothelial cell basal medium supplemented with 2% FBS on
tissue culture plate., VEGFA-> vascular endothelia growth factor A, HIF-1a-> hypoxia

inducible growth factor 1 alfa, Ang-1-> angiopoietin-1, Nes-2-> Nesprin-2.
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ABSTRACT

Biomaterials for bone replacement need improved biocompatibility and
osteointegration. Oxidative stress and decreased angiogenesis are contributing
factors for poor compatibility and osteointegration. Studies demonstrated that ionic
silicon released from biomaterials enhance osteogenesis and angiogenesis by
upregulating superoxidase dismutase 1 and hypoxia inducible factor-1 alfa. The
purpose of this study was to test angiogenic and antioxidant properties of an
amorphous silica coating formed by Si, O, N and P under the toxic oxidative stress
environment present in large bone defects. An in vitro experiment evaluated the effect
of SION and two different SIONP coating compositions, SiIONPland SiIONP2, in
human umbilical vein endothelial cells (HUVECS) under toxic oxidative stress and
compared them to a tissue culture plate (TCP) and a glass cover slip (GCS). An in
vivo study (n=3/group) compared a Si wafer and the SIONP2 groups using a rat critical
size calvarial defect; two defects were made per animal, empty (right) and with
implants (left). A group of animals was used as a sham (no bone defect, n=3). Our
results showed that implants coated with amorphous silica, particularly SIONP2
coating group, significantly reduced cell death (p<0.001), enhanced tubule formation
and matrix deposition (p<0.01) by upregulating VEGFA, angiopoetin-1, superoxidase
dismuatse-1 and catalase-1. Animals which received SIONP2 implants presented a 4-
HNE protein adduct serum concentration similar to pre-operatory 7 days after surgery
(p=0.28). Moreover, CD31 positive cells demonstrating a tubular structure was
significantly enhanced on the SIONP2 coating group compared to an empty and Si
wafer (p<0.01). These findings suggest that an amorphous silica coating could
improve implants osteointegration and reduce incidence of loosening and failure by

mitigating the oxidative stress and enhancing angiogenesis.
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1. INTRODUCTION

Surgeons usually face loosening and failure of implants used for bone
replacement. The cost of a surgical revision after these complications can be twice of
the initial procedure[l]. Dental and orthopedics implants failure is defined as the
inability of implants to osteointegrate to surround host tissue due to a foreign body
response and/or opportunistic infection[2][3]. During the first moments of biomaterials
implantation in a bone defect area, the surrounded biological tissue can undergo
severe and harmful oxidative stress conditions[2—4]. High levels of oxidative stress
can be deleterious to endothelial cells[5]. Endothelial cells survival and proliferation
are necessary for adequate new blood vessel formation and play a major role on bone
regeneration[6]. Therefore, it seems that to minimize complications, such as implants
loosening and failure, and facilitate osteointegration, the materials used on bone
defects reconstruction must have an antioxidant effect, as well as enhances
angiogenesis. lonic silicon has been used in combination with nitrogen and/or oxygen
as implants composition and coating with the aim to enhance new bone formation and
osteointegration[7—9]. Our group’s recent publication showed that ionic Si is important
on superoxidase dismutase activity[9]. This enzyme plays a major role on metabolism
of superoxide, which is the main reactive oxygen species produced on cell
metabolism. Moreover, ionic silicon can enhance angiogenesis by upregulating HIF-
la and VEGFA in HUVECs[10]. Studies demonstrated that ionic phosphorus can
enhance angiogenesis by upregulating vascular endothelial growth factors A
(VEGFA) and inducing cell migration, matrix deposition and capillary tubule formation

in HUVECs [11-13].
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In our literature review we did not find any link between the ionic silicon or
angiopoietin-1 (ang-1). Preliminary experiments from our group have shown that
PECVD coating amorphous silica based implants (SiION and SiONP) can upregulate
ang-1 in HUVECs under normal condition (EBM-2 + FBS without H202). As the
angiopoietin-1 proved to prevent apoptosis in endothelial cells under critical survival
conditions by activating tyrosine kinase (Tie2)-receptor[14-17], perhaps the use of
silica based materials can enhance angiogenic properties of endothelial cells under

deleterious oxidative stress.

Plasma enhanced chemical vapor deposition is a coating method that showed
to be useful for biomaterials manufacturing due to use a relatively low temperature
processing method, to enhance interfacial adhesion and to allow surface pattern
before coating, which can enhance cell attachment and matrix deposition due to a

mimic nano and microstructure of an extracellular matrix[8,9].

In the present study, we hypothesize that a PECVD amorphous silica coating
of SION and SiIONP overlays will enhance the angiogenesis on HUVECs exposed to
toxic levels of H202. Also, these different chemistry coatings could enhance
angiogenesis and reduce oxidative stress markers during the early stages of critical

size bone defect healing.

To test these hypothesis, we investigated the effect of PECVD implants coating
formed by Si, O, N and P on angiogenesis under a toxic oxidative stress environment
induced by 0.6 mM H20:2. In vitro experiments evaluated the implants on HUVECs
viability, matrix deposition, tube formation and gene expression of angiogenic and

antioxidant markers. An in vivo study analyzed 4-Hydroxynonenal (4-HNE) levels on
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the blood stream, and CD31 and 4-HNE on a histological section after implants were

placed in rat critical size calvarial defect.

