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Abstract
Conventional metals (e.g., titanium, cobalt-chromium alloys, stainless steel, etc., with
micron particulates or micron grain sizes) have a long history of successful use in the
body despite the fact that they are non-biodegradable (i.e., they persist in the body for
the rest of a patient’s lifetime). This could cause a continual inflammatory response and
lead to health problems associated with metal compounds or metal ions, especially if
such chemistries become separated in particulate form from the bulk metal during use.
Recently, research groups have introduced a new classification of metals with nanoscale
particulate or grain sizes to decrease traditional metal toxicity, eliminate infection without using antibiotics, reduce inflammation, kill cancer cells, and increase tissue growth.
Findings are presented with a mechanistic understanding of how cells recognize and
respond favorably to nanomaterials. In contrast to the damage that heavy metals can
cause in the body, current innovative approaches use heavy metals formulated at the
nanoscale to fight health problems. This chapter summarizes the difficulties associated
with the use of metals in the body and discusses how they can potentially be overcome
through the use of metallic nanomaterials.

Toxicity of Metals
Due to their non-biodegradable nature, metal compounds and metal ions have
been heavily scrutinized for toxicity in the biomaterial science community.
Metals have, however, been widely used successfully for decades in dental,
orthopedic, and other medical device applications. In particular, their great
strength, ductility, and durability provide excellent properties as bone substitutes. Despite their widespread use in orthopedics, metal ions released from
bone biomaterials do possess toxicity and induce some clinical complications.
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It is important to keep in mind that all materials are toxic (induce cellular
death) at some concentration, and some studies have been completed in vitro
and in vivo to determine metal cytotoxicity (Zhao et al. 2009). There are also
clinical reports on the in vivo effect of metal ion release (Granchi et al. 2008).
Specifically, stainless steel contains more than one kind of metal element
which, when considered together, may create even more potential safety problems. Some medical implant alloys may lead to genotoxicity, such as TiAlV
and CoCrMo (Gajski et al. 2014). Other studies have also correlated metallic elements with cytotoxicity (e.g., Okazaki and Gotoh 2013). Copper (Cu),
zinc (Zn), manganese (Mn), silver (Ag), and aluminum (Al) may all introduce
problems as trace elements in the human body. For instance, zinc plays diverse
positive roles in biological functions but may adversely influence DNA synthesis, enzyme activity, and hormonal activity (Storrie and Stupp 2005). Most
importantly, these metals can lead to significant cytotoxicity when experienced
at high doses.
Apart from wear debris generated from surface corrosion and/or mechanical loosening, dissolution of metals after long-term use is another probable
cause of metal presence in the body. The prolonged contact of metal alloys
with bodily fluids results in gradual corrosion of even the most stable metals.
Some implant metallic material components are potentially carcinogenic. The
release of soluble metal ions includes aluminum, chromium (Cr), vanadium
(V), cobalt (Co), and titanium (Ti) (Daley et al. 2004). Recently, numerous in
vitro investigations into the impact of metal toxicity toward cells have been
established (Daley et al. 2004; Rochford et al. 2012). Among those soluble
metals, chromium, cobalt, titanium, chromium, and aluminum have mutagenic
actions on tissue-forming cells. However, Cr(VI) and Ni(II) were proved to be
carcinogens to humans (Daley et al. 2004). On a genotoxic level, Daley et al.
found that metal ions can cause both direct effects, through DNA breakage,
and indirect effects, by inhibiting the repair of DNA (Rochford et al. 2012).
High concentrations of metals can negatively influence cellular functions and
may induce cancer; these concepts are finding increasing agreement (Rochford
et al. 2012). As described below, different metal ions have different cytotoxicity mechanisms which must be properly understood in order to develop biometals with decreased toxicity.
