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ABSTRACT 

Current metal implants are designed to structurally support the surrounding bone upon fracture. 
However, they have long healing times as they do not form an apatite surface layer for direct 
bone bonding and do not enhance osteogenesis. In this study, we use amorphous silica (SiOx) 
nanolayers as a potential implant coating material to improve bone healing. The aim of this study 
is to determine the ability of SiOx nanolayers to enhance osteogenic differentiation via rapid 
surface hydroxyapatite (HA) formation. SiOx nanolayers are prepared using plasma enhanced 
chemical vapor deposition. These nanolayers are also etched with grooves to facilitate 
osteoprogenitor attachment. Immersion of these nanolayers in-vitro showed a decrease in the 
contact angle and the presence of a hydroxyapatite layer after 6 hours. Within 1 to 3 days, these 
nanolayers promoted cellular attachment and extracellular matrix formation on their surfaces. 
Moreover, osteoprogenitor cells (human periosteum cells) had elevated levels of superoxide 
dismutase, bone morphogenic protein, and osterix expression which are key for the formation of 
a potential bone-like matrix. Thus, this study shows that SiOx nanolayers enhanced 
osteoprogenitor differentiation by rapidly forming HA and enhancing osteogenic marker 
expression during early osteoprogenitor differentiation. These nanolayers could be a potential 
tool for implant surface modification for enhanced bone apposition of orthopaedic and dental 
implants. 

INTRODUCTION 

Bone fracture incidence from trauma, age-related fragility or disorders contributes to ~$8B in 
morbidity/mortality costs and ~800k procedures annually and is estimated to rise 400% by 2050 
as life-expectancy increases [1-3]. When fractures occur, the site is structurally unstable and 
hypoxic due to severe bone loss and ischemia. Inflammation ensues after site re-vascularization 
and oxygen metabolites accumulate as reactive oxygen species (ROS: O2', H2O2). In these 
fractures, ROS levels can be as much as 8 times that of normal patient levels [4], that can 
interrupt bone healing by causing osteoblast DNA damage, apoptosis, and down-regulation of 
osteogenic differentiation marker expression [5-7], This condition is known as oxidative stress. 
The coupled oxidative stress and site instability lead to delays or improper bony union [4, 8-12], 
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thus, targeting the reduction of ROS and providing structural support is vital to ensure proper 
bone healing. 

For these fractures to heal properly, osteoblasts must elevate antioxidant enzyme expression 
(e.g., superoxide dismutase, catalase, glutathione reductase, etc.) to regulate ROS activity [13, 
14], More importantly, these antioxidant enzymes stimulate bone healing. In particular, 
superoxide dismutase (SOD1) plays an essential role in osteoprogenitor differentiation in that 
without such expression, osteogenic transcription factors (osterix or OSX) can potentially be 
down-regulated and result in a 25% reduction in bone strength [6]. Thus, targeting these 
antioxidant mechanisms can be an effective strategy in regulating ROS activity and stimulating 
the bone healing process. 

Yet, current structural materials used to support the large missing bone volume have not yet 
shown any antioxidant effects. Currently, metal implants (e.g., titanium [Ti]) are used as 
structural materials because of their strength, however, they have long healing times and have 
not shown any antioxidant effect [15], Hydroxyapatite and calcium phosphate-incorporated 
bioactive glasses have been attempted. They have the added advantage of providing a 
hydroxyapatite layer as it faces bone for apposition and structural support. Yet, these coatings 
have a large coefficient of thermal expansion mismatch with the underlying metal, resorb and 
delaminate from the metal surface, and have not shown any effect on antioxidant mechanisms 
[16]. Thus, there is a great clinical need to develop materials that can structurally support bone 
apposition and provide antioxidant support to accelerate bone formation. 