2. MATERIALS AND METHODS

2.1 PECVD coating amorphous silica based implants preparation and surface
elemental composition

In the current study, four inches <100> test grade P-type silicon wafers were
purchased from NOVA Electronic Materials, 1189 Porter Rd. Flower Mound, TX, USA.
Standard cleaning procedure was used to clean the silicon wafers. Firstly, the silicon
wafers were immersed for 10 minutes in a piranha solution (3:1 mixture of sulfuric acid
(H2S04, 96%) and hydrogen peroxide (H202, 30%)). Then, they were removed and
rinsed in deionized (DI) water for 1 minute. Secondly, to remove the native oxide layer,
the silicon wafers were immersed in hydrofluoric acid for 30-60 sec. Finally, the wafers
were rinsed in DI water for three cleaning cycles with a continuous DI water purge and

then were dried with N2 gas and placed on 200° C hot plate for five minutes [8,9].

A TRION ORION Il PECVD/LPECVD system (Trion Technology, Clearwater,
FL) was used to deposit a 200nm uniform coating of SION and two different
compositions of SIONP overlays as indicated in Table 1. All coatings were processed
at a substrate temperature of 400°C, chamber pressure of 900 mTorr, an inductively
coupled plasma ICP power of 30 W, and an applied excitation frequency of 13.56 MHz.
Gases source and flow rate of each gas also are indicated in table 1.

The refractive indices and films thickness were measured using ellipsometry at
a wavelength of 632.8 nm (Gaertner LS300). The results of thickness and refractive
indices were also confirmed using of a reflectometer (Ocean Optics NC-UV-VIS TF

Reflectometer).
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We used the scanning electron microscopy (SEM) (Hitachi S-3000N Variable
Pressure) at voltage of 20 KeV for verifying film thickness. Moreover, the instrument
was used to identify and measure the surface elemental composition of the PECVD
coating implants using Energy Dispersive X-Ray Analysis (EDX) apparatus at voltage

of 12 KeV. The surface elemental composition can be seen in table 2.

In vitro study

Using HUVECs from passage 2 to 4 acquired from Lonza®, endothelial cell
growth medium 2 (EGM-2) was used for cell growth and subculture, and endothelial
cell basal media 2 (EGM-2) was used for the experiments, acquired from Lonza®. The
experiments were divided into 5 groups: I- glass cover slip (GCS), IlI- tissue culture
plate (TCP), IlI- SION, IV- SiONP1, and V- SIONP2. Calcein-AM was used as
fluorescent dye for live cells, and actin staining 488 and DAPI Nuclei staining on fixed
samples. Purified mouse anti-fibronectin from BD Bioscience was used as a primary
antibody and Goat anti mouse with Alexa 488 was used as secondary for fibronectin
immune staining. ImageJ Software was used for quantitative data on pictures analysis.
The hydrogen peroxide concentration used for mimicking an oxidative stress
environment was 0.6 mM, the stock solution was acquired from Sigma-Aldreich 30%
wiw in H202 with stabilizer. Based in preliminary experiments, this specific H202
concentration demonstrated to be toxic . Moreover, we used a phosphate buffered
saline (PBS) from Sigma-Aldrich and Trypsin, a buffer and trypsin neutralizer from
Lonza ® . Angiopoietin 1 Human ELISA Kit from Invitrogen®, and HNE competitive

ELISA kit from Cell Biolabs, Inc.

2.2 Cells viability under toxic H202
Using a 12 well plate, PECVD amorphous silica coating implants (squared

shape) measured 1.2x1.2 cm and GCS measured 1.5 cm diameter. HUVECS were
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seeded on a studied surface (5000 cell/lcm?) in 100uL of EGM-2 and allowed to
attached on a specific surface for 1 hour. After, we added 900 pL of EBM-2 + 10%
FBS + H202 0.6 mM. The experiment ended 24 hours after the initial cell seeding and
4 samples/group was used for measuring the number of cells by MTS proliferation
assay, and 3 samples per group was used for Calcein-AM staining and fluorescent

pictures.

2.3 Matrix deposition under toxic H20:2

Using 4 samples per group, the cells were seeded as mentioned above on
section 2.2 and the same media was used for mimicking an oxidative stress
environment. After 48 hours under oxidative stress, the medium was changed for
EBM-2 + 10% FBS without H20:2. Five days after the initial cell seeding the cells were
fixed with 4% paraformaldehyde and immunostaining for fibronectin. Three pictures
from different areas were captured per sample using 10x magnification on a Zeiss
Axion cell culture fluorescent microscope, and the ImageJ was used for quantifying

the area occupied by fibronectin.

2.4 Capillary tubule formation under toxic H202

Using 4 samples per group, PECVD implants and GCS were cut to 0.5x0.5 cm.
Using a 48 well plate, PECVD coating amorphous silica based implants, GCS, and
pipette tips were placed in 4 degrees Celsius 12 hours before the start of the
experiment. Matrigel® without growth supplement was slowly thawed at 4 degrees
Celsius for 12 hours. First, 100 pL of Matrigel® was placed on the implants, GCS and
TCP, and the well plate was placed inside the cell culture incubator at 37°C, 95%
humidity and 5% CO:2 for 30 minutes. Second, 100uL of EBM-2 + H202 was used to
seed 60,000 cell/lcm? on bed of Matrigel®. Finally, six hours after the initial cell

seeding, 50 pL of Calcein AM 2uM diluted in EBM-2 was added in each well, and after
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30 minutes 3 pictures from different areas in 10x magnification were captured per
well. The total tube length was calculated using the Angiogenesis Analyzer Software

(ImageJ plug-in).