Copper
Nanoparticles of copper are used in numerous consumer products, from facial
sprays to medical devices. Inhaled copper or skin exposure may lead to cytotoxicity. Park et al. (2013) report that copper and its oxides are cytotoxic, possibly
even more so when formulated into nanoparticles. Nanoparticles have come
under great scrutiny for toxicity concerns since the same volume of nanoparticles of the same chemistry, compared to micron particles, results in increased
surface area exposure, which may lead to increased toxicity. Moreover, the
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nanoparticle size can lead to Cu ion release inside of cells, because they easily
cross cell membranes. Karlsson et al. (2008) showed that CuO particles were
much more toxic than Cu ions, as CuO particles caused more DNA damage
due to oxidative lesions. In neurobiology, copper is the third most abundant
transition metal in the human body and brain, with an average neural Cu concentration on the order of 0.1 mM (Gaggelli et al. 2006).
Zinc
Zinc is an essential element in the human body and can be used as an antibacterial agent. In some research, Zn nanoparticles have been used to modify
implants to improve the antibacterial effect (Hu et al. 2012). Zinc, however,
is also toxic at high doses in the human body. Zinc inhibits Ca uptake, eventually resulting in reduced total Ca body content in the organism. When Ca
reduction is severe enough, an organism will die as a result of hypocalcaemia
(Brita et al. 2006). At high concentrations, zinc oxide (ZnO) nanoparticles are
toxic to mammalian cells in vitro and the human lung in vivo; the mechanism
of toxicity is poorly understood, and it is not known to what extent sequential
nano-bio interfaces play a role (Xia et al. 2008; Palmiter 2004). Both ZnO
and zinc are cytotoxic. Some studies have investigated the mechanism of Zn
toxicity and proposed that the ZnO particles dissolve to form Zn+. It has also
been reported that Zn+ induced a significantly higher rate of cell death than an
equivalent amount of zinc in the form of ZnO (Xia et al. 2008; Palmiter 2004).
The ZnO dissociation disrupts cellular Zn homeostasis, leading to lysosomal
and mitochondria damage and ultimately cell death. Another mechanism of
toxicological injury may be through the production of reactive oxygen species (ROS) and oxidative stress (Xia et al. 2008). Dissolution of ZnO raises
intracellular Zn2+ and is associated with high levels of ROS production (Xia
et al. 2008). Palmiter (2004) reports that in vitro toxic concentrations of Zn2+
typically exceed 10 mg/l. In addition, zinc may inhibit key enzymes in the glycolytic pathway, leading to ATP depletion in cells (Sheline et al. 2000).
Silver
Silver is well known for its broad spectrum of antimicrobial activity against
Gram-negative and Gram-positive bacteria, fungi, chlamydia, mycoplasma,
and certain viruses, especially antibiotic-resistant strains. Many implant surface-modification studies use silver as the antibacterial agent (e.g., Balazs et
al. 2004). At suitable doses, it is possible to fabricate coatings with long-term
antibacterial characteristics by introducing and controlling Ag release (Zhao
et al. 2011). However, silver has a high degree of toxicity. In primary human
endometrial epithelial cells, the cytotoxicity of the metal ions is ranked as follows: Ag+ > Cu2+ > Zn2+ (Wu et al. 2012). Concentrations of Ag nanoparticles
between 5–10 μg/ml induced necrosis or apoptosis of mouse spermatogonial
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stem cells (Braydich-Stolle et al. 2005). Several studies report different cytotoxicity concentrations of silver, including 1.6 ppm Ag+ and 36 μmol/l Ag+ for
Ag nanoparticles between 5 and 10 μg/ml (Braydich-Stolle et al. 2005; Franck
et al. 2004).
Chromium
Chromium is contained in stainless steel and other orthopedic-related Cr alloys (e.g., CoCrMo). Compared to other metallic implants, it has good properties for corrosion resistance. However, chromium can cause significant cytotoxicity in peripheral blood mononuclear cells, macrophages, osteoblast-like
cells, and bone marrow stromal cells. It also can cause an immunogenic effect,
which may lead to implant failure (Fleury et al. 2006; Granchi et al. 1998). As
such, chromium is not an ideal metal to use in implants, and many industries
and researchers are shying away from its use.
Titanium
Titanium-based dental and orthopedic implants are widely used in clinical settings. It is commonly understood to be a low toxic material due to the oxide
that forms on its surface. In fact, there have not been many reports concerning
the toxicity of titanium, and most of these studies have focused on Ti alloys
(Daley et al. 2004).
