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ABSTRACT  

This paper addresses the application of engineered nanocrystalline ultrahydrophilic titanium  
oxide films to artificial orthopaedic implants.  Titanium (Ti) is the material of choice for 
orthopaedic applications and has been used for over fifty years because of its known bio-
compatibility. Recently it was shown that biocompatibility of Ti metal is due to the presence of a 
thin native sub-stoichiometric titanium oxide layer [1] which enhances the adsorption of 
mediating proteins on the surface thus enhancing cell adhesion and growth [2,3,4].  Improving 
the quality of surface oxide, i.e. fabricating stoichiometric oxides as well as nanoengineering the 
surface topology that matches the dimensions of adhesive proteins, is crucial for the increase of 
protein adsorption [2] and, as a result, the biocompatibility of Ti implant materials. We have 
fabricated ultrahydrophilic nano-crystalline transparent films of anatase phase of titania (TiO2) 
by ion beam assisted deposition (IBAD) processes in an ultrahigh vacuum system. Source 
material was 99.9% pure rutile TiO2. Various ion beam conditions were used to produce these 
coatings with different grain sizes (4 to 70 nm) that affect the wettability, roughness, and the 
mechanical and optical properties of the coating [5]. Our biological experiments have shown that 
biocompatibility of these ultrahydrophilic nanoengineered TiO2 coatings are superior to 
commonly used orthopaedic titanium and even hydroxyapatite. 
 
INTRODUCTION 

Total joint arthroplasty is a remarkably successful procedure to restore mobility in patients  
with reduced joint function due to disease or injury and typically exhibits a ten to fifteen-year 
lifespan. Artificial knee, hip, and shoulder implants rank 1, 2, and 3 in terms of the numbers of 
each joint replaced in the United States, respectively. According to the American Academy of 
Orthopaedic Surgeons reports [6], hip and knee replacements will number over four million 
annually by 2030. The rate of revision surgeries are projected to remain at about 18% and 8% of 
primary hip and knee replacements, respectively [6]. Enhancing biointegration will lead to rapid 
bone growth, faster patient recovery, and a substantial savings of healthcare dollars. 

Orthopaedic and dental implants have used various coatings, such as hydroxyapatite, to 
encourage osseointegration.  However, concerns have been raised about the mechanical strength, 
debonding, and bioabsorption of these layers [7-8]. We have designed and engineered novel, 
hard, mechanically and chemically stable, ultra-hydrophilic, nanocrystalline TiO2 coatings to 
support bone ingrowth. We have demonstrated fabrication of thin film of amorphous, rutile [9], 
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brookite, and anatase [10] phases of TiO2 by ion beam assisted deposition (IBAD) processes. 
Comparing the IBAD nanocrystalline transparent anatase TiO2 films with the orthopaedic 
materials indicates that IBAD TiO2 is superior in supporting growth, adhesion, and proliferation 
of the bone marrow stromal cell line.  
 
EXPERIMENTS 

Nanocrystalline TiO2 is produced by ion beam assisted deposition in the Nanotechnology 
Laboratory at the University of Nebraska Medical Center [5]. IBAD experiments were carried 
out in an ultrahigh vacuum environment at a base pressure of 10-8 Torr.  Energetic ions (oxygen, 
nitrogen, and argon) are employed to produce engineered nanocrystals “stitched” to a metallic 
substrate by ion bombardment using an “ionic hammer”. We have applied IBAD to TiO2 thin 
films deposited at room temperature to 600° C onto silicon (Si), glass, and orthopaedic-grade 
titanium substrates [5].  Because of space limitations, we briefly discuss the results for anatase 
TiO2 in this work. 

The thin film characteristic and surface morphology of IBAD TiO2 films produced at 
different deposition conditions and their relationship to their hydrophilicity were studied by 
transmission microscopy (TEM), atomic force microscopy (AFM), and contact angle 
measurements. TEM studies on these films revealed that these films are composed of 
nanocrystallites. The average roughness and grain size of these films ranges from 3 to 70 nm as 
the deposition temperature increases from room temperature to 600° C. X-ray diffraction was 
applied to determine the crystal structures.  The wetting characteristic of TiO2 was observed by 
measuring the contact angle of a deionized (DI) water droplet on the surfaces of various samples 
using a computer-controlled video contact angle (VCA) instrument (Optima XE from AST 
Product, Inc, MA). The droplet was dispensed from an automated syringe with a consistent and 
controlled droplet size of 0.25 µL. The contact angle was then measured by fitting curves to the 
sample surface and drop geometry. Ten drops were analyzed on each test component with at 
least 3 test components for each material. The contact angle for each material was then 
determined by averaging the measurements obtained on different areas of the same sample.  In 
addition to AFM and scanning electron microscopy (SEM), the surface roughness measurement 
was performed on a non-contact optical interferometer (Xi-100 by Ambios Technology, CA) 
which combines the phase-shifting interferometric technology with optical imaging to provide 
the roughness of the curve surfaces with high precision.   