2.6 Gene expression of angiogenic and oxidative stress markers on HUVECS under
toxic hydrogen peroxide levels.

The groups used on this experiment were as follows: TCP , SION, SIONP1 and
SIONP2. The cells were seeded on TCP and scaffolds (200,000 cells per well) in a 12
well plate, n=4/group and EBM-2 + 10% FBS + H202 0.6mM was used as a
conditioned medium. After 24 hours the cells were lysed using the Tryzol method and
after RNA collection and precipitation in 70% ethanol, and the RNA solution was
purified using a miRNAeasy MINI KIT (50) from QIOGEN ®. RNA samples
concentration were normalized to 100ug/mL and cDNA conversion was made using
a Goscript™ Reverse transcriptase from Promega Corporation. It was prepared a
20pL reaction for reverse transcription polymerase chain reaction (RT-PCR) using the
TagMAN® Gene Expression Assays and the PCR machine from life technology was
set up for a standard protocol adjusted for 50 cycles. The results were expressed
relative to the housekeeping gene 18S and compared to the control (TCP), and delta
delta Ct method was used for calculations. Studied angiogenic markers: Vascular
endothelial growth factor A (VEGFA, Nesprin-2 (SYNEZ2) and Angiopoietin 1 (Agpt-1).
Studied oxidative stress markers: superoxidase dismutase 1 (SOD-1), Catalase-1
(Cat-1), nitric oxide synthase 3 (NOS-3), and Gluthathione peroxidase 1 (GPX-1)

(table 3).
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2.7 Angiopoietin-1 and 4-HNE levels in conditioned medium using enzyme-
linked immunosorbent assay (ELISA)

Using the same groups, sample size and conditioned medium used for PCR
(section 2.6), the medium was collected 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. The samples were used for quantification of the protein concentration by
bicinchoninic acid (BCA) assay. The BCA assay results were used to measure the
amount of ang-1 per pg of protein per sample. The data and comparison among
groups were expressed in a bar graph showing 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

Materials used on the procedure: disposable surgical blades n 15, gauze,
dental bur n 1 and 2, PBS, templates made of silicon wafer (6x4mm), Isoflurane and

Nalbuphine. In addition, we used suture (Vicryl 4-0) and accessories surgical tools.

Adult males Sprague Daley rats (~450 g) were used on this experiment for
measuring local and systemic levels of oxidative stress markers and local
angiogenesis. The study was approved by Institutional Animal Care and Use
Committee (IACUC). The animals were randomly assigned for specific treatment. The
animal study had 3 groups (n=3/group): | - sham, Il — silicon wafer and Ill - SiONP2.
In group | (sham), the surgical procedure was the same as the other groups without
the bone defect. Groups Il and IIl, had two critical size calvarial defects measuring 6x4
mm on each side of median sagittal suture following the same technique used on the

previous publication. [9] The right side was empty (internal control) and the left side
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was implanted with SIONP2 samples or silicon wafer samples (negative control). All

the animals were sacrificed in CO2 chamber 2 weeks after the surgical procedure.

Summary of the surgical procedure: Immediately before surgery, 0.1-0.12 ml of
painkiller/sedative nalbuphine was injected subcutaneously. With the animal under
anesthesia (2-3% isoflurane), we made an incision of approximately 2.5 cm on an
imaginary line traced over the sagittal suture, from between eyes to posterior. The cut
was from the skin to the periosteum. Then, the periosteum was carefully elevated and
spread to expose the two parietal bones. The two bone defects were created using a
dental bur number 1 and/or 2 and the implant was placed in the left side. At the end

the skin was sutured with Vicryl 4.0.

2.8 Systemic detection of oxidative stress marker

Blood samples were collected from the animal tail vein (n=4/group), placed in
a centrifuge tube and centrifuged at 5000 rpm for 10 minutes. The supernatant formed
by the serum was storage at - 80°C up to measuring 4-HNE by a competitive enzyme-
linked immunosorbent assay (ELISA) kit acquired from Cell Biolabs, Inc. Time points:
just before surgery, 1 week, and 2 weeks (just before sacrifice the animals). After 1
week and 2 weeks, the animals were anesthetized using 2-3% isoflurane for samples

collection.

2.9 Local detection of angiogenic and oxidative stress markers (histological analysis)

After sacrifice, the calvarial samples were harvested using a diamond saw and
preserving at least 5 mm of the original defect limits and implanted samples. All sham
samples had a sagittal suture and parietal bones preserved. The samples were fixed

in 4% paraformaldehyde at 4°C during 5 days, and decalcified by
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ethylenediaminetetraacetic acid (EDTA) for 1 week. Half of each sample was used for

frozen section and half for plastic.
Sanderson’s Staining

The samples in plastic were polished and cleaned using polishing cloth and washed
with tap water and ultrasound cleaner. Afterward, the samples were stained with
Sanderson’s stain and counterstain with acid Fuchsin. Digital images were acquired
using 10x objective of BIOQUANT OSTEOIMAGER (BIOQUANT Image Analysis
Corp, Nashville, TN). These images were used to show anatomic relation between
the bone defects and the implants and demonstrates the analyzed area on

immunofluorescence staining.
Immunostaining (CD31 and 4-HNE)

The samples used for frozen sections were perfused with sucrose and
imbedded in an optimal cutting temperature compound for a frozen section and further
immunostaining for CD31 (endothelial cell marker) and 4-HNE (oxidative stress
marker). After frozen the samples were cut 10 um thickness in a coronal plane in a
way to maintain the bone defects with and without implant in the same slide. The
staining procedure was as follows: first, the slides were washed with PBS and blocked
with 10% goat serum. Second, washed with PBS and the primary antibodies were
placed on the slides and incubated overnight at 4 °C, Rabbit polyclonal to 4-HNE
(ab46545) 1:8000 and Rabbit polyclonal CD-31 (M20)™ 1:500. Lastly, we placed in
the slides the secondary antibodies Alexa Dye 594 Goat anti Rabbit in 1:200 dilution,
washed twice with PBS and mount with cover slip for microscope evaluation. One slide
per group was used as negative control and was not exposed to the primary anti-body.