Magnesium
Magnesium is the fourth most abundant mineral found in the human body. It
has been intensively investigated for vascular stents and orthopedics, due to its
natural ability to biodegrade and because it is a common nutrient for humans.
Still, excessive amounts of Mg have been linked to increased risk of cardiovascular disease (Weisinger and Bellorin-Font 1998).

Use of Metals for Fighting Infection and Inflammation
Infection
Infection and inflammation are the most common complications caused by
implants. They are exacerbated through exposure to heavy metals specifically
contained in those implants, the effects of which may persist over the lifetime
of the patient, thus, creating a constant potential for infection and inflammation. The presence of an implanted device results in an increased susceptibility to infection for the patient, owing to the creation of an immunologically
compromised zone adjacent to the implant. Immune response is influenced
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by the status of the tissue surrounding the implant, implant design, alignment
of implant components, mechanical properties, surface morphology, and wear
debris. Bacteria colonization constitutes another cause for concern. Some
implant failures are commonly associated with Staphylococcus aureus and
Gram-negative S. aureus (Tillander et al. 2010). Based on clinical statistics,
S. epidermidis, S. aureus, and Pseudomonas aeruginosa are common pathogens responsible for medical device infections (Singh et al. 2012). Escherichia
coli, Enterococcus faecalis, and Enterobacter cloacae are less frequently encountered (Khosravi et al. 2009). S. epidermidis and S. aureus (Gram-positive
bacteria) as well as E. coli and P. aeruginosa (Gram-negative bacteria) are the
most commonly tested bacteria in medical device antimicrobial research, and
recently significant promise has been shown for the use of nanostructured materials to inhibit such bacterial actions (Hetrick and Schoenfisch 2006).
At the cellular level, implant-associated infections result from extensive
bacterial adhesion and growth on the implant material surface (Roguska et al.
2012). For a successful implant, tissue integration must occur before bacterial adhesion to the implant materials so that colonization of bacteria at the
implant can be prevented. If tissue integration does not occur before bacterial
adhesion, the host is unable to protect itself (Hetrick and Schoenfisch 2006)
and bacterial infection will lead to implant failure quickly after surgery. Periimplant disease, peri-implant mucositis, and peri-implantitis are complications
indicative of implant failure (Bumgardner et al. 2011). Peri-implant infection
is a collective term for inflammatory reactions in the soft tissues surrounding implants. Soft tissue surrounding implants will commonly have a reversible inflammatory response, called peri-implant mucositis, whereas soft tissue
complications (hyperplastic mucositis, fistulations, and mucosal abscess) seem
mainly to have an infectious etiology (Bumgardner et al. 2011).
Loose prosthetic components have been reported to be related to fistulations and hyperplastic mucositis (Sánchez-Gárces and Gay-Escoda 2004).
Abscesses can sometimes be seen in relation to food particles trapped in the
peri-implantitis, referred to as an inflammatory reaction with a loss of supporting bone surrounding implants (Norowski and Bumgardner 2009). In such
cases, adhesive bacteria have the capability to form a biofilm to prevent further
desirable tissue formation.
As shown in Figure 16.1, the process of bacterial infection can be separated
into three steps (Hetrick and Schoenfisch 2006; Taylor and Webster 2011). The
first step is the adsorption of proteins from bodily fluids (such as fibronectin,
vitronectin and fibrinogen) onto an implant surface. Depending on the proteins
adsorbed, bacteria may subsequently adhere, thus setting up the potential for a
device-associated infection. The adhesion of bacteria is generated by the surface adsorption of a bacterial-formed biofilm of macromolecules or organic
compounds (Hetrick and Schoenfisch 2006). This second step can be divided
into two series based on what happens during and after implant surgery. The
primary difference between these two series is whether a special biofilm forms
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Figure 16.1 Biofilm pathogenicity in humans is mediated by dissemination and biofilm matrix formation. (a) Possible routes of biofilm dissemination originate from gum
disease and catheter or implant contamination. (b) Scanning electron micrographs of
biofilm matrix, offering protection of resident bacteria from eradication, imaged from
a clinical endotracheal tube identified as Streptococcus pneumonia. Scale bar shown is
1 μm. (c) Schematic of biofilm-mediated, device-related infection, starting with bacterial attachment to a device or adsorbed host proteins, leading to biopolymer mediated
cell–cell adhesion, maturation, and eventual detachment, which results in the spread
of infection. Reprinted from Taylor and Webster (2011) with permission from Dove
Medical Press Ltd.

