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ABSTRACT 

Titanium (Ti) is the material of choice for orthopaedic applications because it is 
biocompatible and encourages osteoblast ingrowth. It was shown that the biocompatibility of Ti 
metal is due to the presence of a thin native sub-stoichiometric titanium oxide layer which 
enhances the adsorption of mediating proteins on the surface [1]. The present studies were 
devised to evaluate the adhesion, survival, and growth of cells on the surface of new engineered 
nano-crystal films of titanium and titanium oxides and compare them with orthopaedic-grade 
titanium with microcrystals. The engineered nano-crystal films with hydrophilic properties are 
produced by employing an ion beam assisted deposition (IBAD) technique. IBAD combines 
physical vapor deposition with concurrent ion beam bombardment in a high vacuum 
environment to produce films (with 3 to 70 nm grain size) with superior properties. These films 
are “stitched” to the artificial orthopaedic implant materials with characteristics that affect the 
wettability and mechanical properties of the coatings. 

To characterize the biocompatibility of these nano-engineered surfaces, we have studied 
osteoblast function including cell adhesion, growth, and differentiation on different 
nanostructured samples. Cell responses to surfaces were examined using SAOS-2 osteoblast-like 
cells. We also studied a correlation between the surface nanostructures and the cell growth by 
characterizing the SAOS-2 cells with immunofluorescence and measuring the amount alizarin 
red concentration produced after 7 and 14 days. The number of adherent cells was determined by 
means of nuclei quantification on the nanocrystalline Ti, TiO2, and microcrystalline Ti and 
analysis was performed with Image J. Our experimental results indicated that nanocrystalline 
TiO2 is superior to both nano and microcrystalline Ti in supporting growth, adhesion, and 
proliferation. Improving the quality of surface oxide, i.e. fabricating stoichiometric oxides as 
well as nanoengineering the surface topology, is crucial for increasing the biocompatibility of Ti 
implant materials. 

 
INTRODUCTION 

Osseointegration of orthopaedic implants is dependent upon different parameters of the 
implant surface such as surface properties and physicochemical properties including surface 
energy, charge, wettability, chemistry, and topography.  Surface topography can impact cellular 
behavior including adhesion, migration, morphology, and orientation in addition to focal 
adhesion, the development of cytoskeleton, and differentiation [2].  Surface modifications on 
implant surfaces can be manipulated by etching [3], plasma deposition [4], sintering powders [5], 
machining/micromachining [6], and ion-beam assisted deposition [7]. 
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When an implant is placed in the body, a multi-step process occurs. First, serum/plasma 
proteins adsorb on the implant surface and cells attach to the protein layer by integrins which 
recognize presented extracellular ligands and mediate the initial interactions of cells and the 
implant material [8].  After the cells adhere, there is a rearrangement of cytoskeleton proteins, 
formation of tight focal adhesion contacts, activation of focal adhesion kinase, and the induction 
of several intracellular signal transduction pathways, which leads to proliferation and 
differentiation of the cells [8, 9]. Jager et al. and Stevens et al. have shown that roughened 
titanium surfaces can increase the focal contacts for cellular adhesion and they are able to guide 
membrane receptor organization and cytoskeletal assembly [10, 11].  In vitro experiments have 
shown that rough implant surfaces promote the adsorption of fibronectin and albumin [12, 13].  
In vivo osteointegration has also been improved on roughened surfaces compared to smoother 
surfaces, which may suggest that the surface modulates the bone response including osteoblast 
differentiation, ECM deposition, and calcification [14, 15].  Hence, if there is an improvement in 
the symbiosis of the implant and osteointegration, it should accelerate the healing time, increase 
the implant longevity, and reduce the necessity of revision surgery [8]. 

In the present work, osteoblast function including cell adhesion, growth, and differentiation 
on different nanosamples were investigated. Cell responses to surfaces were examined using 
SAOS-2 osteoblast-like cells.  We studied a correlation between the surface topography and the 
cell growth by characterizing the SAOS-2 cells with immunofluorescence and measuring the 
alizarin red concentration produced after 7 and 14 days.   
 
MATERIALS AND METHODS 
Sample Preparation The scientific community has been actively pursuing the study of IBAD 
for specific applications such as tribological coatings, anticorrosion coatings, optical coatings, 
superconducting buffer layers, and coatings for temperature sensitive substrates such as polymer. 
IBAD (Figure 1) combines evaporation with concurrent ion beam bombardment in a high 
vacuum environment. Energetic ions (with a depth penetration of typically less than 20 nm) were 
employed to produce engineered nanocrystals “stitched” to a substrate (utilizing billions and 
billions of directed and parallel ionic hammers). Ion bombardment is also the crucial factor for 
controlling other film properties such as surface morphology, density, stress level, crystallinity, 
grain size, grain orientation, and chemical composition [7]. 