The pictures were captured from the central area just above the implant or central
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fibrotic tissue (empty) of the defect in other to minimize presence of
neovascularization from surrounded bone. We used a 20x objective from a Zeiss Axion
cell culture fluorescent microscope for images acquisition. We captured 3 images per
slide, and the slides were obtained from thee different areas (anterior, medium and
posterior). ImageJ software was used to calculate the amount of fluorescence in

relation to the total area.

2.10 Statistical Methods

The results were presented in charts showing the mean, standard deviation
and symbols demonstrating significance levels. Student t-test was used for comparing
a difference between means from the two groups for a significance level p<0.05. One-
way ANOVA (Tukey’s Pairwise) was used when it was compared means from more
than two groups for a significance level p<0.05. OrigenPro 2017, Past3 and Microsoft
Excel 2016 Software were used for graphics and calculations. G-power software was

used for sample size calculation for 80% power, a = 0.05, and effect size = 0.30.

3. RESULTS
3.1 Cell Viability under toxic H202

GCS and TCP showed a significant reduction of approximately 20% and 40%,
respectively, in a viable cells number compared to initial cell seeding (p<0.001). TCP
group presented almost 50% lower number of cells compared to SiON, SIONP1 and
SIONP2 (p<0.01). There was no significant difference among PECVD coating

amorphous silica based implants groups. (Figure 1)

3.2 Matrix deposition after exposed to toxic H202 environment
The GCS group presented 3 times lower fibronectin deposition ( 21.35 + 10.19

%) than SiON (71.46 + 4.58 %) and SiONP1 (72.59 + 3.84 %) groups (p<0.05), and
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4 times lower than SIONP2 (90.11 + 7.06 %, p<0.01). The TCP group showed a
significant reduction of fibronectin deposition (48.64 + 12.29) compared to SION,

SIONP1 (p<0.05) and SIONP2 (p<0.01). (Figure 2B).

Fluorescent pictures showed that the GCS group presented a decreased
fibronectin deposition, despite the tubular network structure. The TCP group showed
more fibronectin deposition than the GCS group, however, with a minimum tubular
arrangement of the fibers. SION, SIONP1 and SIONP2 groups presented an
enhancement on fibronectin deposition compared to GCS and TCP. There was a
remarkable enhancement in a tubular structure network on all amorphous silica based

implants, and SIONP2 group demonstrated more dense structure. (Figure 2A)

3.3 Capillary tubule formation under toxic H202

Fluorescent images and tubule network lines traced on ImageJ software
demonstrated the improvement of tubule structure formation and length on HUVECS
placed on PECVD coating amorphous silica based materials compared to GCS and

TCP. (Figure 3A).

All amorphous silica groups presented a significant enhancement on total
tubule length compared TCP. SION implants showed 30% improvement (p<0.05),
SIONP1 43% improvement (p<0.05) and SIOPN2 65% improvement (p<0.01). GCS
presented a significant reduction in total tubule length compared to all other groups

(p<0.01). (Figure 3B).

3.4 Angiopoietin-1 and 4-HNE protein adduct levels in conditioned medium after
oxidative stress (ELISA)
After 24 hours, our results demonstrated that compared to control (TCP),

amorphous silica groups induced a remarkable increase in ang-1 production by
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HUVECSs under toxic oxidative stress. The SION group increased 2 fold, the SIONP1

more than 6 fold, and the SIONP2 almost 5 fold. (Figure 4A)

There was no significant difference in 4-HNE protein adduct levels among the
implants coated with amorphous silica. However, all of the amorphous silica coating
groups presented a significant reduction compared to TCP (control) (p<0.05). (Figure

4B)

3.5 Gene expression of angiogenic and oxidative stress markers on HUVECS under
toxic hydrogen peroxide levels.

All angiogenic makers (VEGFA, NES-2 and ang-1) were significantly
overexpressed on amorphous silica implants compared to the control. VEGFA was at
least 2 times overexpressed in HUVECs seeded on PECVD coating implants
(p<0.05). Nesprin-2 was overexpressed in SION (1.64 + 0.11 times, p<0.01), SIONP1
(1.44 + 0.1 times , p<0.01) and SIONP2 (1.67 + 0.2 times, p<0.01). Ang-1 was
overexpressed in SION (1.47 + 0.12 times, p<0.05), SIONP1 (1.79 + 0.35 times,

p<0.05) and SIONP2 (2.71+0.98 times, p<0.05). (Figure 5)

Among all studied oxidative stress markers (cat-1, SOD-1, GPX and NOS3),
GPX presented no significant difference compared to the control group. Catalase 1
was significantly overexpressed in SION (1.49 + 0.12 times, p<0.05), SIONP1
(1.69+0.11 times, p<0.05), and SIONP2 (1.75 £ 0.23 times, p<0.05). SOD1 was
significantly overexpressed in SION (2.91 + 0.24, times, p<0.01), SIONP1 (2.76 £0.14,
p<0.05), and SIONP2 (2.16 + 0.42, p<0.05). NOS3 was significantly overexpressed in
SION (1.22 + 0.09 fold, p<0.05), SIONP1 (1.46 + 0.21 times, p<0.05), and SIONP2

(1.64 + 0.27 times, p<0.05). (Figure 6)
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In vivo

The surgical procedure with biomaterial’s implantation can be seen on figure
7A. During the samples’ harvesting there was no macroscope evidence of
inflammation and all the samples were well placed inside the defect as can be verified

on X-ray images in figure 7B.