on the implant materials (Taylor and Webster 2011). Padial-Molina et al. (2011)
report that implant surface properties (e.g., charge, roughness, morphology,
and hydrophobicity) determine the formation of the biofilm, which forms very
quickly after implantation. Thereafter, the biofilm affects implant reactions
with the host immune system and influences tissue formation and bacterial
adhesion. As a result, adhesion of additional bacteria significantly decreases
after biofilm formation because the biofilm forms a “capsule” or “microenvironment,” which limits interactions with other cells or biological molecules.
After the initial attachment of bacteria on the surface of implant materials,
bacteria begin to aggregate and accumulate in multiple layers (Vacheethasanee
and Marchant 2000). During this process, more protein is secreted by bacteria
and absorbed by this biofilm.
As for cellular aggregation and biofilm formation, a microsystem forms
on the surface of implant materials, and this can be referred to as the third
step (An and Friedman 1998). During biofilm formation, bacteria secrete an
exopolysaccharide layer which can prevent microorganism clearance by the
immune response. With this protective coating, bacteria in this biofilm have
been reported to show a high resistance to antibiotics (Hetrick and Schoenfisch
2006). When a biofilm matures enough, bacteria migrate to the surrounding
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area or a part of it detaches, moving to the planktonic state within the body
fluid to initiate a new cycle of biofilm formation.
Understanding how to minimize infection induced by bacteria has improved
over the past decade as a result of improvements in sterilization and surgical
equipment cleaning. Although sterilization techniques significantly reduce the
chance of infection, new technology is still required to improve medical device bacterial colonization, especially since our standard of care focuses on
using pharmaceutical agents, which have quickly led to bacterial mutation and
resistance. Passive strategies, including medical device nanostructured surface modification, have significantly reduced the chance of bacterial infection.
Another intensely investigated method to improve the antibacterial efficacy of
implant materials is to deliver antibiotics underneath the bacteria (i.e., from a
surface coating). Common antibiotics that are usually used in this method are
vancomycin, tobramycin, cefamandol, cephalothin, carbenicillin, amoxicillin,
and gentamicin (Norowski and Bumgardner 2009). The rate and manner in
which a drug is released from a coating factor into the effectiveness of the
antibiotic; there is concern, however, that such approaches will lead to the development of antibiotic-resistant bacteria. These properties are determined by
the matrix into which an antibiotic is loaded or doped (Hetrick and Schoenfisch
2006). Antibiotic release has been widely used in all kinds of coatings. Release
strategies from non-biodegradable and biodegradable polymers to carbonated
hydroxyapatite are the most representative examples (Price et al. 1996; Stigter
et al. 2004). Antibiotics have also been released from porous metals created
using anodization, which even without drug release have shown significant
abilities to decrease bacteria growth (Figure 16.2).
To date, a common method used to transfer metals into materials to decrease
bacterial growth is to coat the metals with polymers. Polymer coatings used for
antibiotic delivery include polyurethane and polymethyl methacrylate (Price et
al. 1996). Antibiotic release can be prolonged through polyurethane coatings,
when an additional thin polymer layer is applied on the top of the antibioticloaded polymer (Price et al. 1996). This secondary layer serves as a barrier to
drug diffusion, thereby extending the total release duration time. Alternatively,
biodegradable coatings can deliver controlled doses of antibiotics. Sustained
release is critical for fighting infection due to the persistent nature of bacterial adhesion and functions on medical device surfaces. Similar release profiles have also been obtained from carbonated hydroxyapatite (CHA) coatings.