In this study, we will use amorphous silica (SiOx) prepared by plasma enhanced chemical vapor 
deposition (PECVD). PECVD SiOx forms a surface silanol (Si-OH) layer on top of the 
amorphous silica layer [17], In our previous work, we found that such surface silanols (on 
bioactive glasses) release ionic silicon to cells to promote osteogenesis [18-21]. Moreover, the 
availability of surface silanols has been linked as the limiting step for HA formation on 
amorphous silica-based bioactive glass surfaces [22], Thus, we will test the hypothesis that 
PECVD SiOx enhances osteogenesis and rapid HA formation to provide osteoblasts with 
structural and antioxidant support during the early phases of bone healing. Therefore, the goal 
of this study is to use PECVD SiOx to accelerate surface HA formation and enhance 
osteoprogenitor differentiation. 

MATERIALS AND METHODS 

Study Design: This study was designed as follows. Si-wafers were used as substrates for 
preparation of SiOx nanolayer attachment. Si wafers were etched using optical lithography 
combined with dry reactive ion etching. After etching was performed, SiOx coatings were 
prepared by PECVD. Devices are then characterized using SEM to confirm etch depth and 
coating uniformity. Raman Spectroscopy was used to determine post-process function group 
analysis. X-ray absorbance near-edge structure spectroscopy was used to determine P, Ca and O 
coordination on surfaces post-process. Cell-free in vitro testing was then conducted to determine 
the resultant surface chemistry using XANES while dissolution behavior analyzed using contact 
angle analysis. Cell culture testing is conducted to determine cellular response to the coating 
surface in terms of attachment and gene expression (measured by quantitative polymerase chain 
reaction). Imaging of cells on device surface was imaged using SEM analysis. 
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In vitro testing: Cell-free in vitro testing was conducted to determine the effect of in vitro 
conditions on the dissolution and surface chemistry of PECVD SiOx. Devices were immersed for 
a period of 6, 12, 24, and 48 hours. Contact angle measurements were performed to determine 
the relative change in hydrophilicity with dissolution time. 

X-ray Absorption Near Edge Structure (XANES) Spectroscopy: XANES spectroscopy was 
performed at the Canadian Beamline. XANES is an excellent tool to probe the local coordination 
of atoms and determine their valence states. The P L-edge spectra was probed using the Plane 
Grating Monochromator (PGM) beamline that operates at the low energy range between 5-250 
eV, a step size of 0.1 eV and shutter opening of 50pm x 50(jm was used, spectral information 
was acquired over the energy range of 130-155 eV. The Ca L-edge and O - K edge were probed 
using the Spherical Grating Monochromator (SGM) beamline that operates in the intermediate 
energy range of 250 - 2000 eV. A step size of 0.15 eV and shutter opening of 100 pm x 100pm 
was used. The Ca L-edge spectra was acquired between 340-360 eV that corresponds to the 
energy range for both the L2 and L3 transitions in Ca and between 525 and 560 eV that 
corresponds to the energy range for the core shell (K absorption edge) excitation for oxygen. 
Spectra were obtained for the as fabricated SiOx surfaces as well as after exposure to in vitro 
immersion (no cells). 

Cell Culture: Cell culture testing was conducted to determine the effect of PECVD SiOx on 
human periosteum cell osteogenic differentiation. Primay human periosteum cells were obtained 
as previously described [23] and cultured to passage 4 for use in experiments. Cells were 
cultured in 150 cm2 flasks until confluence and seeded onto device and control (amorphous silica 
glass cover slip) surfaces at 100,000 cells per cm2. Cells were counted using a standard 
hemocytometer and optical microscope. Cells were give medium to induce differentiation (alpha 
modified essential medium, 10% fetal bovine serum, % penicillin-streptomycin, 50 ppm ascorbic 
acid) and allowed to culture for 3 days. Cells were lysed using RNeasy (Qiagen Inc., Valencia, 
CA), converted to cDNA (RTS conversion kit, Promege, Madison, WI), and assayed for relative 
gene expression using quantitative polymerase chain reaction (qPCR, Bio-Rad, Emoryville, CA). 

Imaging: Imaging of cell layers was conducted using a Hitachi S-3000 Environmental scanning 
electron microscope operating in secondary electron mode at accelerating voltages ranging from 
5 kV to 15 kV. 

