Thomas Jefferson University

Jefferson Digital Commons
Rothman Institute

Rothman Institute

5-1-2014

Nanotechnology: current concepts in orthopaedic
surgery and future directions.
M P Sullivan
Hospital of the University of Pennsylvania, Department of Orthopaedic Surgery, 2 Silverstein, 3400 Spruce St, Philadelphia, PA

K J McHale
Hospital of the University of Pennsylvania, Department of Orthopaedic Surgery, 2 Silverstein, 3400 Spruce St, Philadelphia, PA

Javad Parvizi MD
Hospital of the University of Pennsylvania, Department of Orthopaedic Surgery; Rothman Institute, Thomas Jefferson
University, parvj@aol.com

S Mehta
Hospital of the University of Pennsylvania, Department of Orthopaedic Surgery, 2 Silverstein, 3400 Spruce St, Philadelphia, PA

Let us know how access to this document benefits you
Follow this and additional works at: http://jdc.jefferson.edu/rothman_institute
Part of the Orthopedics Commons
Recommended Citation
Sullivan, M P; McHale, K J; Parvizi, Javad MD; and Mehta, S, "Nanotechnology: current concepts in
orthopaedic surgery and future directions." (2014). Rothman Institute. Paper 46.
http://jdc.jefferson.edu/rothman_institute/46
This Article is brought to you for free and open access by the Jefferson Digital Commons. The Jefferson Digital Commons is a service of Thomas
Jefferson University's Center for Teaching and Learning (CTL). The Commons is a showcase for Jefferson books and journals, peer-reviewed scholarly
publications, unique historical collections from the University archives, and teaching tools. The Jefferson Digital Commons allows researchers and
interested readers anywhere in the world to learn about and keep up to date with Jefferson scholarship. This article has been accepted for inclusion in
Rothman Institute by an authorized administrator of the Jefferson Digital Commons. For more information, please contact:
JeffersonDigitalCommons@jefferson.edu.

 INSTRUCTIONAL REVIEW: GENERAL ORTHOPAEDICS

Nanotechnology
CURRENT CONCEPTS IN ORTHOPAEDIC SURGERY AND FUTURE
DIRECTIONS

M. P. Sullivan,
K. J. McHale,
J. Parvizi,
S. Mehta
From Hospital of the
University of
Pennsylvania,
Department of
Orthopaedic Surgery,
Philadelphia, USA

Nanotechnology is the study, production and controlled manipulation of materials with a
grain size < 100 nm. At this level, the laws of classical mechanics fall away and those of
quantum mechanics take over, resulting in unique behaviour of matter in terms of melting
point, conductivity and reactivity. Additionally, and likely more significant, as grain size
decreases, the ratio of surface area to volume drastically increases, allowing for greater
interaction between implants and the surrounding cellular environment. This favourable
increase in surface area plays an important role in mesenchymal cell differentiation and
ultimately bone–implant interactions.
Basic science and translational research have revealed important potential applications
for nanotechnology in orthopaedic surgery, particularly with regard to improving the
interaction between implants and host bone. Nanophase materials more closely match the
architecture of native trabecular bone, thereby greatly improving the osseo-integration of
orthopaedic implants. Nanophase-coated prostheses can also reduce bacterial adhesion
more than conventionally surfaced prostheses. Nanophase selenium has shown great
promise when used for tumour reconstructions, as has nanophase silver in the
management of traumatic wounds. Nanophase silver may significantly improve healing of
peripheral nerve injuries, and nanophase gold has powerful anti-inflammatory effects on
tendon inflammation.
Considerable advances must be made in our understanding of the potential health risks
of production, implantation and wear patterns of nanophase devices before they are
approved for clinical use. Their potential, however, is considerable, and is likely to benefit us
all in the future.
Cite this article: Bone Joint J 2014; 96-B:569–73.
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The chemical reactions and molecular interactions that take place in the human body involve
matter composed of 4 to 400 atoms that are
measured in nanometres (nm).1,2
Nanotechnology is the production and manipulation of materials on a scale of < 100 nm and
the integration of these nanoscopic materials
into microscopic and macroscopic systems.1,3 In
1959, Richard Feynman first introduced the
concept of nanotechnology, describing “a field
in which little has been done, but in which an
enormous amount can be done in principle”.4
Since then, nanotechnology has seen major
advances and real-life applications in the fields
of electronics, water and air filtration, metallic
surface technology, cosmetics, homeware, medicine and much more.5 Furthermore, market
research performed by BCC Research predicts
that annual global nanotechnology sales will
reach $48.9 billion by 2017.6
The classical laws of physics do not apply at
the nano-level, at which nanomaterials exhibit

