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a b s t r a c t

The two leading causes of failure for joint arthroplasty prostheses are aseptic loosening and peri-
prosthetic joint infection. With the number of primary and revision joint replacement surgeries on the
rise, strategies to mitigate these failure modes have become increasingly important. Much of the recent
work in this field has focused on the design of coatings either to prevent infection while ignoring bone
mineralization or vice versa, to promote osseointegration while ignoring microbial susceptibility.
However, both coating functions are required to achieve long-term success of the implant; therefore,
these two modalities must be evaluated in parallel during the development of new orthopaedic coating
strategies. In this review, we discuss recent progress and future directions for the design of multifunc-
tional orthopaedic coatings that can inhibit microbial cells while still promoting osseointegration.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Orthopaedic implant use for joint replacements has been on the
rise, with significant increases still projected over the next 15 years
[1]. Themajority of procedures are knee and hip replacements, with
over 700,000 knee and 300,000 hip replacements done annually in
the United States [2]. While these surgeries have a track record of
decades of positive outcomes, approximately 10% of these implants
fail prematurely, within the first 10e20 years, thereby affecting
many tens of thousands of patients annually [3]. Furthermore, as
the US population continues to age and as life expectancy continues
to increase, premature failures are not the only concern; many
patients are now outliving their implants. This combination of
factors leads to projections of a dramatic increase in implant fail-
ures in the near future.

The two leading causes of implant failure are aseptic loosening
and infection. While the reported rates of these failures vary
depending on the study, approximately 18% of implant failures are
due to aseptic loosening while 20% of failures are attributed to
infection [4,5]. Additionally, these issues become even more
ough Rm 246, Stanford, CA,

horn).
prevalent in revised total joint arthroplasties. Aseptic loosening can
originate from a variety of sources. These include micromotion of
the implant relative to the bone during loading, the generation of
implant wear particles that lead to inflammation and bone
resorption, and poor osseointegration e the functional interface
between the implant and the patient's bone [6]. Implant site in-
fections occur as microbes, particularly bacteria, become sessile
and adhere to implant surfaces. These solid interfaces provide
surfaces for bacterial attachment, proliferation, and biofilm for-
mation, in which the adherent bacteria produce a protective,
polymeric, extracellular substance, rendering these bacteria sub-
stantially more difficult to eradicate than individual suspended
planktonic bacteria floating around the body [7,8]. Awide variety of
bacteria can infect an implant, but a small subset of species makes
up the majority of pathogens. Staphylococcus bacteria, most
prominently Staphylococcus aureus and Staphylococcus epidermidis,
account for close to 70% of orthopaedic implant infections, while
Pseudomonas aeruginosa accounts for another 8% of infections [9].

Aseptic loosening and implant infection appear to be mutually
exclusive, particularly given the use of the word ‘aseptic’. However,
recent studies point to the potential connection between implants
that have been reported to fail aseptically and latent occult in-
fections that may have been missed prior to the time of diagnosis
[10]. Therefore, even in cases of implant failure where infectionwas

mailto:heilshorn@stanford.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biomaterials.2016.01.016&domain=pdf
www.sciencedirect.com/science/journal/01429612
http://www.elsevier.com/locate/biomaterials
http://dx.doi.org/10.1016/j.biomaterials.2016.01.016
http://dx.doi.org/10.1016/j.biomaterials.2016.01.016
http://dx.doi.org/10.1016/j.biomaterials.2016.01.016


J. Raphel et al. / Biomaterials 84 (2016) 301e314302
not the primary cause, microbial presence may still play a critical
role in initiating or accelerating the failure pathway.

Independently, the problems of aseptic loosening and infection
are pressing for the orthopaedics field, and many excellent review
articles cover the fields of osseointegration and infection preven-
tion individually [11e18]. However, the two issues are intimately
related, as laid out by Gristina in his description of the “race for the
surface”; if the host's cells can reach and occupy the implant surface
first, not only will stronger tissue integration be achieved, but a
defensive barrier will also be established against microbial
attachment and colonization [19]. Strong osseointegration and
prevention of infection are both required for a successful implant,
necessitating that implant designs consider both criteria simulta-
neously. In this review we describe several of the specific under-
lying mechanisms that lead to implant failure either by aseptic
loosening or infection and potential design strategies to address
these challenges (summarized in Table 1). In particular, with recent
progress in understanding the connections between aseptic loos-
ening and infection, this article will highlight recent works that
address both problems in concert.
2. Challenges and potential solutions for osseointegration