3.6 Serum levels of 4-HNE protein adduct (ELISA)

At 7 days (57.81+6.4 ug/ml) after surgery, there was a significant elevation in
the 4-HNE serum concentration compared to the pre-operatory (42.64+1.72 ug/ml)
and 15 days (37.32+4.11 ug/ml) after surgery in the Si wafer group (p<0.05). The other
groups did not show significant difference among the three time points inside the

same e group (p>0.05).

At 7 days after surgical procedure there was a significant elevation in 4-HNE
serum concentration to the same timepoint of the sham group (39.67+1.28 pg/ml)

(p<0.05). (Figure 8)

3.8 Histology

Sanderson’s Staining

The slide was used the show areas used to capture fluorescent images after
CD31 and 4-HNE immunostaining. The sham sample is demonstrated on figure 9A
and the black rectangular box represents the analyzed area. The bone defect sample
in showed on figure 9B. The green rectangular box represents the empty, the red
rectangular box represents the new tissue formed on the implants, and the red circle

represents the rat calvarial muscle area.

Immunostaining (CD31 and 4-HNE)
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Our results showed that rats implanted with SIONP demonstrated a statistically
significant enhancement in CD31 positive cells, with at 2 fold more than empty and
Si wafer (p<0.01). There was no significant difference among SIONP2, muscle

(positive control) and sham groups (p>0.05). (Figure 10)

There was no difference among the groups in percentage of area occupied by

4-HNE tissue fluorescence signal (p>0.05). (Figurell)

DISCUSSION

In the present study we tested the hypothesis that amorphous silica based
materials could enhance angiogenesis in an oxidative stress environment. Here we
distinctively demonstrated that implants PECVD coated with amorphous silica could
enrich angiogenesis under deleterious oxidative stress conditions as could be seen on

an in vitro experiment and an in vivo critical size bone defect.

Initially, we demonstrated that SION and SIONP groups could reduce HUVECS’
death and improve cells proliferation such as can be seen on figure 1. The ions
released and/or surface energy are  somehow having a protective effect on HUVECs
exposed to 0.6 mM H202. We could not find studies that correlate silica based
materials with a reduction of endothelial cells’ death, particularly in experiments that
use oxidative stress conditions. Studies reported that ionic silicon and silica based
materials improve endothelial cells’ proliferation by upregulating HIF-1la and
VEGFA.[10,18-20] These findings suggested that these biomaterials could accelerate
tissue regeneration and accordingly the angiogenesis and the new bone formation
even under unfavorable conditions, such as hypoxia and elevated reactive oxygen

species present in large and complex bone defects.
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In the following in vitro experiments we detected a relevant improvement in the
length of the capillary tubule network and the fibronectin deposition in all PECVD
coated amorphous silica implants, particularly the SIONP2 group, which clearly formed
more matrix with an evident circular structure (Figure 2A). Some studies
demonstrated that silica based materials can improve endothelial cells’ capillary tubule
formation properties.[10,21] However, none of those showed this effect under
oxidative stress conditions as we observed in our experiments. This fact could facilitate
the interaction between the biomaterial and the host tissue and improve angiogenesis
under a toxic oxidative stress environment. Fibronectin is a glycoprotein that is
produced by HUVECs and plays a major role in an extracellular matrix formation
during angiogenesis. This protein regulates vascular remodeling, endothelial cell
migration, survival and elongation.[22—24] In our experiment we can see on figures
2C, 2D and 2E that SiON, SIONP1 and SiONP2 groups presented a fibronectin
deposition in a circular shape with significantly increased density in the SIONP groups.
We could not find studies that associate fibronectin deposition and silica based

biomaterials under normal or oxidative stress conditions.

We measured the concentration of ang-1 and 4-HNE in conditioned media
collected from the HUVECS' culture after 24 hours under oxidative stress induced by
H202. We demonstrated that ang-1 production was enhanced in HUVECs exposed to
SiON, SIONP1 and SiONP2 (Figure 4A). In addition, all PECVD coating implant
groups presented a significant reduction of 4-HNE adduct (Figure 4B). Ang-1 has
been related to protection of endothelial cells against apoptosis when they are under
unfavorable survival condition.[14,16] Moreover, this protein is important for
endothelial cells migration, proliferation and differentiation.[17,25] Another pertinent

aspect is that ang-1 can induce osteoblast differentiation, bone matrix deposition and
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enhance bone mineral density [26,27]. The 4-HNE protein adduct is a product of lipid
peroxidation and has been used to demonstrate the oxidative stress level in vivo and
in vitro. Other molecules, such as Malondialdehyde (MDA) has been used to measure
oxidative stress levels; however, MDA is less stable with a shorter half-live. Our results
showed that the PECVD coating implants reduced oxidative stress and enhanced
ang-1 production, which could be acting on prevention of HUVECs' death, such as

was observed in our initial in vitro experiment (Figure 1).

The evaluation of the angiogenic markers gene expression demonstrated that
the mRNA levels of ang-1 was at least 2.5 fold enhanced in the SIONP2 group, and
that find corroborates with the protein level in the conditioned medium. VEGFA and
Nesprin-2 mRNA levels were also enhanced in all implants coated with amorphous
silica. The VEGFA is a well known major regulator of angiogenesis and can be
stimulated by multiple factors.[28,29] Studies demonstrated that the ionic silicon
released from the mesoporous silica and bioactive glasses can enhance angiogenesis
by upregulating VEGFA.[10,30] As it was already mentioned above, ang-1 has its
relevance in angiogenesis and osteogenesis.[14,16,17,26,27] Nesprin-2 is a large
multi-domain protein that plays a dominant role 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 the

pre-capillary tubule network organization.[31]

