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Abstract: Osteoblast viability, proliferation, protein expression and mineralization were studied on bare, 
micro- and nanoporous silicon (Si) substrates. Micro- and nano-porous-Si substrates were prepared by 
anodic etching of silicon in ethanolic hydrofluoric acid and characterized using scanning electron and atomic 
force microscopies. Mouse osteoblasts were cultured on these substrates and cellular response to these 
surfaces was assessed using the Live/Dead Cell Viability assay and the MTT assay for cell proliferation. 
Osteoblast functionality was assessed using immunohistochemistry for bone protein specific markers. 
Osteoblasts grew well on micro- and nanoporous silicon substrates over the twenty-one day experimental 
period supporting the assessment that these are suitable cell supportive surfaces. Cell proliferation rates on 
bare and nanoporous silicon were similar initially, however, nanoporous silicon displayed enhanced cell 
proliferation, in comparison to bare silicon, after 14 days in culture. Immunocytochemical assays, using bone 
specific markers, showed positive reactions for osteonectin and osteopontin expression on all substrates 
with staining intensity increasing over the 21-day experimental period. Calcium mineral deposits were 
quantified using the Alizarin Red histochemical assay and nanoporous silicon induced the highest level of 
calcium mineral production in comparison to bare and microporous silicon. The data supports the potential 
use of nanoporous silicon as a surface implant coating for dental and orthopedic applications. The ability to 
dope (and then release) drugs or growth factors from the silicon nanopores offers the potential for a multi-
functional implant surface. 
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1. INTRODUCTION* 

Dental and orthopedic appliances, devices, and implants 
(hereafter grouped as ‘implants’) have been in widespread 
use for over fifty years. Advances in surgical techniques and 
population longevity have drastically increased both the need 
and demand for dental and orthopedic procedures worldwide 
[1]. Dental and orthopedic complaints (dysfunction, 
impairment, pain) are the major reason that most Americans 
seek clinical intervention. In the United States alone, more 
than half a million people undergo total joint replacement 
each year and over 50 million yearly receive some form of 
dental or orthopedic device or implant [2]. Worldwide, total 
joint replacements have been estimated at 959,000 annually, 
including both primary and revision total hip procedures [1, 2]. 

Infection of dental and orthopedic implants due to post-
surgical infection by bacteria or fungi remains a serious issue 
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despite the common pre-surgical practice of disinfection [3-5]. 
Bacterial adsorption and surface colonization of the implant 
surface [4, 5] and failure of the implant to integrate with 
surrounding tissues [5-7] are the leading causes of implant 
failures as well as the resulting sequela that affects a 
patient’s recovery. Resolving an implant infection usually 
requires that the implant be removed entirely, surrounding 
tissue cleaned of infection, and then a second prosthetic 
device is implanted. Revision arthroplasties and increased 
hospital stays can cost hundreds of thousands of dollars for a 
single patient. There are additional drawbacks to replacement 
surgeries including: inferior recovery compared to the initial 
surgery, further postsurgical complications and pain, reduced 
host defense, significant lost time from work, altered and 
restricted lifestyles, and even death. Current statistics 
indicate that infection is responsible for causing implant 
failure in approximately 1% of hip implants, 4% of knee 
implants, and more than 15% of implants associated with 
orthopedic trauma, where the wounds are deep, often dirty 
from debris such as seen in accident or battlefield injuries [8-
10]. 
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The second most common cause for implant failure is poor 
tissue formation on the implant surface leading to poor or 
incomplete osseointegration with surrounding tissues that can 
result in implant loosening and instability [11, 12]. 
Osseointegration is defined as a direct structural and 
functional linkage between the surrounding living bone and 
the implant surface, and is crucial for implant stability, and is 
also considered a prerequisite for resistance to applied loads 
and the long-term clinical success of the implant (and for 
patient compliance) [13, 14]. 