Implant osseointegration relies on two distinct requirements.
The first is obtaining initial implant stability during surgery, which
then lays the groundwork for subsequent osseointegration of the
implant as the patient heals. Ensuring implant stability is largely
the responsibility of the surgeon and her/his team. Even techno-
logical solutions to improve initial implant fit, including automated
imaging and robotic arm assistance platforms only assist, rather
than replace, the surgery team. The second requirement is the
prevention of later-stage loosening of the implant, which can be
caused by a variety factors. These include lack of bone in-growth
during healing, implant micromotion relative to the bone,
adverse bone remodeling around the implant, and the formation of
implant wear particles. This section will further investigate the
challenges that can lead to later-stage implant loosening, technol-
ogies that have been explored to mitigate these factors or may be
considered as the field progresses, and the successes of these
technologies at simultaneously limiting infection.
2.1. Challenge: gaps at prosthesisebone interface

A primary cause of aseptic loosening of joint replacement devices
Table 1
Causes of orthopaedic implant failure and potential solutions to mitigate eac

Causes of implant failure Poten

Gaps at prosthesis-bone interface � Ga

Poor bone in-growth on implants � Ca
� En
� Bio
� 3D

Poor bone deposition on implant surfaces � Bio
� Bio
� Re

Initial microbial adhesion and infection � En
� En

Late-stage infection � Lo
� Slo
� Co

Infection leading to osteolysis � Tre
� Im
is implant micromotion due to gaps at the prosthesisetissue inter-
face [6,20]. Increasing bone-implant contact reduces the size and
number of gaps surrounding the implant, stabilizing the joint
replacement prosthesis and limiting micromotion. As orthopaedic
joint replacements are load-bearing implants, small micromotion
may worsen over timewith implant use, which can further progress
towards greater micromotion, eventually leading to implant failure
[21]. Particularly large gaps are slow to be filled by bony in-growth
during osteogenesis, further emphasizing the importance of initially
limiting and eliminating the gaps. Gaps at the bone-implant inter-
face can also lead to aseptic loosening in combination with implant
debris, such as polymeric or metallic wear particles [22]. The gaps
can serve as conduits for wear particles to flow along the length of
the implant, building up at the interface, and inhibiting direct
prosthesis-bone contact [6]. Furthermore, wear particles cannot be
easily phagocytosed by macrophages, leading the cells to adopt an
activated inflammatory state, in which they secrete a series of cy-
tokines. These cytokines, such as tumor necrosis factor a (TNF-a),
can lead to the generation of osteoclasts and the local resorption of
bone tissue, effectively forming and enlarging gaps at the prosthe-
sisetissue interface [23]. Local inflammation may lead to an altered
immunological state that makes the implant more susceptible to
microbial colonization. Illustrations of the different aseptic failure
modes are presented in Fig. 1. The potential implant instability
caused by these gaps can progress in severity to the point that an
implant revision is required.
2.1.1. Potential solution: gap-bridging coatings
One potential solution for gaps at the prosthesisetissue inter-

face is a coating that can swell or expand upon implantation in
order to reduce micromotion and wear particle-induced osteolysis.
Dynamic coatings can respond to small gaps on the micron scale
around the implant in order to provide more direct contact be-
tween the implant and bone, thereby increasing the chance for a
stable interface to form. A variety of different materials could be
employed for these coatings, including hydrogels, foams, or
deformable elastic metallic structures. Fournier et al. created a wire
knit using nickel titanium (nitinol) for use as a flexible, gap-
bridging implant coating [24]. Thin nitinol wires were knit into a
porous, superelastic structure that could be attached to the surface
of an orthopaedic implant by a brazing process (Fig. 2). In its
expanded form, the knit coating was approximately 750 mm thick,
large enough to bridge large gaps surrounding an implant, but
could be compacted down approximately 90% during implantation
h cause and improve implant efficacy and lifetime.
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Fig. 1. Aseptic loosening pathways associated with gaps at the bone-implant interface.
A) Micromotion of the implant relative to the bone, leading to progressive worsening
of micromotion. B) Wear particles interfering with direct contact between bone and
implant. C) Wear particles activating macrophages, initiating a cytokine signaling
cascade that leads to osteoclastogenesis and bone resorption.
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to provide conformal contact along the bone. Fournier et al. hy-
pothesized the chronic outward force that the coating exerts on the
surrounding bone may improve bone remodeling, thereby
improving implant osseointegration. The pore size of the coating,
which can be tuned by the knitting process, was 380 mm, which is
within the size range shown to provide the strongest implant fix-
ation [25,26]. When compared to an implant with a titanium alloy
(Ti6Al4V) plasma sprayed coating, the knit coating demonstrated
more and deeper bone in-growth with similar amounts of inflam-
mation and fibrous tissue formation [24]. There is potential concern
of using nitinol in implants due to its high nickel content and po-
tential for the development of nickel sensitivity and release. The
release of nickel ions and the stability of passivating oxides on NiTi
surfaces is highly dependent on processing conditions, structure,
and use, meaning the safety and biocompatibility of NiTi must still
be evaluated on a case-by-case basis [27]. Additionally, these
superelastic porous coatings can only fill gaps where they are
applied, necessitating that the coatings cover the entire implant
Fig. 2. Knit nitinol wire fabric for gap-bridging coatings. Images show side (left) and top (righ
2014 [24].
surface in order to bridge all localized gaps. Though there are po-
tential concerns about biocompatibility and gap filling along the
entire implant surface, these coatings are amenable to additional
engineering improvements that could increase their promise even
further. Future improvements of the coating could include a filler
material, such as a hydrogel, that could expand and compress
within the knit coating, providing an even greater level of gap
coverage to encourage bone in-growth [28e30]. Such a hydrogel
could also serve as a depot to deliver bioactive factors to promote
osteogenesis and inhibit bacterial infection [31,32]. Alternatively,
much like drug-eluting stents, the nitinol wire could be coatedwith
drugs, small molecules, or peptides that encourage osteogenesis
and provide protection against bacterial infection [33].