novel and markedly different properties from
those of materials composed of larger particles.1,3,7 Nanophase materials are composed of
matter with a grain size much smaller than that
of their conventional counterparts, but with
the same basic atomic structure. There are two
fundamental characteristics that distinguish
one from the other. The first is that the behaviour of nanophase materials is explained by
quantum, rather than classical, mechanics.
Particles with a grain size < 100 nm behave in
a markedly different way from larger particles
in terms of melting point, conductivity, combustibility and reactivity.7 The second is the
concept that as grain size decreases, surface
area increases for a given volume. For example, a volume of 1 cm3 filled with cubes of
1 μm3 has a total surface area of 6 m2, whereas
the same volume filled with cubes of 1 nm3 has
a total surface area of 6000 m2. On a more
practical level, reducing the grain size of an
orthopaedic implant surface coating from
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micrometres to nanometres increases its surface area by a
factor of thousands.8 This fundamental principle is what
gives nanotechnology the potential to be “the transformational technology of this century” in the orthopaedic device
industry.9 Basic science and translational research have
revealed important potential applications in orthopaedics.
In this review, we discuss the current and future roles of
nanotechnology as they relate to total joint replacement
(TJR), orthopaedic trauma surgery, oncology, the prevention and treatment of orthopaedic-related infections, softtissue regeneration and orthopaedic drug delivery systems.

Nanotechnology and bone cell function
When biomaterials are introduced into the human body,
interactions between the surface of the biomaterial and the
surrounding bone and soft tissues are critical to cellular differentiation and osseo-integration (bony adherence to the
implant surface). Mesenchymal stromal cells appear to be
one of the first cell types involved when a nanophase biomaterial is introduced into a cellular environment.10 By mimicking the nanoscopic, three-dimensional (3D) extracellular and
cell surface topography, nanophase implant surfaces and
scaffolds may improve osseo-integration by promoting both
differentiation of these mesenchymal stromal cells and the
adsorption of the extracellular adhesion molecules essential
to osteoblast function.11,12 Multiple in vitro studies have
shown their ability to control and enhance osteoblast differentiation and cellular adhesion by the introduction of
uniquely shaped nanophase scaffolds without the use of
additional osteogenic chemicals.10,11,13,14 One promising
area of future research is the development of specific osteogenic, extracellular nano-topographical surfaces that mimic
known biological configurations. For example, type X collagen is thought to induce endochondral ossification through
its known nano-topographical structure.
Reproducing this may allow the controlled enhancement
of the endochondral ossification of secondary bone healing.14 A variety of nanostructured materials have been
shown to enhance osteoblast function. These include the
nanophase ceramics, aluminium oxide and titanium dioxide;
carbon; selenium; titanium alloy (Ti6AlV); cobalt–chrome
alloys; and nanocrystalline diamond.15-21 Furthermore, multiple in vitro studies have shown more osteoid mineralisation
on nano surfaces than on micro-roughened surfaces.22-24
Extracellular adhesion proteins, such as fibronectin and
vitronectin, also play an important role in mediating the
recognition, activation and adhesion of the osteoblast to a
biomaterial, ultimately leading to osseo-integration.25,26
Fibronectin and vitronectin interact more effectively with
nanophase implant surfaces than with conventional surfaces.7,15 In addition to the increased quantity of biomolecules adsorbed onto the nanosurface, their conformation is
altered by interaction with the nanosurface to increase the
availability of specific cell-adhesive epitopes within each
biomolecule.16,25 The resulting increased adsorption and
favourable conformational changes of fibronectin and

vitronectin, optimise the environment for osteoblast
adhesion.7,15 Overall, these findings suggest that nanomaterials have considerable potential use in surfacing orthopaedic implants by virtue of their capacity for improved
osseo-integration and osteoid mineralisation.