Natural bone is nanoporous at the surface and an ideal 
medium for cell attachment and functionality. Smooth 
titanium, commonly used, does not directly support cell 
attachment, growth and functionality [15]. Depending on the 
manufacturing process, the surface of titanium can be easily 
modified; surfaces can be highly polished, anodized, or 
texturized and it can be shaped into different forms that target 
specific types of surgical appliances, devices or implants. A 
major consideration in designing implants for integrations has 
been to produce surfaces that determine cell-surface 
interactions after implantation and promote desirable 
responses in adjacent cells namely, cell attachment, 
proliferation, and phenotypic expression, in particular the 
production of bone specific proteins such as osteocalcin or 
osteopontin. The most important surface features that 
influence the rate and degree of osseointegration include: 
surface chemistry, topography, wettability, charge, surface 
energy, topography and crystallinity, roughness, chemical 
potential, strain hardening, and the presence of impurities 
[13, 14]. Numerous methods have been used to create a 
nanoporous surface and achieve the desired surface features 
including blasted surfaces, chemical etching, anodization, 
porous-sintering, oxidizing, plasma-spraying and hydro-
xyapatite-coated surfaces, as well as combinations of these 
procedures (extensively reviewed in references [13-15]).  

While the efforts to produce biocompatible surfaces to date 
have been encouraging, no technique has been totally 
successful in preventing post-surgical infections and 
enhancing implant integration. It is clear that the dental and 
orthopedic community need new multi-functional surface 
coatings with long-term antibacterial properties that prevent 
biofilm formation on implant surfaces and also encourage 
neotissue formation that promotes successful integration into 
surrounding tissues. Porous silicon has received much recent 
attention in the field of bone tissue engineering because of its 
mechanical strength, ability to be easily manipulated into any 
desired shape, optimal degradation kinetics, and excellent 
surface properties that mimic the natural in vivo environment 
[16, 17]. Of the surface modification methods employed, 
anodization holds the most promise in designing an implant 
surface that is nanoporous thus creating a large surface area 
that can be functionalized as an application warrants 
including doping with various drugs or osteogenic agents.This 
study assessed osteoblast behavior on bare, micro- and 
nanoporous silicon scaffolds prepared by anodic oxidation. 

2. MATERIALS AND METHODS 

2.1. Materials 

P-type, boron-doped silicon (Si) wafers with <100> 
orientation, resistivity of 6-9 Ω-cm and polished front sides 
were purchased from Montco Silicon Technologies Inc., CA. 
Acetone, ethanol, hydrofluoric acid (HF) and MTT cell culture 
test kit were purchased from Sigma-Aldrich, USA. Minimum 
Essential Medium, Alpha (AMEM) and Fetal Bovine Serum, 
Premium (FBS) were purchased from Mediatech, Inc. makers 
of Cellgro, Herndon, VA. Live-Dead Cell staining kit was 
purchased from Biovision, Mountain View, CA. Primary 
antibodies MPIIIB10 and AON-1 were purchased from 
Developmental Studies Hybridoma Bank, The University of 
Iowa. Secondary antibody fluorescein-conjugated goat IgG 
fraction to mouse IgG was purchased from Cappel, MP 
Biomedicals, Santa Ana, CA. 

2.2. Fabrication of Porous Silicon 

Micro- and nanoporous silicon were formed by the 
electrochemical dissolution of silicon in an HF-based 
electrolyte. An anodization cell, a single-cell approach using a 
backside contact, was used for porous silicon fabrication. Al 
foil provides the back contact to silicon wafer on which PS 
was formed. The silicon wafer indirectly acts as anode as it is 
in close contact with Al foil, which is directly connected to the 
anode. The electrolytic mixture of hydrofluoric acid and 
ethanol was poured over the silicon wafer in the opening 
present on the top etch cell. A platinum wire was used as a 
cathode [18]. 

The fabrication of PS depends on three parameters: current 
density, concentration of electrolyte, and time of etching. 
Experiments were carried out using current density in the 
range of 10 to 100 mA/cm2 typically for 10-15 mins to 
examine the effect of current on pore size of porous- Si. For 
the fabrication of microporous silicon, a 1:1 mixture of HF and 
ethanol was used as an electrolyte, and a typical current 
density of 50 mA/cm2 was applied for 8-10 minutes. For 
nanoporous silicon fabrication, a typical current density of 25 
mA/cm2 was applied for 3-5 minutes, with the same 
concentration of electrolyte. Ethanol was used as a pilot 
study and showed that its application resulted in a more 
structurally uniform porous layer, increased the wettability of 
the silicon, and reduced the formation of hydrogen gas 
bubbles. 

