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Biomedical applications of nanotechnology, the science that 
deals with materials with dimensions on the scale of one billionth of 
a meter (10-9 m=1 nm), are a growing international trend offering 
the opportunity to control material properties including improving 
electrical conductivity, optical properties, catalysis, mechanical 
strength and biological activity. Simultaneously, nanotechnology offers 
the ability to create biologically inspired surface properties including 
roughness, wettability, and topography to promote better cell functions 
[1-4]. Anodization of titanium (Ti) is one such technology that can be 
used to inexpensively create uniform TiO2 nanotubes on a Ti surface 
(conventional and nanotubular Ti surfaces are shown in Figure 1). 
Because of the ease of fabrication and improved biocompatibility 
properties, applications of Ti anodization are increasing and now 
include controlling stem cell-implant interactions [5,6], increasing 
bone growth [7-10], decreasing bacterial functions [11-13], improving 
bladder and stent urothelialization [11,14], improving skin growth 
[15,16], and reducing inflammation [7,16]. Thus, anodizing Ti to 
possess nanotubes is a promising technology for creating well-ordered 
nanotopographies on implant surfaces to improve a wide range of 
cellular responses. 

Moreover, a simple modification of the fabrication procedures, 
such as variations in anodization voltage and the use of heat treatment, 
can control Ti surface properties and subsequent biological responses. 
Many studies have shown that using anodization to create nanotubes 
on a Ti surface shows great promise in vitro by tailoring specific surface 
properties such as nanotube diameter, surface chemistry, and TiO2 
crystallinity [5,6,12,13]. For example, heat treatment is one of the most 
widely used post-fabrication procedures which increases crystallinity of 
as-produced amorphous TiO2 nanotubes and removes surface fluorine 
to improve cell responses and decrease bacterial functions [5,6,12,13].

Equally as important, in vivo studies have been conducted showing 
continued promise for anodizing nanotubular Ti for various orthopedic 
applications to increase bone growth, decrease inflammation, 

and improve skin growth [7,9,10]. In one study by Puckett [7], an 
Intraosseous Transcutaneous Amputee Prosthesis (or ITAP) rat femur 
amputation model was used. With this innovative testing methodology, 
various parameters of bone growth, skin growth, and inflammation 
were investigated on anodized nanotubular Ti simultaneously in 
vivo. The qualitative evaluations of skin formation indicated a more 
favorable interaction with nanorough and nanotubular Ti, with 
less inflammation than conventional Ti. There were also no signs of 
infection using the anodized nanotubular Ti while conventional Ti 
showed significant signs of infection (puss formation, inflammed 
tissue, etc.) after all time points of the study. While moving forward, 
anodized Ti also needs to be further tested under a wide variety of in 
vivo implant conditions, such as for improved bladder and vascular 
stent endothelialization. 

Most importantly, there is still a need for medical devices that 
employ anodized nanotubular Ti technologies for human use. One 
of the future directions for anodized nanotubular Ti is to examine 
proper sterilization techniques. With an intended use as an implant 
material, one needs to be certain that the TiO2 nanotubes can be easily 
and efficiently sterilized for the clinical setting. This is currently under 
investigation by our laboratory, where the effect of different sterilization 
techniques including Ultraviolet (UV) light, autoclaving and ethanol 
treatment, has been shown to alter key surface properties of both 
anodized nantubular Ti and conventional Ti substrates affecting their 
cytocompability properties. 

Another topic that has not undergone thorough investigation 
is the consequence of the wear debris generated from the nanotube 
structures. First and foremost, it would be important to examine 
whether the anodized TiO2 nanotubes are easily removed and if they 
create wear debris. A careful investigation of how the body deals with 
this wear debris is crucial for the future use of anodized nanotubular 
Ti as a potential implant material. However, as this article described, 
there are a great number of promising medical applications for 
anodized nanotubular Ti whose investigation has only just begun. 
By simply manipulating crystallinity of the TiO2 nanotubes and 
changing nanotubular dimensions, a variety of cell responses ranging 
from controlling mesenchymal stem cell differentiation to decreasing 
bacteria growth and inflammation can be realized. With this in mind, 
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Figure 1: Conventional Ti implants (top) can be modified through an 
anodization process to create nanotubular Ti (bottom) which can improve 
cell responses, decrease inflammation, and decrease bacteria functions [15].
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anodized nanotubular Ti shows great promise as a more bioactive 
substrate compared to conventional Ti in the next generation of 
improved biomaterials.