Orthopaedic applications
Aseptic loosening is the leading cause of TJR failure. It may
be the result of loosening after initial integration of the
implant, or a failure to integrate from the outset.27,28
The application of a nanotextured material may reduce
the risk of implant failure by improving osseo-integration.7,15,25,26,29 Mature bone has an inorganic mineral size
of roughly 50 nm × 25 nm × 4 nm, which represents a
coarse surface in nanometric terms.8,30 In contrast, modern orthopaedic implant surfaces are smooth at the nanometric level.7 Smooth surfaces preferentially induce the
growth of fibrous tissue rather than bone, whereas a
nanotextured surface may enhance the function of osteoblasts and reduce that of fibroblasts. This differential cellular activity is seen on nanotextured hydroxyapatitecoated surfaces, as well as on many other nanostructured
surfaces, and is thought to be a direct result of their
decreased grain size.7,15,17 In addition to the favourable
properties of nanophase hydroxyapatite, nano-engineered
titanium and cobalt–chromium–molybdenum (CoCrMo)
encourage osteoblast adhesion more than their conventional counterparts.15
Nanocrystalline hydroxyapatite (HA) paste has been
used as a filler of bone defects, with encouraging results. A
series of fractures of the distal radius showed this to be an
acceptable substitute for bone graft in metaphyseal
defects.31 A further series by the same group showed similarly encouraging results when it was used to treat metaphyseal defects in fractures of the tibial plateau.32
Nanocomposite scaffolds composed of type I collagen
and nanostructured HA are currently being used in the
treatment of osteochondral defects of the knee. Kon et al33
have shown encouraging short-term clinical and radiological results with a nanocomposite biological implant for the
treatment of focal osteochondral lesions. They used a trilayered biological implant consisting of a cartilage layer
(100% type I collagen), a transition region (Nano-HA 40%
and type I collagen 60%), and a bone region (Nano-HA
70% and type I collagen 30%). This type of implant may be
an easier, less morbid and cell-free ‘off-the-shelf’ solution to
focal defects of articular cartilage than either two-stage
autologous chondrocyte engineering procedures or singlestage autograft mosaicplasty.33,34
Recent research in oncology has shown selenium to be a
powerful potentiator of chemotherapeutic agents.35 When
manufactured on the nanometric scale and applied to titanium orthopaedic implants, nanophase selenium appears to
inhibit the growth of malignant osteoblasts at the implant–
tissue interface.36 Similarly, nanophase HA causes in vitro
inhibition and apoptosis of osteosarcoma cells.37
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Nanophase silver is proving a significant source of interest for orthopaedic traumatologists. Silver has been used on
wounds for centuries as an antibacterial agent. Over the
past decade, nanophase silver dressings have reached the
market and proved to be better at preventing wound infections and stimulating healing than traditional silver-based
or plain dressings.38,39 Similarly, nanophase silver incorporated onto the surface of titanium orthopaedic implants in
the form of titanium nanotubes, has immediate powerful
bactericidal and anti-adhesive effects, which last up to
30 days.40 This could eventually prove to be of benefit in
the prevention of the acute post-operative infection of TJRs
and trauma implants.
Peripheral nerve injuries may also benefit from nanotechnology. Ding et al41 have shown that nanophase silverimpregnated type I collagen scaffolds significantly increase
the quantity of adsorbed proteins critical to nerve healing
and significantly reduce the time to nerve regeneration. In a
study that compared nanosilver-impregnated type I collagen scaffolds to control type I collagen scaffolds in rabbits
with an experimentally induced 10 mm sciatic nerve defect,
the nanosilver-impregnated group showed thicker myelin
sheaths, improved nerve conduction and higher rates of
laminin adsorption.41
A significant amount of energy is currently being directed
at precision delivery of drugs. Gold has the potential to be
an effective transcutaneous drug delivery system for iontophoresis in the treatment of tendinopathy. Dohnert et al42
used a rat Achilles tendinopathy model to show that
diclofenac administered with 30 nm gold nanoparticles by
iontophoresis significantly lowered levels of the inflammatory cytokines interleukin 1 (IL1)-β and tumour necrosis
factor (TNF)-α in tendinopathic tissue compared with both
untreated controls and diclofenac-only groups. This suggests that nanophase gold may enhance the effectiveness of
diclofenac as a transcutaneous anti-inflammatory agent.42
In addition to nanophase gold, nanofibre poly-L-lactic acid
(PLLA) appears to be an excellent nanoscopic drug delivery
system. Large calvarial bony defects close rapidly with
increased expression of osteoblastic lineage cells when
nanofibre PLLA is used as the delivery system for bone
morphogenetic protein (BMP)-2.12
Nanophase drug delivery systems are also being studied
for their application in TJR. Li et al43 used a biodegradable
polypeptide nanofilm coating on total joint prostheses for
the delivery of cefazolin into a simulated TJR environment
and observed a reduction of bacterial load and improved
osteoblastic response. The adhesion of Staphylococcus
aureus (S. aureus) onto a bare nanofilm implant surface
was substantially less than on a conventional prosthesis.
Furthermore, when the same polypeptide nanofilm was
loaded with cefazolin and used as a drug delivery system, it
produced a dose-related reduction in the S. aureus population. This system also has the ability to tightly control the
pharmacokinetics of cefazolin release. Polypeptide nanofilms allow for the targeted release of cefazolin therapy durVOL. 96-B, No. 5, MAY 2014
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ing the critical post-implantation period (first two hours).
Additionally, compared with a bare implant surface, nanofilm-coated surfaces showed significantly greater osteoblast
adherence, proliferation and viability, whether loaded with
cefazolin or not, making them potentially an ideal surface
for osseo-integration.43