2.3. Scanning Electron Microscopy 

AMRAY 1830 Scanning electron microscopy (SEM) was used 
primarily to observe the surface topography of the silicon 
substrates after etching at different current densities. 
Electrically conductive carbon tapes were used for mounting 
the samples on the SEM pin mount specimen holder. Double-
sided adhesive tape was used as it allows for faster sample 
mounting with no liquid or colloidal adhesives. For higher 
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resolution images, a Field-emission SEM at Louisiana Tech 
was used to characterize the topography of the surfaces. 

2.4. Atomic Force Microscopy 

Atomic Force Microscopy (AFM, Quesant, Model 250) was 
used to characterize the substrate surface. The AFM was 
used in tapping mode with silicon cantilever to measure the 
surface roughness of the substrates in dry state. The 
parameters used for the measurements were a scan area of 
40 × 40 µm2, scanning rate between 1.5-2 Hz, and a 
resolution of 600 lines. 

2.5. Cleaning of Porous Silicon Substrates 

Porous silicon substrates were cleaned by sonication in 
acetone, ethanol, for 10 mins each and then in DI water for 
10 minutes. The substrates were then rinsed, N2-dried and 
used for experimental assays. 

2.6. Osteoblast Cell Culture 

Substrates were immersed in 70% ethanol overnight for 
sterilization. The substrates were removed from ethanol and 
washed twice with Hank’s balanced salt solution (HBSS) and 
once with complete media. Cells were cultured in αMEM 
supplemented with 300 mg of L-glutamine powder, 1% 
penicillin-streptomycin and 10% FBS, and incubated in a 
humid, 5% CO2 atmosphere at 37°C. Cells were seeded onto 
the porous silicon substrates at the desired densities, 
considering the volume of the whole dish, not just the 
substrate. Planar silicon substrates seeded with cells were 
used as control. The dishes containing the cell-seeded 
substrates were then incubated at 37°C in 95% humidified air 
and 5% CO2. Osteoblasts were seeded at a density of 12,000 
cells/cm2 for Live-Dead assay and Evans Blue staining. 
Osteoblasts were seeded at a density of 8,000 cells/cm2 for 
MTT and Alizarin Red assays. 

2.7. Cell Visualization and Viability Assays 

The dark background of porous silicon prevents standard 
viewing of cells in culture under phase contrast microscopy. 
Images taken were restricted to the outer edge of the 
scaffolds because of their opaqueness and were captured 
using an Olympus BX51 fluorescence microscope. We used 
an Evans Blue staining to aid in visualization. Evans Blue is a 
diazo dye that due to its brilliant blue color and ability to 
remain inside cells was used to visualize osteoblast 
attachment and subsequent behavior on the substrates. 
Evans blue stains the cells blue but leaves the remaining 
area unstained, thus easily differentiating the cells from the 
substrate surface. 

The viability studies were performed using a Live/Dead Cell 
staining kit obtained from Biovision. The kit contains Live-
DyeTM a cell-permeable green fluorescent dye (Ex/Em = 
488/518 nm), to stain live cells in green, and propidium iodide 
(PI), a cell non-permeable red fluorescent dye (Ex/Em = 

488/615), to stain dead cells in yellow-red. For viability 
studies staining solution was prepared by mixing 1 µl of 
Solution A (1 mM Live-Dye) and 1 µl of Solution B (2.5 mg/ml 
PI) to 1 ml of Staining Buffer. The seeded substrates were 
washed twice with HBSS and then 150 µl of staining solution 
was added to each substrate. These substrates were then 
incubated at 37˚C for 15 minutes. Slides were assessed for 
cell viability and observed on day 7, day 14, and day 21 using 
an Olympus BX51 epi-fluorescence microscope and 
representative images were captured using a Nikon digital 
camera connected to it. 