SAOS-2 human osteoblast-like cell line was used for the tests. Cells were grown in 
McCoy’s 5A medium with 15% Fetal Bovine Serum and 1% gentamycin. Cells were plated on 
samples at different cell densities (25,000 and 50,000 cells/ml/cm2) and 48 hours incubation time 
for cell adhesion experiments. Staining with DAPI (300 nM, Invitrogen, 6-diamidino-2-
phenylindole), 10 random pictures were taken from each sample at 10x and adherent cells were 
counted using ImageJ software. Cell morphology was visualized by microscopy at 40x after 
staining with actin (5:200, Invitrogen, Alexa Fluor 546 Phalloidin) and DAPI.   
 
RESULTS 

The phase identification of the TiO2 films was investigated by x-ray diffractometry (XRD) 
using a Bruker AXS D8 Discover with a GADDS area detector at 10 cm from the sample and 
with a conventional copper target x-ray tube set at 40 kV and 30 mA.  The weighted average 
wavelength of the Cu Kα = 1.5417 Å. Figure 1a demonstrates a typical spectrum obtained for 
anatase TiO2 [10]. The rutile and amorphous phases of nanocrystalline TiO2 films were produced 



by higher ion beam intensity (i.e. higher ions to atoms arrival ratio) as compared to those used 
for fabrication of the anatase phase.  Deposition and characterization of the rutile and amorphous 
phases of TiO2 are discussed and reported in reference [9]. It should be noted that formation of 
the anatase phase is independent of deposition temperatures; however, the grain size of TiO2 
increases from a few to 70 nm for increasing the temperature from room to 600° C, respectively. 
Atomic force microscopy (AFM) was employed to investigate the surface morphology of the as-
deposited TiO2 thin films (Figure 1b).  It should also be noted that we have produced TiO2 films 
with roughness ranging from 1 to 70 nm by varying IBAD conditions (ion species) [10]; 
however, higher roughness can be obtained at higher temperatures.  Structural characteristics for 
a typical anatase TiO2 film using an oxygen beam was determined by SEM and high resolution 
as demonstrated in Figure 2.  Figure 3 shows two images of advancing contact angles selected 
out of 100 recorded frames (10 frames/s) for a TiO2 film.  

 
Figure 1. X-ray diffraction and AFM images (5µm scan size) of IBAD nanocrystalline TiO2 
onto a silicon substrate. AFM of TiO2 shows a RMS of 70 nm for deposition at 600° C. Note that 
IBAD deposition without external heating produces a surface roughness of 5 to 15 nm, 
depending on IBAD conditions (ions species, nitrogen, oxygen, and argon beams).  
 

 
Figure 2. (a) SEM, (b) TEM, and (c) high-resolution transmission electron microscopy 
(HRTEM) images show the nanocrystalline anatase TiO2 on Si substrate. Highly textured grains 
are grown from substrate to the surface, resulting in formation of extruding granular columns 
with dimension ~30 nm in width (also seen in TEM images (b)). HRTEM image with lattice 
fringes in (c) shows the symmetry of anatase crystal viewed along [111] (FFT in the inset). 



Figure 3.  Video camera image of a contact angle of nanocrystalline anatase TiO2 demonstrating 
the spreading of a 0.25 μL water droplet shows two images of advancing contact angles selected 
out of 100 recorded frames (10 frames/s) for a TiO2. (a) After the droplet was brought in contact 
with the TiO2 surface, time 0s. (b) After 0.6s contact angle became zero, i.e. complete 
wettability. (c)  Contact angles measured of orthopaedic-grade Ti with micro crystal structure. 
Nanocrystalline TiO2 films retained their hydrophilic properties for over a year during which 
they were under observation. 
 

A zero contact angle can be observed after 0.06 s of droplet deposition. To explain the origin 
of wettability of our films, the surface morphology of TiO2 samples was studied by AFM where 
the presence of semi-pyramidal nanostructures was observed.  Ultrahydrophilic behavior of these 
films may be explained by the Wenzel model [11].  Figure 4 demonstrates cell numbers as 
determined by counting DAPI-stained nuclei, after 48 hours incubation. Data were derived from 
three independent experiments and within each experiment three separate samples were 
analyzed. Statistical significant differences between nano and micro substrates for different cell 
densities were evaluated using ANOVA with post-hoc Bonferroni’s multiple comparison tests 
(p=0.028 for 25,000 and p=0.035 for 50,000 initial cell seeding numbers). The higher number of 
DAPI-stained nuclei on nano-TiO2 compared to micro-Ti shows higher cell adhesion and growth 
on nanocrystalline surface of TiO2.  

 
Figure 5 also shows there are greater numbers of cells on nanocrystalline anatase TiO2 

compared to microcrystalline Ti. In addition, most of the adherent cells on the nanocrystalline 
TiO2 are spread and the actin filaments are evident. Although there was variability in different 
areas of the biomedical-grade Ti, overall, fewer cells on the microcrystalline Ti are adhered and 
spread, some of cells are rounded up, and some have nucleus fragmentation indicating apoptosis 
and cell death. Overall, cell survival, adhesion, and morphology indicated that the cells growing 
on the nanocrystalline TiO2 are healthier than those growing on biomedical grade Ti. 