The safety of nanotechnology and areas of future
research
The principal unanswered questions in nanotechnology are
related to its clinical safety. At present, the health effects of
nanomaterials are essentially unknown. Nanoparticles may
be released into the body over time as a result of the degradation of implanted nanomaterials. In addition, nanoparticles could potentially be harmful to those manufacturing or
disposing of nanocomposite orthopaedic implants.44 The
metabolism of nanoparticles involves various organ systems, including the blood, liver and kidneys, and may result
in inflammation and oxidative stress.6,45,46 Some research
suggests that nanoparticulate material is associated with
increased cytotoxicity in the brain and lungs,47,48 whereas
others argue that nanodebris may actually facilitate cell viability in bone and lung tissue.47,49 Since 2008, the United
States government has sponsored $1.4 billion of nanotechnology research, only 3% of which is devoted to its safety
and effects on health.3 Owing to the uncertainty about
safety, rigorous studies must be conducted to evaluate the
toxicity of nanophase materials before using them on the
population at large.
Our understanding of the health effects of nanoscopic wear
debris is also limited. Early research on bearing surfaces
showed that > 90% of polyethylene wear debris is < 1000 nm
in diameter; the particle size generally being approximately
500 nm.28 When various immune cells are exposed to nanoscopic ultra-high molecular weight polyethylene wear debris
in vitro, several important patterns arise. Macrophages are
unable to phagocytose debris < 200 nm in size. On the other
hand, dendritic cells, which are policing cells critical to the
immune response, are capable of initiating a potent immune
response to polyethylene wear debris as small as 50 nm.
When dendritic cells encounter polyethylene wear on this
scale, they release the inflammatory cytokines IL1-β and IL6.
These cytokines may then activate the osteoclastic cells
responsible for osteolysis.50
A topic currently at the forefront of joint replacement is
the clinical effect of metal-on-metal (MoM) wear debris.
Nanoscopic metal wear debris, with a mean particle size of
25 nm to 36 nm, is thought to be the driving force behind
the toxicity associated with MoM hip replacement.46,51
Dramatically elevated local and systemic cobalt and chromium ion levels have important local and systemic effects.
At the level of the prosthesis itself, a destructive inflammatory response to nanoscopic metal ion wear debris may
occur, resulting in soft tissue damage and pseudotumour
formation.52,53 The clinical significance of elevated
systemic cobalt and chromium ion levels remains largely
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unknown; however, there is concern about their effects on
peripheral and central nervous tissue, as well as on the cardiovascular and endocrine systems.52,53
Although still in its infancy, nanotechnology has gained a
firm foothold in the basic science and preclinical realm of
orthopaedic research. Its vast potential is now being realised as we see the early positive results of applied nanotechnology in clinical trials. Extensive basic-science research
suggests that many of the promising theoretical benefits of
the application of nanotechnology lie in orthopaedic surgery. A few of the potential applications with excellent
in vitro data include nano-coated joint replacement
implants, with the potential for improved osseo-integration
and countering infection; rapidly incorporating fillers for
osteochondral defects; anti-tumour selenium-coated endoprostheses; and powerful targeted drug delivery systems for
the prevention of infection and the treatment of chronic
overuse injuries.
No benefits in any form have been received or will be received from a commercial party related directly or indirectly to the subject of this article.
This article was primary edited by A. Ross and first proof edited by G. Scott.