2.8. Cell Proliferation Assay 

Cell proliferation was determined using thiazolyl blue 
tetrazolium bromide powder-MTT assay kit. This assay works 
on the principle of measuring the activity of living cells via 
mitochondrial dehydrogenase activity. Mitochondrial 
dehydrogenase of live cells cleaves to tetrazolium ring 
producing purple MTT formazan crystals which can be 
dissolved using isopropyl alcohol and their absorbance 
measured using a TECAN plate reader. For MTT assay MTT 
solution was prepared by dissolving 5 mg of thiazolyl blue 
tetrazolium bromide powder in 1 ml of HBSS. MTT solvent 
was prepared by adding 310 µl of 0.04-0.1 N HCl to100 ml of 
99.9% anhydrous Isopropanol. Media in culture dishes was 
drained and the seeded substrates were transferred to fresh 
dishes. A solution containing 10% of the media as MTT 
solution (100µl for 1 ml) was prepared and added to the fresh 
dishes containing transferred substrates. This solution was 
also added to an empty dish without cells and taken as blank. 
The cells along with the blank were incubated at 37˚C for 4 
hrs. After 4 hrs, 1 ml of MTT solvent was added to each well 
including the blank to dissolve the purple formazan crystals 
formed, because of the interaction of the MTT solution with 
the cells. The absorbance of the resultant solution and the 
blank was read using a spectrophotometer at 570 nm with 
background subtraction at 690 nm. The difference in the 
absorbance of the resultant solution and the absorbance of 
the blank gave the absorbance of purple crystals alone, 
which was then correlated with a calibration curve to obtain 
their corresponding cell densities. 

2.9. Immunofluorescence Assay 

Immunofluorescence assay were conducted on osteoblasts 
to observe for expressions of bone proteins such as 
osteopontin and osteonectin. For immunofluorescence assay 
seeded substrates were incubated at 37˚C with 3.7% 
paraformaldehyde solution for 30 minutes-60 minutes at 4 C. 
The substrates were then permeabilized with 1% Triton X-
100 in PBS for 10 minutes at room temperature and rinsed 
well with PBS. The cells were then blocked with non-immune 
blocking serum or 1% BSA in TBST or PBST for 30 mins at 
room temperature. Non-immune blocking serum was pipetted 
and the excess was wiped off carefully. Undiluted 
supernatant primary antibodies were applied and the 
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substrates were incubated for 60 mins at 37˚C. The 
substrates were then washed quickly once with PBS and 
allowed to be in fresh PBS solution for 10 minutes Secondary 
antibody was then applied and incubated at room 
temperature for 45-60 minutes. Typical dilution of 1:250 was 
used and the secondary antibody was applied in dark. The 
cells were quickly washed with PBS and then allowed to be in 
fresh PBS for 10 mins in the dark. Finally, slides were 
prepared using fluorescent mounting media. Images were 
captured at an interval of day 7, day 14, and day 21 using a 
digital camera connected to the fluorescence microscope. 

2.10. Alizarin Red Assay 

Alizarin Red assay was performed to quantify the calcium 
mineral deposits of osteoblasts. For Alizarin Red assay, 40 
mM of Alizarin Red solution was prepared by dissolving 137 
mg of AR-S powder in 10 ml of Type-I water. The seeded 
substrates were fixed with 75% ethanol and placed in fridge 
for 30-60 minutes. These substrates were then stained with 
the Alizarin Red solution for 10-15 mins, which produces an 
orange-red color due to the formation of Alizarin Red S-
calcium complex by a chelation process. Type-I water was 
then added and mixed thoroughly to dissolve the stain and 
the absorbance of the resultant solution was measured using 
an UV-Spectrophotometer. Using an optical density and the 
calibration curve, the calcium mineral levels were determined. 

2.12. Statistical Analysis 

The Student’s T-test was applied for statistical analysis, with 
means and standard deviations (SD) calculated for statistical 
documentation. Quantitative analyses of fibrochondrocyte 
proliferation and functionality were analyzed using two-way 
ANOVA. Results of the protein assays and the proliferation 
assays represent a mean of three trials (p<0.05) 

3. RESULTS 

3.1. Scanning Electron Microscopy  

Micro- and nano-porous-Si substrates were prepared under 
different anodization conditions. The surface morphology of 
the porous silicon such as thickness of porous layer, pore 
diameter etc. was studied using scanning electron 
microscopy (SEM). As shown in Figure 1, the uniform pores 
are formed throughout the surface. This homogenous 
formation of pores is due to the addition of ethanol 
(surfactant) in the electrolytic mixture. Figure 1 (lower panel, 
D to F) shows the cross-sectional view of porous silicon from 
which the thickness of the porous layer formed can be 
measured. From the cross-sectional view we can clearly 
distinguish between the regular silicon and the porous silicon. 
A porous silicon layer of thickness 4-5µm was formed on the 
surface. Cross-sectional scanning electron micrographs of 