Hydroxyapatite surfaces have strong bonds with bone and have been applied as
a promising method for improving long-term implant coatings; when created
at the nanoscale, they can decrease bacterial functions. These coatings were
premodified via immersion in antibiotic solutions. Although simple, antibioticloaded CHA coatings demonstrate very good antibacterial efficacy against S.
aureus, such bacteria may mutate and form news strains resistant to such antibiotics (Stigter et al. 2004).
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Figure 16.2 SEM micrographs of titanium before and after electron beam evaporation and anodization: (a) conventional titanium as purchased from the vendor; (b)
nanorough titanium after electron beam evaporation; (c) nanotextured titanium after
anodization for 1 min in 0.5% HF at 20 V; (d) nanotubular titanium after anodization
for 10 min in 1.5% HF at 20 V. Scale bars = 200 nm. After Puckett et al. (2010), with
permission from Elsevier.

For this reason, there is currently much interest in the use of nanostructured
surface modification or nanoparticles of metals to fight infection without the
use of antibiotics. Specifically, this strategy involves the development of improved antibacterial biomaterials via surface modification, such as changing
metallic surface roughness or decorating them with nanomaterials (Roguska
et al. 2012; Zhao et al. 2011; Puckett et al. 2010). Altering surface roughness
of metallic materials at the nanoscale can significantly increase surface area
(and, thus, exposure of the metallic chemistry), leading to changes in net surface energy. This change in hydrophilic properties of the medical device leads
to changes in initial protein adsorption and bioactivity, which can influence
whether bacteria attach, grow, and form biofilms. For example, for TiO2, it has
been reported that novel nanotubes with unique surface energy can be formed
on the surface of titanium via an electrochemical reaction (Roguska et al. 2012;
Zhao et al. 2011). Apart from surface nanotubes, researchers have also incorporated nanoparticles to decrease bacterial adhesion on implant materials, such
as silver, zinc, ZnO, and zirconia (ZrO2) (Huang et al. 2012a; Roguska et al.
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2012; Xu et al. 2010; Zhao et al. 2011). These results suggest that nanoparticles known to be antibacterial (such as silver and zinc) combined with common metallic materials can significantly improve the antibacterial performance
relative to conventional Ti implant materials. In addition, coating metals with
other metals or metal ions is also an effective way to create antibacterial implant materials. As mentioned above, silver and zinc have been reported to act
broadly against a wide range of bacteria (Xu et al. 2010; Zhao et al. 2011). The
antibacterial properties of silver have been known for centuries as the chemical
nature of silver affords antibacterial activity in multiple ways. Biomolecules
like proteins and enzymes contain nucleophilic sulfhydryl, hydroxyl, and
amine functionalities which can coordinate with Ag cations (Ag+). As a result,
Ag+ disrupts the function of bacterial cell membranes and important metabolic
proteins or enzymes. This is why silver plays a role in antibacterial adhesion
(Zhao et al. 2011). Furthermore, Wang and collaborators have used selenium
coatings on numerous materials (including metals) to inhibit biofilm formation
on paper towels and polycarbonate medical devices (Wang et al. 2012c; Wang
and Webster 2013). These studies show that the use of nanoparticle seleniumcoated paper towels, polycarbonate, and metallic medical devices creates conditions that do not support the proliferation of bacteria; this increased elimination of bacteria is accomplished without the use of antibiotics, which again
could lead to the development of antibiotic-resistant bacteria.
In their attempts to gain a clear understanding of the relationship between
the nanostructure of a metal surface and bacterial attachment, Puckett et al.
(2010) showed that different roughness values of titanium at the nanoscale
can influence bacterial attachment. They investigated the adhesion and growth
of S. aureus, S. epidermidis, and P. aeruginosa on conventional titanium,
nanorough titanium generated through electron beam evaporation, as well as
nanotublar and nanotextured titanium produced by two anodization methods
(Figure 16.3). Different nanoscale roughness properties of Ti substrates have
already been shown here. Incredibly, without the use of antibiotics, they found
that nanorough Ti surfaces were crystalline TiO2 whereas the nanotublar and
nanotextured surfaces were amorphous and all decreased bacteria growth. This
study provides further knowledge of how to reduce bacteria colonization on
metals commonly used in orthopedics through the sole use of nanoscale surface features.