References
1. Tasker LH, Sparey-Taylor GJ, Nokes LD. Applications of nanotechnology in orthopaedics. Clin Orthop Relat Res 2007;456:243–249.
2. Mehta S, Parvizi J. Nanotechnology in Orthopaedic Surgery. US Musculoskelet Rev
2009;4:8–10.
3. Paull J, Lyons K. Nanotechnology: the next challenge for organics. J Org Syst
2008;3:3–22.
4. Feynman R. There’s plenty of room at the bottom. Eng Sci 1960;23:22–36.
5. Laurencin CT, Kumbar SG, Nukavarapu SP. Nanotechnology and orthopedics: a
personal perspective. Wiley Interdiscip Rev Nanomed Nanobiotechnol 2009;1:6–10.
6. No authors listed. BCC Research. http://www.bccresearch.com/market-research/
nanotechnology/nanotechnology-market-applications-products-nan031e.html (date
last accessed 17 March 2014).
7. Balasundaram G, Webster TJ. An overview of nano-polymers for orthopedic applications. Macromol Biosci 2007;7:635–642.
8. Streicher RM, Schmidt M, Fiorito S. Nanosurfaces and nanostructures for artificial orthopedic implants. Nanomedicine (Lond) 2007;2:861–874.
9. Torrecillas R, Moya JS, Díaz LA, et al. Nanotechnology in joint replacement.
Wiley Interdiscip Rev Nanomed Nanobiotechnol 2009;1:540–552.
10. Gittens RA, Olivares-Navarrete R, McLachlan T, et al. Differential responses of
osteoblast lineage cells to nanotopographically-modified, microroughened titaniumaluminum-vanadium alloy surfaces. Biomaterials 2012;33:8986–8994.
11. Dalby MJ, Gadegaard N, Tare R, et al. The control of human mesenchymal cell differentiation using nanoscale symmetry and disorder. Nat Mater 2007;6:997–1003.
12. Schofer MD, Roessler PP, Schaefer J, et al. Electrospun PLLA nanofiber scaffolds and their use in combination with BMP-2 for reconstruction of bone defects.
PLoS One 2011;6:25462.
13. Oh S, Brammer KS, Li YS, et al. Stem cell fate dictated solely by altered nanotube
dimension. Proc Natl Acad Sci U S A 2009;106:2130–2135.
14. McMurray RJ, Gadegaard N, Tsimbouri PM, et al. Nanoscale surfaces for the
long-term maintenance of mesenchymal stem cell phenotype and multipotency. Nat
Mater 2011;10:637–644.
15. Webster TJ, Ejiofor JU. Increased osteoblast adhesion on nanophase metals: Ti,
Ti6Al4V, and CoCrMo. Biomaterials 2004;25:4731–4739.
16. Appleford MR, Oh S, Oh N, Ong JL. In vivo study on hydroxyapatite scaffolds with
trabecular architecture for bone repair. J Biomed Mater Res A 2009;89:1019–1027.
17. Price RL, Waid MC, Haberstroh KM, Webster TJ. Selective bone cell adhesion
on formulations containing carbon nanofibers. Biomaterials 2003;24:1877–1887.
18. Webster TJ, Ergun C, Doremus RH, Siegel RW, Bizios R. Enhanced functions of
osteoblasts on nanophase ceramics. Biomaterials 2000;21:1803–1810.
19. Webster TJ, Siegel RW, Bizios R. Osteoblast adhesion on nanophase ceramics.
Biomaterials 1999;20:1221–1227.