 

Figure 1: SEM Microscopy. Upper tier displayed SEM micrographs of porous silicon prepared at different anodization conditions. (A) 10 mA/cm2 
for 15 min, (B) 50 mA/cm2 for 15 min, C)) 100 mA/cm2 for 15 min. Lower tier micrographs show cross-sectional views of  porous silicon samples 
etched at different current densities:  (C) 10 mA/cm2 for 15 min, (D) 50 mA/cm2 for 15 min, E) 100 mA/cm2 for 15  min. 
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porous silicon show that pore formation occurs in a 
unidirectional fashion from the surface into the bulk, leaving 
aligned pores and columnar silicon structures.  

Figure 1 (upper panel, A to C) shows the top view of porous 
silicon formed at different current densities. The anodization 
time was kept at 15 mins in all the cases. The pore diameter 
increased with the increase in the current density. The 
porous-Si is classified as micro- or nano-porous depending 
on the pore diameter. The average pore size is less than < 1 
um at current density of 10 mA/cm2 (A, the top left). Although 
we could not calculate the surface area accurately, an 
increase of 121% in surface area was observed in 
microporous-Si when compared to that of regular Si. For 
nanoporous-Si an increase of over 350 % was observed. The 
cross-sectional view, shown in bottom 3 Figures, was 

obtained at current densities of 10 mA/Cm2, 50 mA/Cm2 and 
100 mA/cm2, respectively. The thickness increased from ~ 1 
um to ~4 um to ~7 um. The porosity of the material increased 
from~ 50 to 80% with increase in time of etching. 

3.2. Atomic Force Microscopy  

Atomic Force Microscopy (AFM) studies of porous silicon 
mainly focused on the nanoscale characterization of the 
layers. AFM characterization provides important information 
on surface roughness, size of pores etc. Due to the geometry 
of the tips commonly used, AFM does not allow the imaging 
of deep pores. Also AFM allows only the imaging of the top 
end of the pores, which is a disadvantage compared to that 
obtained from electron microscopy. The AFM images of 
micro- and nano-porous silicon are shown in Figure 2.  

 
Figure 2: AFM images of:  (A) Bare silicon (B) Microporous silicon. (C) anoporous silicon. 
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Depending on the pore diameter, porous silicon can be 
simply classified as micro-porous silicon and nano-porous 
silicon. Nano-porous silicon was formed by electrochemical 
etching of silicon wafer at a current density of 10mA/cm2 for 
2-3 mins. The surface roughness of nano-porous silicon is 
less compared to that of micro-porous silicon. Difference in 
the pore penetration (pore depth) between the micro-porous 
silicon and nano-porous silicon can be observed from the 
AFM pictures. The maximum difference between the crest 
and a trough in nano-porous silicon is 45 nm and 212 nm in 
micro-porous silicon. It should be noted that, the pore depth 
obtained from the AFM analysis cannot be considered as the 
total pore depth of porous silicon because, AFM can image 
only the top portion of the pores.  

The height histogram analysis (data not shown) gives the 
average height of the pores present on the top layer of 
porous silicon. For the micro-porous silicon, the average 
height is observed to be 246nm and for nano-porous silicon it 
is 4nm. Pore sizes of 11nm and 2µm for nano- and micro-
porous silicon can be estimated from Figure 1.  

3.3. Cell Density and Morphology on Silicon Substrates 

As revealed by Evans Blue staining osteoblasts attached to 
all silicon surfaces (Figure 3). Osteoblasts attached easily to 

all surfaces with apparent cell density greatest on 
nanoporous silicon after one day in culture. At seven days, 
apparent cell density was greatest on bare and nanoporous 
silicon (Figure 3 A and G). Cells density increased through 
day 21 (Figure 3). At day 21, the greatest apparent cell 
density was observed on microporous and nanoporous 
silicon surfaces (F and I). Cell growth on microporous 
surfaces lagged behind as compared with bare and 
nanoporous substrates until day 21. Osteoblast morphology 
changed from a spindle shaped morphology at 7 days to a 
more polygonal shape at day 21 and as osteoblasts 
approached near confluency on all substrate surfaces. 