In addition to these efforts concerning modifying the roughness of metals
with nanoscale features to decrease bacterial functions, some research has been
conducted on the use of metallic nanoparticles to penetrate and then destroy
biofilms. Specifically, attention is being focused on superparamagnetic iron
oxide nanoparticles (SPION) as a superior nanoparticle chemistry to decrease
multiple bacterial infections on demand (and as controlled by an external
magnetic source), which is even better than antibiotics or metal salts alone
(Durmus et al. 2013). This research uses, in a creative manner, a nanoparticle approach: bacterial functions are first stimulated in a biofilm through the
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Figure 16.3 AFM images of (a) polylactic-co-glycolic acid (PLGA) surfaces created
by solution evaporation (nano-smooth), (b–d) PLGA surfaces created using templates
of phosphatidylserine nanobeads with a diameter of (b) 23 nm, (c) 300 nm, and (D) 400
nm. After Zhang and Webster (2012a), reprinted with permission.

addition of sugars (such as fructose), which then allows the SPION to enter the biofilm and bacteria to kill them. This research provides breakthrough
evidence that SPION may be a promising therapeutic method for on-demand,
directed inhibition of bacterial functions.
Inflammation
In addition to decreasing bacterial functions, metallic nanostructures and
nanoparticles have been used to decrease inflammatory responses, which often
lead to implant failure. Specifically, after implanted materials react with tissue,
the immune response from the body leads to the formation of the complement cascade. The host response ranges from minimal inflammation to chronic
inflammation of surrounding tissue to possibly long-term fibrous encapsulation. Several types of immune cells (including leukocytes, neutrophils, macrophages, and other phagocytes) will react to an implant, and this dictates what
type of inflammatory reaction results (Rochford et al. 2012). Once a metallic implant comes into contact with a tissue, it can induce monocyte-macrophage activation. When a macrophage attempts to ingest a metallic particle,
macrophages will secrete proinflammatory cytokines (such as IL-1β, TNF-α,
IL-6, and IL-8), upregulating the transcription factor NFκβ and downstream
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proinflammatory cytokines (Hallab and Jacobs 2009). Proinflammatory factors, like TNF-α and IL-6 cytokines, are produced by macrophages via the
NFĸβ pathway. Meanwhile, the proinflammatory cytokine IL-1β has been
shown to promote danger signaling in human macrophages (Hallab and Jacobs
2009). Inflammation activation of macrophages to secrete TNF-α, IL-1β, IL-6,
and PGE2 stimulate differentiation of pre-osteoclasts into osteoclasts (bone
resorbing cells) (Vermes et al. 2001). In this way, osteoclast resorption of bonesurrounding prosthetics may lead to harmful implant loosening; this does not
necessarily mean that new bone will form like that which occurs naturally
through the stimulation of osteoclast functions (Figure 16.4).
Oftentimes such particles are generated through wear debris from orthopedic implants, but macrophages will also attempt to engulf larger medical
device surfaces. The mechanism of implant debris initiating a proinflammatory
immune response is still not clear, especially when the role that nanoparticles

Figure 16.4 Debris-induced inflammation is primarily mediated by macrophages.
Macrophages ingest debris, which results in the release of proinflammatory cytokines
that affect local cell types and induce a widening zone of soft tissue damage and inflammation. Reprinted with permission from Hallab and Jacobs (2009).
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play in such processes is considered. There is concern that smaller wear debris
particles in the nanometer regime will initiate a larger proinflammatory immune response due to a larger surface area to volume ratio; however, some
studies have indicated that small enough metallic nanoparticles can even avoid
immune system recognition completely.
Apart from the activation of local inflammatory responses, which results
in osteoblast deposition, decreasing bone formation, and osteoclast digestion
of bone, metallic wear debris has a significant negative influence on mesenchymal stem cell differentiation into functional bone cells (Hallab and Jacobs
2009). Moreover, as the population ages, it can be expected that more patients
with osteoporosis will require orthopedic procedures, including arthroplasty.