At the end of in vitro experiments, we measured the mRNA level of antioxidant
enzymes and nitric oxide synthase. Our results showed that SOD-1 and cat-1 were
significantly up regulated by PECVD coating surfaces. Moreover, the NOS3 level was
significantly elevated in SIONP groups. SOD-1 is an enzyme which catalyzes the

conversion of superoxide, the main reactive oxygen species produced during cell
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metabolism to hydrogen peroxide. Cat-1 is a potent antioxidant protein that
accelerates the conversion of H202 in H20 and O2. Thus, the enhancement of SOD-1
and cat-1 activity and production can reduce oxidative stress and accordingly improve
biocompatibility ad osteointegration.[32] NOS3 is an enzyme that participates of nitric
oxide (NO) synthesis and is important for angiogenesis and tissue regeneration.[33]
Our group has reported the important role of ionic silicon in the SOD-1 regulation in
osteoblasts differentiated from MC3T3 cells.[9] However, we could not find
publications that correlated the effect of products of dissolution of silica based

materials on endothelial cell regulation or production of SOD-1 and cat-1.

Previously, a study reported that products of dissolution of calcium silicate can
stimulate angiogenesis by inducing nitric oxide synthase upregulation [34]. The NO
can have an ambiguous role in angiogenesis under oxidative stress conditions. On
one hand, high levels of superoxide can neutralize the angiogenic effect of NO by
forming peroxydonitrite, which is a highly toxic molecule.[35] On the other hand,
authors reported that NO suppresses angiostatin, which is an inhibitor of
angiogenesis.[36] Lastly, NOS3 and NO are associated with fracture healing
modulation and showed to be necessary for adequate bone formation,[37,38] which

enforces the use of amorphous silica in bone defects.

In the in vivo experiments we measured the angiogenesis by CD31 and
oxidative stress by 4-HNE immunofluorescent staining. In addition, the 4-HNE was
measured from blood samples collected before and after surgery. The SIONP2 implant
was used on the in vivo study due to present t the most relevant outcome in the in vitro
experiments. SIONP2 implants presented CD31 positive cells comparable to sham
and muscle samples. This supports our in vitro observations and demonstrates that

these implants can support and enhance angiogenesis in critical size bone defects. 4-
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HNE immune staining could not detect a difference between groups, probably because
after 15 days the products of lipid peroxidation were already eliminated or adducted
to other molecules. Studies shows that 4-HNE is unstable and can be difficult to detect
after 10 days from the initial oxidative stress cause.[39,40]. After 7 days, the serum
levels of 4-HNE adduct showed that animals implanted with SIONP2 in the left calvarial
bone defect presented no difference compared to pre-operatory levels. This
observation suggests that the implants coated with amorphous silica by the PECVD
method can reduce oxidative stress and possibly improve and accelerate the

biomaterial's osteointegration.

In general, all elements used in our study for the PECVD surface coating have
been reported to facilitate angiogenesis.[13,41,42]. Among Si, N and P, silicon is the
most studied and supported in enhancing angiogenesis.[10,43—-46] As we can see in
the table 2, the EDX analysis shows that the difference between SION, SIONP1 and
SIONP2 groups is mainly represented by Si, O and N at%, once the P represent less
than 1 at% of surface composition. However, the addition of phosphorus and the
different N2O flow rate between SIONP1 and SIONP2 (see table 1) is playing the role
of elemental surface composition of these two implants. It seems that the elevated
silicon at% can be responsible for the SIONP1 and SiONP2 outcome in enhancing
angiogenesis and reducing the oxidative stress demonstrated in our in vitro studies.
In terms of ionic surface composition, the different results observed in the SIONP1 and
SIONP2 groups can be attributed to oxygen content. The SIONP2 group presented
twice more oxygen than the SIONP2. Furthermore, despite its to not being part of this
study, we demonstrated in a concurrent manuscript that SIONP2 presented a
significantly reduced wettability compared to SIONP1, which also can justify the most

relevant angiogenic effect of implants coated with SIONP2, once more hydrophilic
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surfaces could enhance angiogenesis by improving cell attachment and proliferation.

[47,48]

We could notice that there was an antioxidant effect of the amorphous silica
implants at different levels, once we observed an upregulation of SOD-1 and cat-1.
The nuclear factor (erythroid-derived 2)-like 2 (Nfr2) is a latent protein that is a major
transcriptional activator of genes coding for enzymatic antioxidants, such as catalase,
Glutathione peroxidase and superoxidase dismutase.[49] One study showed that a
diet rich in silicon could reduce oxidative stress in liver of old rat by upregulating Nfr2
and antioxidant enzymes production.[50] Perhaps this major regulator is playing a

role in the antioxidant effect of amorphous silica in HUVECSs.

The superoxidase dismutase has a cationic site formed by zinc and/or cooper
that by electrostatic interaction facilitates the bond between the enzyme and the
superoxide (O2).[51-53] Using the same rational, maybe the Si** released from the
implants coated with amorphous silica can reduce oxidative stress by interacting with

the superoxide and preventing its interaction with lipids, DNA and proteins.

In conclusion, our study showed that implants coated with amorphous silica
reduced cells’ death, enhanced matrix deposition and capillary tube formation in
HUVECSs under toxic oxidative stress. In addition, we demonstrated under the same
conditions that these implants upregulated ang-1, VEGFA and antioxidant enzymes.
An in vivo experiment showed that the implants coated with amorphous silica, mainly
SIONP2, enhanced new blood vessel formation and reduced oxidative stress. These
findings support the use of implants coated with amorphous silica formed by Si (58.7

at%), O (14.2 at%), N (26.8 at%) and P (0.27 at%) in bone replacement due to create
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a favorable environment for biomaterials osteointegration, and accordingly mitigation

of implants loosening and failure.
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Tables and lllustrations

Table 1. Shows the three steps and flow rates of the different gases used for

processing SiON, SIONP1 and SiONP2 implants. Used gases-> Silane (SiH,), Nitrous

oxide (N,O), Ammonia (NH,), Phosphine (PH,), Nitrogen (N,), Argon (carrier gas).