References

1. Webster TJ, Ergun C, Doremus RH, Siegel RW, Bizios R (2000) Specific 
proteins mediate enhanced osteoblast adhesion on nanophase ceramics. J 
Biomed Mater Res 51: 475-483.

2. Webster TJ, Schadler LS, Siegel RW, Bizios R (2001) Mechanisms of enhanced 
osteoblast adhesion on nanophase alumina involve vitronectin. Tissue Eng 7: 
291-301.

3. Webster TJ, Siegel RW, Bizios R (1999) Osteoblast adhesion on nanophase 
ceramics. Biomaterials 20: 1221-1227.

4. Zhang L, Webster TJ (2009) Nanotechnology and nanomaterials: Promises for 
improved tissue regeneration. Nano Today 4: 66-80.

5. Oh S, Brammer KS, Li YS, Teng D, Engler AJ, et al. (2009) Stem cell fate 
dictated solely by altered nanotube dimension. Proc Natl Acad Sci U S A 106: 
2130-2135.

6. Park J, Bauer S, von der Mark K, Schmuki P (2007) Nanosize and vitality: TiO2 
nanotube diameter directs cell fate. Nano Lett 7: 1686-1691.

7. Puckett SD (2009) Select Nanofabricated Titanium Materials for Enhancing 
Bone and Skin Growth of Intraosseous Transcutaneous Amputation Prostheses. 

8. Puckett S, Pareta R, Webster TJ (2008) Nano rough micron patterned titanium 

for directing osteoblast morphology and adhesion. Int J Nanomedicine 3: 229-
241.

9. Bjursten LM, Rasmusson L, Oh S, Smith GC, Brammer KS, et al. (2010) 
Titanium dioxide nanotubes enhance bone bonding in vivo. J Biomed Mater 
Res A 92: 1218-1224.

10. von Wilmowsky C, Bauer S, Lutz R, Meisel M, Neukam FW, et al. (2009) In 
vivo evaluation of anodic TiO2 nanotubes: an experimental study in the pig. J 
Biomed Mater Res B Appl Biomater 89: 165-171.

11. Ercan B, Kummer KM, Tarquinio KM, Webster TJ (2011) Decreased 
Staphylococcus aureus biofilm growth on anodized nanotubular titanium and 
the effect of electrical stimulation. Acta Biomater 7: 3003-3012.

12. Ercan B, Taylor E, Alpaslan E, Webster TJ (2011) Diameter of titanium 
nanotubes influences anti-bacterial efficacy. Nanotechnology 22: 295102.

13. Puckett SD, Taylor E, Raimondo T, Webster TJ (2010) The relationship 
between the nanostructure of titanium surfaces and bacterial attachment. 
Biomaterials 31: 706-713.

14. Alpaslan E, Ercan B, Webster TJ (2011) Anodized 20 nm diameter nanotubular 
titanium for improved bladder stent applications. Int J Nanomedicine 6: 219-
225.

15. Puckett SD, Lee PP, Ciombor DM, Aaron RK, Webster TJ (2010) Nanotextured 
titanium surfaces for enhancing skin growth on transcutaneous osseointegrated 
devices. Acta Biomater 6: 2352-2362.

16. Rajyalakshmi A, Ercan B, Balasubramanian K, Webster TJ (2011). Reduced 
adhesion of macrophages on anodized titanium with select nanotube surface 
features. Int J Nanomedicine 6: 1765-1771.