 
 

The nanocrystalline TiO2 and Ti samples were prepared by ion beam assisted deposition at 
the Nanotechnology Laboratory of the University of Nebraska Medical Center (Figure 1). The 
IBAD system is composed of a Veeco 12 cm RF ion gun that supplies ions at energies up to 
1500 eV with a total current density of 500 mA, which provides a broad uniform ion beam of 

Figure 1. (a) IBAD 
system and (b) schematic. 
The process combines 
physical vapor deposition 
with concurrent ion beam 
bombardment to produce 
a wide range of 
nanocrystalline and 
coating [7]. 



oxygen, nitrogen, and argon. IBAD experiments were carried out in an ultrahigh vacuum 
environment at a base pressure of 10-8 Torr. Using this ion beam technique, we can easily create 
a gradual transition between the substrate material and the deposited film with less built-in stress 
than other techniques. These properties result in films with a much more durable adhesion to the 
substrate, even at room temperature. Ion bombardment also aids the production of stress-free 
films, eliminating stress-induced problems such as buckling, microcracking, or peeling.  IBAD 
samples were cut into 1 cm2 sections and placed in a 50:50 mixture of acetone: methanol.  
Samples were sonicated for 1 hour at room temperature, rinsed in ethanol, and dried under N2 
air. Samples were wrapped in foil and autoclaved before use. 
Cell Culture and Cell Seeding 

A human osteoblast-like cell line (SAOS-2) was used in this research.  SAOS-2 cells were 
purchased from ATCC.  Cells were grown in McCoy’s 5A medium (ATCC) supplemented with 
15% fetal bovine serum (FBS) and 1% gentamycin (Invitrogen) in a humidified 5% CO2 
atmosphere at 37° C.  Cells were seeded at a cell density of 10,000, 25,000, 50,000, and 75,000 
cells/ml/cm2 for cell adhesion and cell growth.   

For differentiation experiments, cells were incubated in the standard McCoy’s medium 
(supplemented with FBS and antibiotics) for 4 days.  On day 4, 0.3 mM ascorbic acid and 10 
mM glycerol phosphate were added to the medium (differentiating medium). The medium was 
changed every 3rd day and the cells were incubated for 7 and 14 days (mineralization). 
Cell Adhesion and Fluorescence Imaging 

The number of adherent cells was determined by means of nuclei quantification on the TiO2-
nano, Ti-nano, and Ti-micro substrates.  Therefore, after 48 hours of incubation, SAOS-2 cells 
were washed gently with PBS. Then the cells were fixed with 4% formaldehyde for 10 minutes 
and stained with 300 nM DAPI (6-diamidino-2-phenylindole) for 5 minutes and rinsed.  From 
each sample, 10 digital images were randomly taken with a Nikon camera using a planar 
10x/0.25 objective.  DAPI-stained nuclei were automatically counted after single-channel image 
segmentation and binary masking. The analysis was performed with Image J (Rasband, W.S., 
Image J, U. S. NIH, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2012). 

The morphology of focal adhesions and actin of SAOS-2 cells cultured on the samples were 
characterized by microscopy after immunofluorescent staining of actin (5:200, Invitrogen, CA, 
USA Alexa Fluor 546 Phalloidin) and DAPI (300 nM, Invitrogen, CA, USA 6-diamidino-2-
phenylindole).  Briefly, samples were gently rinsed in PBS and fixed with 4% formaldehyde for 
10 minutes at room temperature. After another rinse in 1% PBS-bovine serum albumin (BSA; 
Sigma), cells were permeabilized with 0.1% Triton-X 100 solution in PBS. Samples were 
washed with PBS 3 times for 5 minutes at room temperature.  Actin stain was added to each 
sample at a dilution of 5:200 for 30 minutes and rinsed with PBS 3 times for 5 minutes at room 
temperature. DAPI was added to each sample (300 nM) for 5 minutes and washed with PBS 3 
times for 5 minutes at room temperature. Samples were mounted to slides and cover-slipped until 
further examination. 
Alizarin red staining and quantification 

Alizarin red staining was used in order to determine the calcium deposition of SAOS-2 
osteosarcoma cells incubated on the nanosamples at day 7 and 14 using the Millipore 
Ostegenesis Assay Kit (ECM815) according to the manufacturer.  Briefly, media was removed 
from the samples and rinsed with PBS.  The nanosamples were fixed in 10% formaldehyde and 
stained with alizarin red stain for 20 minutes.  The nanosamples were placed in 10% acetic acid 
for 30 minutes to remove the monolayer, placed in a microcentrifuge tube, and heated to 85°C 



for 10 minutes and centrifuged.  The supernatant was neutralized with 150 µl of 10% ammonium 
hydroxide and the absorbance was read at 405 nm. 

 
Statistical Analysis All data presented were derived from three independent experiments (n=3) 
and within one experiment three separate samples were analyzed. The results are presented as 
mean ± SD. Statistical significant differences between three different substrates for alizarin red 
experiments were evaluated using ANOVA with post-hoc Bonferroni’s multiple comparison 
tests. 
 