SiH,JAr PH./SiH JAr N,O N, NH, Ar Time
(15/85%) (2/15/83%) (sec)
Step 1 0 0 0 0 0 250 30
Step 2 (SION,) 24 0 155 225 50 0 226
Step 2 0 24 225 50 0 322
(SIONP,)1 5
(SIONP,)2 16
Step 3 0 0 0 0 0 250 30
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Table 2. Energy-dispersive X-ray spectroscopy (EDS) analysis of atomic surface

composition of SION, SiIONP1 and SiONP2 coating. See EDS spectra below the table.

EDS compositional data (at%)

Sample Si 0 N P
SION 525 351 12.3 0
SiONP1 618 7.3 305 0.28
S5I0MP2 58.7 1472 26.8 0.27

Full scale counts: 4737 Basel6(20)
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Table 3. Gene expression assay TagMan® identification.

Gene Assay identification
VEGFA Hs00900055_m1
Ang-1 Hs00919202_m1
Nesprin-2 (SYNEZ2) Hs00794881_m1
S0D-1 Hs00533490_m1
Cat-1 (CAT) Hs00156308_m1
e-NOS (NOS3) Hs01574665 _m1
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Figure 1. Effect of amorphous silica PECVD coating implants on HUVECs under toxic
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Cell viability (MTS assay)

GCSs TCP SION  SiONP1 SIONP2

levels of H202 (24h). Scale bar = 100 ym. Figures A-F show propidium iodide (PI)
staining. G) Bar graph of analysis after ANOVA (Tukey’s pairwise) shows data from PI
counting according to group. H) Bar graph shows comparison of cell viability among
groups after MTS assay, the data was analyzed by ANOVA (Tukey’s pairwise).

(***p<0.001, **p<0.01). GCS-> Glass cover slip, TCP-> Tissue culture plate.
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Figure 2. Shows fibronectin deposition. Pictures (A-E) show fluorescent images after
immunostaining for fibronectin deposition 5 days after HUVECs were exposed to toxic
oxidative stress (H202 0.6 mM). Scale bar = 200 ym. F) Bar graph of data analysis
after ANOVA (Tukey’s pairwise) shows of percentage of area occupied by fibronectin
after data collection using Imaged. (**p<0.01, *p<0.05, #p<0.05). GCS-> glass cover

slip, TCP-> tissue culture plate.
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Figure 3. Representative Pictures (A-E), showing fluorescent images after Calcein-

AM staining of HUVECs capillary tubule formation under toxic oxidative stress (H,0,

0.6 mM). Scale bar = 200 uym. Pictures (F-J) show tree capillary network traced lines
after analysis by Angiogenesis analyzer (ImageJ plugin) software. K) Bar graph of data
analysis after ANOVA (Tukey’s pairwise), shows comparison of total tubule length.

(**p<0.01, *p<0.05). GCS~> glass cover slip, TCP-> tissue culture plate.
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Figure 4. A) Bar graph comparing ang-1 concentration in conditioned medium relative
to TCP (control). ANOVA (Tukey’s pairwise) was used for analysis and BCA assay
was used to quantify the amount of ang-1 per ug of total protein on each sample. B)
Bar Graph shows 4-HNE protein addcuts concentration. The conditioned medium
was obtained from HUVECs cell culture after 24 hours in toxic oxidative stress
induced by 0.6mM H202. (***p<0.001, **p<0.01, *p<0.05). TCP-> tissue culture plate,

ang-1-> angiopoietin 1, BCA-> bicinchoninic acid, 4-HNE-> 4-Hydroxynonenal.
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Figure 5. Bar graphs showing HUVECs gene expression angiogenic markers relative
to 18S as compared to control 24 hours under toxic oxidative stress (H202 0.6mM). A)
MRNA VEGFA. B) mRNA Nesprin-2. C) mRNA angiopoeietin-1. (**p<0.01, *p<0.05).

VEGFA-> vascular endothelial growth factor A, ang-1-> angiopoietin 1.
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Figure 6. Bar graphs showing HUVECs gene expression of antioxidant enzymes
relative to 18S as compared to control 24 hours under toxic oxidative stress (H202
0.6mM). A) mRNA Cat-1. B) mRNA SOD-1. C) mRNA GPX. D) NOS3 (***p<0.01,
*p<0.05). Cat-1-> Catalase 1, SOD-1-> Superoxidase dismutase 1, GPX-1->

Glutathione peroxidase 1.

179



B)

| Sham Implant

Figure 7. A) Surgical procedure for material implantation. 1) Gross image of calvarial
defect surgery with dental bur. II) Gross image of the parietal bone bilateral calvarial
defect (6x4 mm), implant on the left (yellow arrow) and empty on the right (white
arrow). B) Samples harvest from rat calvarial 15 days after surgery. 1) Gross image
shows the macroscopic superior view of the calvaria. Il) shows an X-ray image with

the sham (left) and calvarial defects and implant (right).
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Figure 8 . Bar graph shows 4-HNE protein adduct concentration in the rat serum
before surgery, 7 days after surgery and 15 days after surgery (competitive ELISA).
*p<0.05 (One-way ANOVA — Tukey’s pairwise within the Si wafer group), #p<0.05

(One-way ANOVA — Tukey’s pairwise, same time point different groups).
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Figure 9. Bright field image acquired using the BIOQUANT OSTEOIMAGER. Coronal
section of rat calvarial after Sanderson’s staining representing the areas used for
capturing immunofluorescent images. A) The black rectangular box is representative
of a sham B) The green rectangular box indicates the location assessed for the empty
critical calvarial defect, while the red rectangular box indicates the location of the
assessed implant-filled critical calvarial defect. The muscle is traced with a red circle.