Statistics: Statistical analysis was performed using standard t-test for between groups 
comparisons. All experiments were conducted in triplicate and statistical significance was 
determine using p < 0.05 for statistical significance. Statistical calculations were conducted using 
SigmaPlot 12.0. 

RESULTS 

The fabricated device (Fig.lA) shows the nano-/micro-grooved etch pattern. The PECVD SiOx 
nanolayer was confirmed by Raman Spectroscopy (Fig.IB) in which a residual silanol (950 -
1000 cm"1, Si-OH) surface layer remains after the PECVD process completes. Although XANES 
analysis showed a slight evidence of O coordination with phosphate (540 eV nm, Fig.lC vs. HA 
standard, Fig. ID) on the SiOx surface, no evidence of phosphate or calcium was observed 
(results not shown). This indicated that a lack of surface HA prior to in vitro studies. 
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Fig. 1. SiOx coatings on Si-wafers. SiOx coatings on Si wafers had a 100 nm trench depth and 2 
ftm trench width (A). Raman spectroscopy indicated the presence of the underlying wafer and an 
initial hydroxylated silanol layer prior to in vitro studies (probably owed to humidity exposure 
prior to scan) (B). XANES analysis of O K-edge on SiOx surface indicating no presence of 
hydroxyapatite (Ca and P peaks also not observed) (C). 

Sample devices were then immersed in vitro (no cells) to determine their resultant dissolution 
behavior and resultant surface chemistry. Results from contact angle testing (Fig.2A) showed a 
decrease in the contact angle with increasing dissolution time. The rate of contact angle change 
was proportional to 1/t Y\ indicating dissolution behavior by the device surface. This rapid 
decrease in contact angle may be likely attributed to the formation of -OH moieties on the 
surface making it more hydrophilic. It has been shown in the past that an intermediate step in the 
formation of apatite on the surface of silica based bioceramics is the formation of sianols on the 
surface that may be responsible for the decrease in contact angle. Fig. 2(C) is the Ca L2,3 edge 
XANES spectra for hydroxyapatite and Fig. 2(B) is the corresponding spectra for in-vitro sample 
with a refractive index of 1.45 after 6 hours. It is clearly evident from the spectra that Ca is 
present on the surface and is likely to be in the form of HA. In order to confirm the coordination 
of oxygen in the structure O K-edge XANES spectra were also acquired. Fig. 2(D) is the O K-
edge spectra from the same sample where the Ca L2.3 edge was acquired and Fig. 2(E) is the 
corresponding spectra from HA. While it is evident that O is present on the substrate the 0 K-
edge spectra indicates that 0 is present in a more complex state than a simple HA. However, it is 
clear that in this case it is not present in the form of carbonates that have a characteristic pre-edge 
peak at around 530 eV [24] that is absent in this case, ft is most likely in the form of a mixture of 
HA and other phosphates. The corresponding P L-edge spectra of the in-vitro sample (Fig. 2(F)) 
and HA (Fig. 2G)) also clearly indicate the presence of P in the in-vitro tested sample, and likely 
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present in the form of phosphate which are likely to be a mixture of HA and other phosphates. 
Taken together, these results indicate that HA and other phosphates form on the surface within 6 
hours after in vitro immersion. 

Fig.2. Cell-free in vitro studies of SiOx. A) Contact angle change as a function of dissolution 
time with the contact angle change proportional to. 1/t * • (R2 = 0.966). B-G) Presence of Ca, P, 
and O coordination on surface of SiOx indicates the presence of hydroxyapatite and other 
phosphates. 