RESULTS 

Morphology of IBAD nanocrystalline Ti and TiO2 determined by atomic force microscopy 
(AFM) and is shown in Figure 2.   

 
 

Cell Adhesion SAOS-2 cells were monitored for adhesion to the nanocrystalline TiO2, Ti, and 
medical grade of Ti substrates at 48 hours.  The number of adherent cells was determined by 
nuclei quantification with DAPI in Figure 3. Figure 3a shows a higher number of nuclei on 
nanostructured surfaces compared to biomedical grade Ti, which indicates more adhesion and 
growth on nano surfaces. However, by only observing DAPI stained cells, it is impossible to 
know if cells are healthy and prolific on the surface or not; besides DAPI staining, we also 
monitored actin fiber shapes (Figure 3b and 3c) that show a significant difference in cell shape 
on nano crystalline TiO2 and Ti as compared to micro crystalline Ti. 
 

 

Figure 2. AFM 
images (5µm scan 
size) of ion beam 
deposited nano 
crystalline Ti and 
TiO2 deposited at 
room temperature (a) 
Ti with a RMS of 6.1 
nm (b) TiO2 with a 
RMS of 1.3 nm. 



Figure 3. (a) Comparing the number of nuclei of SAOS-2 cells on different substrates using 
DAPI at 48 hours, (b) and (c) merged actin and DAPI stained cells on microcrystalline Ti and 
nanocrystalline TiO2, respectively. 
Cell Morphology 

In order to evaluate the morphology of cells adherent to the various substrates, the attached 
cells were labeled with actin and DAPI.  Pronounced, large focal adhesions or thin,  round 
shapes with actin staining indicate larger surfaces available for adhesion and thus stronger 
adhesion contacts between cell and material [16].  From Figure 2, the overall cell morphology is 
flattened, cells are well spread on the substrate, and the used timing (48 hours of incubation) 
allowed the cell to go through one cell cycle, which is also an indicator of the suitability of the 
substrate.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Alizarin Red Quantification 

In order to determine the calcium deposition of SAOS-2 on osteosarcoma cells incubated on 
different substrates on the 7th day and 14th day of the culture, alizarin red staining was 
performed. Alizarin Red-S Staining (ARS) is a dye that binds selective calcium salts and is 
ideally used for calcium mineral histochemistry [17].  Results of a typical experiment performed 
in quadruplicate are shown. Values are given as means ± SD.  

 
CONCLUSIONS 

Fluorescence images presented in Figure 4 show that cell body shape is dependent on the 
surface of the substrate.  If the cell appears round, it is possible that the cells recognize the 
surface as “flat” and unstructured. However, the nanoroughness of the nano-substrate surfaces 
appears comparable in size and structure, causing the cells to attach only slightly and to search 
for suitable places for optimal anchoring [18]. Figure 5 shows the observed matrix mineralization 

Figure 4.  Comparing  
cell adhesion on 
nanocrystalline TiO2, 
Ti, and biomedical 
grade of Ti by 
fluorescence images 
microscopy. 50000 
cells were incubated 
for 48 hours. (a), (b) 
and (c) are DAPI and 
(d), (e) and (f) are actin 
stain experiments.  

Figure 5. Comparing calcium 
deposition on different substrates 
using Alizarin Red Assay which 
indicates that more calcium 
deposited on IBAD nanocrystalline 
TiO2 and Ti as compared to 
biomedical Ti.  

 (a) Nanocrystalline TiO2 

(d) Nanocrystalline TiO2 

(b) Nanocrystalline Ti 

(e) Nanocrystalline Ti 

(c) Microcrystalline Ti 

(f) Microcrystalline Ti 



(Calcium) in SAOS-2 cells.  Osteoblastic cells deposit calcium in order to support bone 
construction. The cells cultured on the nanosurfaces clearly show bright orange-red staining 
which implies a higher degree of differentiation of the cells. Therefore, enhanced bone formation 
ability can be expected from the developed nanostructured surfaces.  Our statistical analysis 
indicates that calcium deposition on nano-crystalline TiO2 is significantly different from 
biomedical grade of Ti after 7 days. These results indicate that the surface nanostructures affect 
cell interactions at the surface and alter cell behavior when compared to conventional 
(microstructures) size topography.  

Nanostructured surfaces possess unique properties that alter cell adhesion by direct (cell–
surface interactions) and indirect (affecting protein–surface interactions) mechanisms [18]. 
Indeed, in recent work we have shown that the nano-engineered cubic zirconia is superior in 
supporting growth, adhesion, and proliferation as compared to the microstructured one [19]. 
Since cell attachment is mediated by adhesive proteins such as fibronectin (FN), we performed a 
comparative analysis of adsorption energies of FN fragment using quantum mechanical 
calculations and Monte Carlo (MC) simulation, both on smooth and nanostructured surfaces. We 
have found that an FN fragment adsorbs significantly more strongly on the nanostructured 
surface than on the smooth surface [20]. 
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