Submit your next manuscript and get advantages of OMICS 
Group submissions
Unique features:

•	 User	friendly/feasible	website-translation	of	your	paper	to	50	world’s	leading	languages
•	 Audio	Version	of	published	paper
•	 Digital	articles	to	share	and	explore

Special features:

•	 200	Open	Access	Journals
•	 15,000	editorial	team
•	 21	days	rapid	review	process
•	 Quality	and	quick	editorial,	review	and	publication	processing
•	 Indexing	at	PubMed	(partial),	Scopus,	DOAJ,	EBSCO,	Index	Copernicus	and	Google	Scholar	etc
•	 Sharing	Option:	Social	Networking	Enabled
•	 Authors,	Reviewers	and	Editors	rewarded	with	online	Scientific	Credits
•	 Better	discount	for	your	subsequent	articles

Submit	your	manuscript	at:	www.editorialmanager.com/biochem

http://dx.doi.org/10.4172/2157-7439.1000e107
http://www.ncbi.nlm.nih.gov/pubmed/10880091
http://www.ncbi.nlm.nih.gov/pubmed/10880091
http://www.ncbi.nlm.nih.gov/pubmed/10880091
http://www.ncbi.nlm.nih.gov/pubmed/11429149
http://www.ncbi.nlm.nih.gov/pubmed/11429149
http://www.ncbi.nlm.nih.gov/pubmed/11429149
http://www.ncbi.nlm.nih.gov/pubmed/10395391
http://www.ncbi.nlm.nih.gov/pubmed/10395391
http://www.sciencedirect.com/science/article/pii/S1748013208000182
http://www.sciencedirect.com/science/article/pii/S1748013208000182
http://www.ncbi.nlm.nih.gov/pubmed/19179282
http://www.ncbi.nlm.nih.gov/pubmed/19179282
http://www.ncbi.nlm.nih.gov/pubmed/19179282
http://www.ncbi.nlm.nih.gov/pubmed/17503870
http://www.ncbi.nlm.nih.gov/pubmed/17503870
http://proquest.umi.com/pqdlink?Ver=1&Exp=04-17-2017&FMT=7&DID=2184243201&RQT=309&attempt=1
http://proquest.umi.com/pqdlink?Ver=1&Exp=04-17-2017&FMT=7&DID=2184243201&RQT=309&attempt=1
http://www.ncbi.nlm.nih.gov/pubmed/18686782
http://www.ncbi.nlm.nih.gov/pubmed/18686782
http://www.ncbi.nlm.nih.gov/pubmed/18686782
http://www.ncbi.nlm.nih.gov/pubmed/19343780
http://www.ncbi.nlm.nih.gov/pubmed/19343780
http://www.ncbi.nlm.nih.gov/pubmed/19343780
http://www.ncbi.nlm.nih.gov/pubmed/18780361
http://www.ncbi.nlm.nih.gov/pubmed/18780361
http://www.ncbi.nlm.nih.gov/pubmed/18780361
http://www.ncbi.nlm.nih.gov/pubmed/21515421
http://www.ncbi.nlm.nih.gov/pubmed/21515421
http://www.ncbi.nlm.nih.gov/pubmed/21515421
http://www.ncbi.nlm.nih.gov/pubmed/21673387
http://www.ncbi.nlm.nih.gov/pubmed/21673387
http://www.ncbi.nlm.nih.gov/pubmed/19879645
http://www.ncbi.nlm.nih.gov/pubmed/19879645
http://www.ncbi.nlm.nih.gov/pubmed/19879645
http://www.ncbi.nlm.nih.gov/pubmed/21499419
http://www.ncbi.nlm.nih.gov/pubmed/21499419
http://www.ncbi.nlm.nih.gov/pubmed/21499419
http://www.ncbi.nlm.nih.gov/pubmed/20005310
http://www.ncbi.nlm.nih.gov/pubmed/20005310
http://www.ncbi.nlm.nih.gov/pubmed/20005310
http://www.ncbi.nlm.nih.gov/pubmed/21980239
http://www.ncbi.nlm.nih.gov/pubmed/21980239
http://www.ncbi.nlm.nih.gov/pubmed/21980239

	Title
	Corresponding author
	Figure 1
	References