Scale bar = 1mm.
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Figure 10. Immunofluorescence staining (Alexa Fluor 594 dye) for CD31 15 days after
implantation. Scale bar = 100 um. A) negative control (no secondary antibody was
used on cavarial bone from sham samples. B) Calvarial muscle (positive control) C)
Sham (surgical procedure, no bone defects). D) right side (empty implant). E) Si wafer.
F) SIONP2. G) Bar graph shows (%) area occupied by blood vessels and capillary

network relative to sham. (**p<0.01).
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Figure 11. Immunofluorescence staining (Alexa Fluor 594 dye) for 4-HNE, 15 days
after implantation. Scale bar 50 um. A) Negative control. B) Sham. C) Empty. D) Si
wafer, E) SIONP2. F) Shows bar graph with (%) of area occupied by 4-HNE. 4-HNE->

4-Hydroxynonenal.
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CHAPTER 6

CONCLUSION

Understanding and managing oxidative stress before materials implantation
seems to be an appropriate strategy to reduce inflammatory response and promote
implant osteointegration. In our research work we demonstrated that the Implants
coated with amorphous silica by plasma enhanced chemical vapor deposition
(PECVD) method, and incorporated with nitrogen and phosphorus, can reduce the
oxidative stress and enhance the angiogenesis by upregulating VEGFA, angiopoietin-
1, superoxidase dismutase-1 and catalase-1. Here we studied the effect of ionic silicon
released from biomaterials on HUVECs under normal and oxidative stress conditions.
We supported our hypothesis by performing in vitro experiments in human umbilical
vein endothelial cells (HUVECSs) and evaluating its angiogenic properties as follows:
cells migration, proliferation, matrix deposition, capillary tubule formation, angiogenic
markers, oxidative stress markers and antioxidant enzymes. In addition, a well-known
animal model, rat critical size calvarial defect, was used to demonstrate the effect of

implanted materials on angiogenesis and oxidative stress.

Initially, we studied the isolated effect of ionic silicon on HUVECs under normal
and oxidative stress condition. We identified that the 0.5 mM silicon in endothelial cell
basal medium showed the most relevant results. We observed significant
enhancement in cell survival and upregulation of HIF-1a and VEGFA on cells under
toxic oxidative stress induced by 0.6 mM hydrogen peroxide. These findings
suggested that ionic silicon released from biomaterials can have an antioxidant effect

in HUVECs.
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After, we tested in an in vitro experiment the effect of PECVD coating
amorphous silica-based materials in HUVECs angiogenesis. We evaluated three
different coating compositions: SION, SIONP1, and SIONP2, and compared them to
glass cover slip and plasma treated tissue culture plate. We demonstrated that
SIONP2 implants presented the most hydrophilic surface, which significantly
enhanced cell attachment. Moreover, SIONP2 surfaces remarkably improved
HUVECs’ matrix deposition, and the ions released from SIONP2 surface significantly
enhanced cell proliferation and migration. In addition, we verified enrichment in
angiopoietin-1 mRNA expression, which was proved to prevent apoptosis in HUVECSs.
Finally, we observed upregulation of superoxidase dismutase-1 and catalase-1, which
suggested that perhaps these implants can reduce oxidative stress and prevent cell

apoptosis and death.

Lastly, we analyzed the effect of implants coated with amorphous silica in
angiogenesis and oxidative stress in vitro and in vivo. In the in vitro study we observed
that the coated implants can improve the matrix deposition and the capillary tubule
formation in HUVECSs under toxic oxidative stress. Furthermore, there was a relevant
upregulation of angiopoietin-1, eNOS, Cat-1 and SOD-1. The in vivo study showed
that the SIONP2 implants can reduce oxidative stress, demonstrated by reduction of
4-HNE systemic levels. Moreover, the SIONP2 coating enhanced angiogenesis

during the first 2 weeks after being placed in a rat critical size calvarial defect.

Here we show for the first time the antioxidant effect of ionic silicon and silica
based materials in endothelial cells under toxic oxidative stress. Mainly, we believe
that the upregulation of angiopoitin-1, superoxidase dismutase-1 and catalase-1 are
playing a major role on HUVECSs survival . However, it is not completely clear how the

silica based materials are acting, once multiple molecules seems to be activated and
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stimulated during the process. Nuclear factor (erythroid-derived 2)-like 2 (Nfr2) is a
potent latent protein that when activated upregulates genetic expression of the
antioxidant enzymes. Therefore, maybe this major regulator is playing a role in the
antioxidant effect of amorphous silica in the HUVECs. Another aspect that can be
explored in the future is a possible neutralization effect of superoxide by the ionic
silicon. Perhaps the positive charge of ionic silicon can interact with superoxide anode.
Hence, the Si** could neutralize O- availability, avoiding or reducing the superoxide

binding with protein, DNA, and lipids, and accordingly preventing cell death.

Altogether, our findings strongly support the use of the amorphous silica based
materials as an alternative to reduce inflammation, improve biocompatibility and
biomaterial's osteointegration. The augmentation of these properties can reduce the
incidence of implants loosening and failure, improve patient quality of life, and reduce
costs. Further investigation needs to evaluate the specific effect of ionic silicon and
Nfr2 activation pathway and the direct effect and a possible interaction between the

ionic silicon and the superoxide predominant in oxidative stress environment.
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