20. Perla V, Webster TJ. Better osteoblast adhesion on nanoparticulate selenium: A
promising orthopedic implant material. J Biomed Mater Res A 2005;75:356–364.
21. Yang L, Sheldon BW, Webster TJ. Orthopedic nano diamond coatings: control of
surface properties and their impact on osteoblast adhesion and proliferation. J
Biomed Mater Res A 2009;91:548–556.
22. Misra SK, Mohn D, Brunner TJ, et al. Comparison of nanoscale and microscale
bioactive glass on the properties of P(3HB)/Bioglass composites. Biomaterials
2008;29:1750–1761.
23. Palin E, Liu H, Webster TJ. Mimicking the nanofeatures of bone increases boneforming cell adhesion and proliferation. Nanotechnology 2005;16:1828–1835.
24. Marelli B, Ghezzi CE, Mohn D, et al. Accelerated mineralization of dense collagennano bioactive glass hybrid gels increases scaffold stiffness and regulates osteoblastic function. Biomaterials 2011;32:8915–8926.
25. Webster TJ, Schadler LS, Siegel RW, Bizios R. Mechanisms of enhanced osteoblast adhesion on nanophase alumina involve vitronectin. Tissue Eng 2001;7:291–
301.
26. Wilson CJ, Clegg RE, Leavesley DI, Pearcy MJ. Mediation of biomaterial-cell
interactions by adsorbed proteins: a review. Tissue Eng 2005;11:1–18.
27. Abu-Amer Y, Darwech I, Clohisy JC. Aseptic loosening of total joint replacements: mechanisms underlying osteolysis and potential therapies. Arthritis Res Ther
2007;9 Suppl1:S6.
28. Jacobs JJ, Campbell PA, T Konttinen Y; Implant Wear Symposium 2007 Biologic Work Group. How has the biologic reaction to wear particles changed with
newer bearing surfaces? J Am Acad Orthop Surg 2008;16Suppl1:S49–S55.
29. Misra N, Kapusetti G, Jaiswal S, Maiti P. Toughening of bone cement using nanoparticle: The effect of solvent. J Appl Polym Sci 2011;121:1203–1213.
30. Harvey EJ, Henderson JE, Vengallatore ST. Nanotechnology and bone healing.
J Orthop Trauma 2010;24Suppl1:S25–S30.
31. Huber FX, Hillmeier J, Herzog L, et al. Open reduction and palmar plate-osteosynthesis in combination with a nanocrystalline hydroxyapatite spacer in the treatment
of comminuted fractures of the distal radius. J Hand Surg Br 2006;31:298–303.
32. Huber FX, McArthur N, Hillmeier J, et al. Void filling of tibia compression fracture
zones using a novel resorbable nanocrystalline hydroxyapatite paste in combination
with a hydroxyapatite ceramic core: first clinical results. Arch Orthop Trauma Surg
2006;126:533–540.
33. Kon E, Delcogliano M, Filardo G, et al. A novel nano-composite multi-layered biomaterial for treatment of osteochondral lesions: technique note and an early stability
pilot clinical trial. Injury 2010;41:693–701.
34. Kon E, Delcogliano M, Filardo G, Altadonna G, Marcacci M. Novel nano-composite multi-layered biomaterial for the treatment of multifocal degenerative cartilage lesions. Knee Surg Sports Traumatol Arthrosc 2009;17:1312–1315.
35. Nilsonne G, Sun X, Nyström C, et al. Selenite induces apoptosis in sarcomatoid
malignant mesothelioma cells through oxidative stress. Free Radic Biol Med