3.4. Cell Viability  

Live Dead analysis revealed that cell grew on all substrates 
and the pattern of cell growth mirrored that obtained with 
Evan’s Blue staining. Cell viability was slightly higher on 
nanoporous silicon (Figures 4C) in comparison to bare silicon 
(Figure 4A) on day 7 with the lowest cell viability observed on 
microporous silicon (Figure 4B). Cell remained viable on all 
surfaces with an apparent increase in cell density by day 14 
with very few dead cells observed on any of silicon substrates 
(data not shown). On day 21, cell viability remained highest 
on nanoporous silicon (Figure 4F) in comparison to bare 
silicon (Figure 4D) and microporous silicon (Figure 4E). Light 

 
Figure 3: Evans Blue staining of osteoblasts over the 21-day experimental period on bare (A,B,C), microporous (D,E,F) and nanoporous silicon 
(G,H,I). Cell density and viability on day 7 (A-C) shows osteoblasts thrived on bare (A) and nanoporous surfaces (C). Cells density increased 
through day 21. At day 21, the greatest apparent cell density was observed on bare and nanoporous silicon surfaces (F and I). Scale bar = 40 
microns. 
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microscopic observations showed that apparent cell density 
increased slightly from day 14 to day 21 in the case of 
microporous silicon (compare Figure 4B with Figure 4E). 
Red-labeled cells, indicating dead cells, did not appear to any 
great extent on any of the substrates and all the substrates 
can be considered to be cytocompatible.  

3.4. Cell Proliferation Results 

As shown in Figure 5, it was observed that cell density on 
both bare and nanoporous silicon increased gradually with 
time. Cell density was highest on nanoporous silicon in 
comparison to both bare and microporous silicon. Only in the 

 

Figure 4: Cell viability of osteoblasts on bare (A,D), microporous (B,E) and nanoporous silicon (C,F). Green fluorescence indicates the 
presence of live cells. Cell density and viability on day 7 (A-C) shows osteoblasts thrived on bare (A) and nanoporous surfaces (C). Cells 
density increased through day 21 and cell viability again was greatest on bare and nanoporous silicon surfaces (D and F). Cell growth on 
microporous increased through day 21 but cell density was much less in comparison to bare and nanoporous substrates. Scalebar = 20 
microns.  

 

Figure 5: Plot of variation in number of cells/cm2 vs. time after osteoblasts were cultured on bare (B-Si), microporousand (M-Si) and 
nanoporous silicon (N-Si). Results represent a mean of three proliferation trials (p<0.05).  
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case of microporous silicon was there a decrease in cell 
density from day 7 to day 14, and thereafter the cell density 
increased after 21 days.  

Statistically, significant differences were observed for bare, 
micro and nanoporous silicon at α=0.1. At α=0.05, significant 
differences in cell proliferations were observed with bare and 
nanoporous silicon as compared with microporous silicon. 

3.5. Immunofluorescence Response of Osteoblasts for 
Osteopontin and Osteonectin 

Immunofluorescent analysis showed immunopositive 
reactions for osteopontin (Figure 6) and osteonectin (Figure 
7) with prominent and specific fluorescence reactions 
expressed within the cells. Controls immunostained without 
primary antibody treatment (Figure 6A) on bare, micro and 

 
Figure 6: Immunohistochemistry of the bone specific protein, osteopontin, on silicon substrates. Controls showed negative staining for 
osteopontin on day 7. Controls revealed no staining on days 14 and 21. (A). Positive staining for osteopontin was observed in osteoblasts at day 
7 on microporous silicon (B) and nanoporous silicon (C). Positive staining was also observed on micro and nanoporous surfaces on day 14, 
(D,E) and on nanoporous surfaces on day 21 although the staining intensity was reduced (F).  

 

 

Figure 7: Immunostaining for osteonectin. Upper tier. (a) Control, day 7; Osteonectin showed positive staining on bare (A) and microporous 
surfaces, day 7 (c). Lower tier. Positive osteonectin increased inintensity from day through day 21 on bare silicon (a) microporous silicon (b) and 
nanoporous silicon, day 21.  
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nanoporous silicon were used as an internal control. It was 
observed that immunostaining for osteopontin and 
osteonectin was comparable on all surfaces and osteoblasts 
continued to produce bone specific proteins on all the 
substrates even when cultured over a long period. 