Figure 4. Demonstrates SAOS-2 cells adhesion 
and growth on nanocrystalline TiO2 as compared 
with biomedical-grade of titanium.  SAOS-2 cells 
were seeded with an initial number of 50,000 cells 
(blue) and 25,000 cells (red), respectively.   
The differences between adherent cells on TiO2 
and Ti, for both densities, were determined to be 
statistically significant. 



 
Figure 5. Comparing visualization of the morphology and adherence of SAOS-2 cells on 
nanocrystalline TiO2 and biomedical-grade titanium by fluorescence microscopy at 400 X at the 
same growing conditions and 48 hours of incubation. Most of the adherent cells on the 
nanocrystalline TiO2 are spread and actin filaments (red) are evident as compared to titanium, 
which some cells are rounded up and their nucleus (blue) are fragmented.   
 
DISCUSSION  

Titanium dioxide is a very unusual material. It becomes hydrophilic upon UV radiation and 
as-prepared films of TiO2 show zero contact angle on smooth surfaces [12]. However, after a few 
days, the angle gets larger reaching even 90 degrees. Our as-deposited nanostructured coatings 
exhibit contact angle of 0 degrees. A few weeks later, contact value increases slightly. After one 
year one, our samples have shown contact angles of 14 degrees which is considerably lower than 
previously observed without UV light treatment. We explain this effect within Wenzel’s model. 
The ratio between true and apparent surface area is called Wenzel’s ratio [4, 11]. According to 
the Wenzel’s model, the apparent contact angle, φ, on the rough surface is related to the Young’s 
contact angle, θ, as cos(φ)=rcos(θ). If the contact angle of the flat surface is less than 90 degrees, 
which is frequently true for anatase TiO2, then the apparent contact angle is smaller than the 
Young’s contact angle. For example, if Wenzel’s ratio r=2.5 and Young’s contact angle θ=70o 
then the apparent contact angle φ is equal to 31 degrees. We observe a similar effect in zirconia; 
however, the surface of zirconia has lower Young’s contact angle of about 50 degrees. This 
makes wicking transition at smaller Wenzel’s ratio. It is sufficient to have surface roughness 
r=1.55 to get complete spreading of the drop. AFM profile of TiO2 fabricated by IBAD is 
observed by AFM to be very large, despite small rms roughness. This may explain increased 
wettability of nanostructured TiO2. Beside Wenzel’s mechanism, the nanostructured surface of 
titania has a large variation in symmetry and stoichiometry of surface termination. This 
facilitates the formation of a large number of sites possessing local electric polarization at the 
surface and enhances the wettability of TiO2 as well as interaction with adhesive proteins.  

Surface wettability and morphology affect the adhesion of cells to a surface. In cell-cell  
adhesion, one of the extracellular matrix (ECM) proteins, fibronectin (FN), mediates the 
interactions between cells by insoluble FN matrix. The FN absorption is considered in the 
literature as one of the most essential events in cell adhesion and bone formation on the implant 
surface [13]. Together with other adhesive proteins and proteins incorporated into ECM [13 14], 
FN dimer mediates the cell adhesion to the implant surface. Particularly, FN dimer plays the role 
of specific anchor and signal factor for cells on the implant surface and provides focal or cell–
matrix adhesion. Thus, the FN adsorption is a key factor in cell adhesion and bone formation at 
an implant surface [14, 15]. Recently we have demonstrated that FN may adhere stronger to the 
nanostructured surface than to the planar smooth surface due to the roughness fitting to the size 



of FN and its complementary electrostatically to the protein (due to the locally charged patches 
originated by nanostructuring) [2].  The adsorption of protein on nanocrystalline surface of 
implants is analogous to the formation of protein–protein complexes. In protein complex 
formation, both steric (shape fit) and electrostatic complementarity of the interacting proteins 
contributes to the lock-and-key specific recognition mechanism. (See reference 2 for details).  
In comparative ELISA experiments studying adsorption of FN onto the elemental Ti and IBAD 
nanocrystalline stoichiometric TiO2, we observed [1] a significant increase of FN adsorption on 
TiO2 versus Ti. Higher FN adsorption may facilitate faster cell adhesion to the surfaces and their 
proliferation. We have carried out a comparative animal studies [16] by using an intramedullary 
implant model and compared the undernourished old rats with younger rats. These results 
indicate that the maturation of the newly formed bone in the undernourished older rats with the 
nanoengineered coating is comparable to that in the younger rats with only Ti implants. 
 
CONCLUSION 

Our results indicate that nano-engineering TiO2 coatings with grain sizes ranging from 2 to 
10 nm, which is comparable with the dimension of adhesive protein, will enhance cell adhesion 
and growth. Nanocrystalline ceramics such as TiO2 and ZrO2 possess unique properties that alter 
cell adhesion by direct (cell–surface interactions) and indirect (affecting protein–surface 
interactions) mechanisms [2]. This result is consistent with our recent animal studies [16] that 
show faster and better quality bone growth on a titanium implant coated with the nanostructure 
ceramics. 
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