2006;41:874–885.
36. Tran PA, Sarin L, Hurt RH, Webster TJ. Titanium surfaces with adherent selenium
nanoclusters as a novel anticancer orthopedic material. J Biomed Mater Res A
2010;93:1417–1428.
37. Shi Z, Huang X, Liu B, et al. Biological response of osteosarcoma cells to size-controlled nanostructured hydroxyapatite. J Biomater Appl 2010;25:19–37.
38. Lu S, Gao W, Gu HY. Construction, application and biosafety of silver nanocrystalline chitosan wound dressing. Burns 2008;34:623–628.
39. Atiyeh BS, Costagliola M, Hayek SN, Dibo SA. Effect of silver on burn wound
infection control and healing: review of the literature. Burns 2007;33:139–148.
40. Zhao L, Wang H, Huo K, et al. Antibacterial nano-structured titania coating incorporated with silver nanoparticles. Biomaterials 2011;32:5706–5716.
41. Ding T, Luo ZJ, Zheng Y, Hu XY, Ye ZX. Rapid repair and regeneration of damaged
rabbit sciatic nerves by tissue-engineered scaffold made from nano-silver and collagen type I. Injury 2010;41:522–527.
42. Dohnert MB, Venâncio M, Possato JC, et al. Gold nanoparticles and diclofenac
diethylammonium administered by iontophoresis reduce inflammatory cytokines
expression in Achilles tendinitis. Int J Nanomedicine 2012;7:1651–1657.
43. Li H, Ogle H, Jiang B, Hagar M, Li B. Cefazolin embedded biodegradable polypeptide nanofilms promising for infection prevention: a preliminary study on cell
responses. J Orthop Res 2010;28:992–999.
44. Tasker LH, Sparey-Taylor GJ, Nokes LD. Applications of nanotechnology in orthopaedics. Clin Orthop Relat Res 2007;456:243–249.
45. Borm PJ. Particle toxicology: from coal mining to nanotechnology. Inhal Toxicol
2002;14:311–324.
46. Polyzois I, Nikolopoulos D, Michos I, Patsouris E, Theocharis S. Local and systemic toxicity of nanoscale debris particles in total hip arthroplasty. J Appl Toxicol
2012;32:255–269.
47. Sato M, Webster TJ. Nanobiotechnology: implications for the future of nanotechnology in orthopedic applications. Expert Rev Med Devices 2004;1:105–114.
THE BONE & JOINT JOURNAL

NANOTECHNOLOGY

48. Tamura K, Takashi N, Akasaka T, et al. Effects of micro/nano particle size on cell
function and morphology. Key Eng Mater 2004;254-256:919–922.
49. Warheit D. Nanoparticles: health impact? Mater Today 2004;7:32–35.
50. Pal N, Quah B, Smith PN, et al. Nano-osteoimmunology as an important consideration in the design of future implants. Acta Biomater 2011;7:2926–2934.

VOL. 96-B, No. 5, MAY 2014

573

51. Firkins PJ, Tipper JL, Saadatzadeh MR, et al. Quantitative analysis of wear and
wear debris from metal-on-metal hip prostheses tested in a physiological hip joint
simulator. Biomed Mater Eng 2001;11:143–157.
52. Bozic KJ, Browne J, Dangles CJ, et al. Modern metal-on-metal hip implants. J
Am Acad Orthop Surg 2012;20:402–406.
53. Campbell JR, Estey MP. Metal release from hip prostheses: cobalt and chromium
toxicity and the role of the clinical laboratory. Clin Chem Lab Med 2013;51:213–220.