Thus, the toxic consequences of orthopedic wear debris discussed above, in
relation to inflammation, need to be closely considered. Adverse outcomes
are more likely in osteoporosis patients who require orthopedic procedures
(Russell 2013). Thus, some metals and associated wear debris particles will
lead to immune reactions or inflammatory reactions that should be considered
carefully. In this manner, again, the use of nanometals in orthopedics will result in nanoparticulate wear debris that cannot be recognized by the immune
system and may be the future for all metallic-based orthopedic implants.

Use of Nanometals for Cancer Treatment
It is not possible to discuss the use of metals in orthopedics without mentioning the potential link between metallic wear debris and cancer. Small particles
of wear debris (less than 150 nm) can be ingested by cellular endocytosis and
pinocytosis processes. Larger particles (more than 150 nm to 10 μm) can be
phagocytosed by osteoblasts, fibroblasts, endothelial cells, and, most importantly, macrophages (Hallab and Jacobs 2009). As mentioned, macrophages
play an important role in ingesting implant debris and secreting antigens for
promoting T cell reactions (Shanbhag et al. 1995; Shanbhag et al. 1998). Once
wear debris is ingested by macrophages, a series of biological reactions can
occur in the host. Specifically, pathogen antigens are secreted by macrophages
and presented to T helper cells. Thereafter, T cells release proinflammatory
mediators, which causes wear debris-induced inflammation (Hallab and Jacobs
2009). Finally, this inflammation will lead to implant device loosening.
Most importantly, wear debris and T cell activation can lead to cellular DNA
damage (Shanbhag et al. 1998). This has been reported, in animal studies, to
lead to a carcinogenic potential of orthopedic implant materials: increases in
serum cobalt and chromium concentrations after metallic orthopedic implant
insertion have been shown in numerous studies involving rodents, canines, and
felines. However, a recent study implies no significant wear debris increases in
human leukemia patients after receiving a metallic implant (Hallab and Jacobs
2009). This remains an intensely debated topic, in which numerous researchers
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believe that metallic implant-induced debris causes bone cancer as a result of
DNA damage from reactive oxygen synthesis.
Alternatively, researchers have turned their attention toward nanotechnology to combat cancer. For instance, Zhang and colleagues have investigated
various nanopatterned PLGA surfaces with different topographies to explore
the ideal material for anticancer implants (Zhang and Webster 2012a, b, 2013).
They have found a selective decrease in cancer cell functions pertinent for
regenerating healthy bone, lung, and breast tissue in the place of respective
resected cancerous tissue, all without the use of chemotherapeutic agents.
The mechanism for selectively decreasing such cancer cell functions, while
increasing functions of healthy cells, may lie in the fact that nanometer surface
features can change selected protein adsorption/bioactivity to inhibit cancer
cell functions. Another possible reason is that the stiffer membranes of cancer
cells over healthy cells may restrict their attachment on protruding nanorough
surfaces (Zhang and Webster 2013) (see again Figure 16.3). This result provides insights into understanding the role of metallic surface nanotopographies
in cancer cell interactions. More importantly, it may also lay the groundwork
for the next generation of anticancer materials that can selectively decrease
cancer cells without the use of chemotherapeutics.

Conclusions
Metallic prosthetics, particularly corrosion products of metallic implants, do
not degrade in the human body and may cause a series of persistent problems
over the lifetime of a patient. This chapter addressed numerous problems and
diseases associated with the exposure to such metallic materials, such as infection, inflammation, cancer, and toxicity. Although some of these topics are still
controversial, it has become clear that nanostructured surface features on metallic implants, as well as metallic nanoparticles themselves, may actually help
to decrease infection, inflammation, and cancer. So while some believe that
increased surface area to volume ratios can lead to increased metallic nanoparticle toxicity in the body, there may be numerous, yet to be fully explored, options to use metallic nanotechnology in the future to improve the treatment of
a wide range of health problems.
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