Devices were then tested to determine their effect on human periosteum cell osteogenic 
differentiation. Cell culture testing indicated that periosteum cells attached and migrated over the 
etched SiOx surface. Evidence of such migration can be seen in Fig. A with periosteum cell 
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filopodic processes extending towards the etched surface. Although extracellular matrix appears 
to be bound on the flat edge of the sample, cells appeared to migrate away from these flate edges 
and reside on the etched surface. This is consistent with studies in which nano-scale grooved 
etches were observed to have preferential osteoblast attachment [25]. Gene expression analysis 
(Fig.3B-D) showed that these surfaces enhanced the expression of SOD 1 (dayl), OSX (day 3), 
and BMP2 (day 3) as compared to un-etched amorphous silica glass cover slip controls (control 
for periosteum cell gene expression response). Thus, these surfaces enhanced osteogenic 
differentiation of human periosteum cells. 

Fig.3. Cellular response to SiOx surfaces. Human periosteum cells were observed to attach, 
migrate, and deposit extracellular matrix over the SiOx surface (A). These surfaces enhanced the 
expression of SOD1 (day 1) (B), BMP2 (day 3) (C), and OSX (day 3) (D) over 3 days. 

DISCUSSION 

The rapid formation of HA and other phosphates on the SiOx surface was probably owed to the 
availability of Si-OH groups on the surface after PECVD. Hench and colleagues describe that the 
rate of Si-OH surface formation bioactive glass surfaces as the limiting step to silica-gel layer 
formation and subsequent HA formation [22]. According to Hench [22], immersion of bioactive 
glasses and subsequent formation of HA involves several steps. These include rapid ion 
exchange of protons in solution with alkali cations in the glass network, alkali earth cation and 
phosphate ion release from the glass, hydroxylation of Si-0 groups within the glass, and 
migration of silanols to the glass surface. PECVD SiOx, on the other hand, forms surface silanols 
intrinsically on the amorphous silica surface. This reduction in mechanistic complexity probably 
led to rapid HA formation. 
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Gene expression results obtained in this work showed that the PECVD SiOx surface enhanced 
various osteogenic markers. SOD 1 expression was observed to be enhanced within 24 hours after 
cellular attachment to SiOx surfaces. This was followed by BMP2 and OSX enhancement after 3 
days. OSX expression has been found to be dependent on both BMP2 expression [26] and SOD1 
expression [27]. The sequence in which OSX expression follows SOD1 and BMP2 expression is 
consistent with known osteogenic timelines. Thus, the PECVD SiOx surface could have up-
regulated SOD I and BMP2 along different cell receptor pathways and their respective impact on 
OSX expression could be additive. 

It is worth noting that hydroxyapatite or other calcium phosphate incorporated bioceramics and 
glasses have not shown any antioxidant effect. Thus, it is possible that such up-regulation occurs 
via ionic silicon release from the surface to attached cells. As noted above,, we found that ionic 
Si up-regulates other bone-related markers (osteocalcin, core-binding factor a, collagen) that are 
essential for bone healing. Considering that PECVD SiOx leaves surface Si-OH groups readily 
available after processing, such an effect could be possible through ionic silicon release. Studies 
involving gene knockdown or knockout models will be implemented to fully understand the 
mechanisms behind this potential antioxidant effect. 

Such surfaces could help hasten and strengthen bone apposition of dental and orthopaedic metal 
implants. These surfaces could enhance the expression of antioxidants and osteogenic markers to 
rapidly form bone matrix. It may also be possible to use such surfaces in applications of bone 
healing where ROS regulation is needed. These aspects will be studied in future work to 
determine the breadth of bone healing applications that could benefit from PECVD SiOx. 

CONCLUSIONS 

This study tested the hypothesis that amorphous silica coatings prepared by lithography and 
chemical vapor deposition promoted osteoblast expression of antioxidant enzymes and 
osteogenic markers for enhanced osteoblast differentiation. Coatings prepared by lithography 
produced hierarchal nano-/micro-grooves that facilitated cellular attachment while SiOx coatings 
increased the expression of SOD1, OSX, and BMP2 expression within the first 3 days of 
osteoblast differentiation. XANES analysis indicated formation of hydroxyapatite within 6 hours 
during in vitro testing. Taken together, these results indicated that nano-/micro-grooved SiOx 
coating prepared by lithography and PECVD can enhance osteogenesis and hydroxyapatite 
formation during the early time period of osteoblast differentiation. 
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