3.6. Calcium Quantification Using Alizarin Red Assay 

As shown in Figure 8, on day 7 the amount of calcium 
minerals deposited on bare, micro and nanoporous silicon is 
almost the same with microporous silicon lagging behind the 
other substrates. However, on day 14, the amount of calcium 
minerals increased slightly on nanoporous silicon in 
comparison to both bare and microporous silicon. After 21 
days, calcium mineral level was highest on nanoporous 
silicon followed by bare and then microporous silicon. 
Statistically, significant differences were observed for bare, 
micro and nanoporous silicon at all sampling days (α=0.1). 
Significant differences were observed in the calcium mineral 
levels produced between day 0 and day 21 on microporous 
silicon versus bare and nanoporous silicon (α=0.05). 

4. DISCUSSION 

Implant surface modification plays a vital role in ensuring that 
implants used to replace damaged or diseased joints are both 
biocompatible and biointegrative. Increased life expectancy 
necessitates the need for optimally designed implants that 
reduce infection, support enhanced bone formation around 

the implant, and increase implant longevity [19, 20]. A 
significant effort has been directed at developing new types 
of biomimetic scaffolds and surfaces that actively interact with 
cells to direct and promote tissue development on or around 
the implant [21, 22]. 

Porous scaffolds with a very complex nanoarchitecture of 
high surface area and depth would serve as an excellent 
platform and provide an appropriate environment for the 
regeneration of bone tissue. Previous studies have 
established that porous silicon is biodegradable and 
bioresorbable [16, 17, 23, 24] and capable of supporting 
hydroxyapatite growth indicating that porous silicon is 
bioactive and can serve as a bone bonding potential [25]. 
Moreover, the primary degradation product of pure silicon is 
monomeric silicic acid (SiOH4), which is the most natural form 
of the element in the environment and is rapidly excreted 
from the human body by the kidneys [26]. Silicon’s true value 
as a nanomaterial for orthopedic scaffolds or surfaces, 
however, needs to be fully and properly characterized. Our 
goal was to fabricate micro- and nanoporous silicon 
substrates and assess their cell supportive capabilities and 
osteogenic potential. Electrochemical etching of silicon in HF-
based electrolyte produced a nanoporous surface and the 
addition of ethanol to HF during the fabrication process is 
proposed to known to increase the wettability of the porous 
silicon surface and aid in pore infiltration, a factor important 
for lateral homogeneity and the uniformity in the depth of the 
PS layer [27]. Ethanol also acts as a surfactant as it removes 

 

Figure 8: Plot of variation in calcium mineral levels vs. time of osteoblasts on bare (B-Si), microporous and (M-Si) and nanoporous silicon (N-
Si). Significant differences were observed in the calcium mineral levels produced between day 0 and days, 7, 14 and 21 on microporous silicon 
versus bare and nanoporous silicon (a=0.05).  
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the bubbles (released during the reaction) sticking to the Si 
surface. The sterilization of these substrates by placing them 
in 70% ethanol also assisted in removing the harsh 
electrochemical effect of HF, used during the fabrication 
process, and sterilized the surfaces for osteoblast culture. 

Our nanoporous surfaces promoted osteoblast growth and 
matrix formation that was later mineralized when maintained 
in culture for an extended period of time. Cells maintained 
their normal morphology and exhibited the same pattern of 
initial cell attachment on both bare and nanoporous silicon. 
Over the 21-day experimental period, however, osteoblasts 
on nanoporous silicon displayed greater cell adhesion and 
proliferation than bare. Moreover, the cells began to loose 
their morphology on bare silicon by the end of twenty-one 
days. Cytochemical staining was performed on osteoblasts to 
visualize mineral deposits but visualization was difficult with 
brightfield microscopy. Accordingly, calcium deposits were 
quantified using the Alizarin Red assay, which demonstrated 
that nanoporous silicon also produced the highest level of 
calcium in comparison to bare and microporous silicon. 
Studies performed by Xie et al., 2001 [28] on polyethylene 
terephathalate and Yoshikawa et al., 1998 [29] on 
nanoporous hydroxyapatite revealed similar results where the 
initial rate of cell growth was higher for two-dimensional 
cultures and proliferation stopped after attaining confluency. 
However, three-dimensional scaffolds supported cell growth 
for longer time periods in comparison to the two-dimensional 
scaffolds.  

We propose that the nanostructured silicon surfaces 
stimulated cell adhesion, proliferation and subsequent 
functionality, as the cells could track the nanoscopic-etched 
paths, become adherent with subsequent surface occupation, 
and finally become functional.There are several explanations 
that might explain this result. The pore dimensions of 
nanoporous silicon are similar to that of cellular filipodia, thus 
functioning as anchorage points for the cells leading edge, 
thus facilitating cell adhesion and migration. Increased cell 
growth on nanoporous silicon might result from the surface 
topography as it would provide a stimulus for initial cell 
adhesion by presenting a surface that adsorbs proteins such 
as vitronectin and larger proteins that eventually replace 
these initially adsorbed proteins [30]. Integrin receptors on 
the osteoblast surface would then mediate cell attachment to 
these proteins resulting in enhanced cell adhesion [31, 32]. In 
addition to this, the small pore size of nanoporous silicon 
would be a better fit for the small MW protein vitronectin (and 
other small adhesive proteins) with increase protein 
adsorption resulting in enhanced adhesion. 

Structurally, bone as a natural material must provide 
durability and mechanical stability. Biomaterials used in the 
repair, substitution, or regeneration of hard tissues must 
possess strength, corrosion and degradation resistance, and 
possess significant wear resistance [33, 34]. Metals are able 
to provide the required mechanical support, however, they 
have a record of failure to integrate with the tissue at the 

implantation site, and often fail resulting from bacterial 
infection or fatigue failure [35, 36]. Ceramics, another 
potential material, have low tensile strength, are brittle, and 
are limited to applications in low mechanical load 
environments [33, 34]. Nanoporous silicon scaffolds could be 
used to overcome some of the shortcomings of the existing 
biomaterials used for bone regeneration.  

The porosity of the silicon substrates produced using anodic 
etching can be tuned between 1 and 95% by varying 
parameters such as current, resistivity of the wafer or the 
concentration of the electrolyte [25]. By varying the pore size 
one might be able to control the binding of proteins that 
govern cellular attachment, differentiation and mineralization. 
The advantage of porous silicon compared to other polymers 
is that a slight change in physical conditions allows for large 
changes in physical properties, with no effect on its chemistry 
[26]. Its Young’s modulus of elasticity can also be adjusted by 
varying the porosity level, thus providing mechanical 
properties consistent with bone tissue. Nanoporous silicon 
surfaces, including the pores, can be functionalized with anti-
infective (antibiotics, antimicrobial peptides, antifungals) and 
osteogenic inductive agents (biomorphogenetic proteins, 
pleiotropin) as well as other bioactive molecules (angiogenic, 
chemotherapeutics, etc.) [12]. 

Current efforts are directed at designing implant surfaces that 
reduce (or eliminate) adverse post-surgical tissue responses 
(infection and failure to integrate) and assist with implant 
sustainability, by transforming the large surface area offered 
by the nanoporous surface into multifunctional substrates 
able to prevent bacterial colonization and incorporate growth 
factors designed to promote osteoblast adhesion, 
proliferation and bone tissue formation [36-38]. 
Functionalization of the nanoporous surface through layer-by-
layer assembled nanofilms or hydrogels coatings could be 
fashioned that incorporate a suite of anti-bacterials providing 
an immediate to multi-week anti-infective microenvironment 
permitting the wound site to heal quickly without creating 
excessive pain or irritation [40, 41]. The films and coating 
could also be designed to prevent a ‘burst effect’ of bioactive 
agents but deliver sustained or controlled release and over a 
defined time period [12, 38, 41]. In contrast to many surface 
techniques that can be described as a ‘one size fits all’, the 
application of multilayer, bioactive polyelectrolyte multilayer 
or hydrogel nanocoatings could be designed with multiple 
architectures that is tunable and customizable, features 
designed to meet specific applications or patient needs.  
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