2.2. Challenge: poor bone in-growth on implants

Porous coatings on orthopaedic implants have been in use for
roughly 40 years [34]. The coatings, typically metallic or ceramic
foams on the implant surface, are designed to facilitate bony in-
growth (‘osteoconduction’) [35] during the post-operative healing
process to stabilize the implant. Many different types of porous
structures have been developed, with beads commonly sintered
together to form either open, interconnected pores or closed, in-
dividual pores. While these two porous structures are the most
common, other examples include trabecular metals and wire
meshes [26]. However, despite their wide-spread use in clinical
practice, premature revision rates have remained relatively high,
around 10%, for porous-coated joint prostheses, indicating their
limited clinical success at improving osseointegration [36,37]. As
such, significant research has gone into optimizing the pore
structure of the coatings, as well as identifying other techniques to
encourage bony in-growth. Importantly, many of these technolo-
gies also affect the adhesion and viability of microbes on the
implant surface, though specific mechanisms have not been well
elucidated. These techniques can potentially be tuned to improve
osteoconduction while inhibiting infection.

2.2.1. Potential solution: calcium phosphate coatings
Calcium phosphates (CaP), such as hydroxyapatite (HAp), are

widely employed in bone tissue engineering for their osteo-
conductive properties [38]. Recently, traditional calcium phosphate
coatings have been combined with additives to create coatings that
both improve antibacterial activity while maintaining strong
osteoconductivity. Fielding et al. doped hydroxyapatite coatings
with silver and strontium to increase infection defense and bone
formation [39]. The coatings allowed for osteoblast proliferation
and improved alkaline phosphatase (ALP) production, indicating
their ability to assist with osteogenesis. Furthermore, the coatings
were highly antibacterial due to the release of silver ions, with
t) faces of the knit coating. Source: Reprinted with permission from Springer, copyright
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activity expected to persist as silver releasewas still increasing after
one week. Others have also doped silver into HAp coatings with
similar results [40].

Alternative calcium phosphate strategies combining the osteo-
conductive coating with bactericidal agents, such as antimicrobial
peptides (AMP, discussed further in section 3.2.3.) also have been
explored. In one example, AMPs were physically adsorbed onto the
coatings to allow for temporal release [41]. The AMP-CaP was adhe-
sive to osteoblasts and, importantly, showed significantly improved
bone-implant contact in a rabbit tibial model, providing in vivo evi-
dence for better osseointegration compared with an uncoated tita-
nium control. Furthermore, the AMP provided rapid and complete
protection against both S. aureus and P. aeruginosa, killing all bacteria
within 150 min. While this technology shows great promise, there
was a significant burst release of the AMP, thus limiting the potential
effective lifetime of the coating. Others incorporated the antibiotic
norvancomycin into an HAp coating, which showed positive osteo-
genic and antibacterial abilities against S. aureus, but also suffered
from a short-term burst release [42]. To slow down the release ki-
netics of the bactericides, degradable polymer capping agents have
been employed [43]. While each example showcases the strong
osteoconductive capabilities of calcium phosphate coatings and
shows promise as an anti-infective, longer-term protection from
bacterial infection is desirable for clinical use.

2.2.2. Potential solution: engineering surface topography
Another area of interest has been engineering of the micro- and

nanostructure of the implant surface to improve interactions with
osteogenic cells while simultaneously inhibiting bacterial adhesion.
Increasing the surface area and porosity of the implant can improve
bone in-growth and the coefficient of friction between the bone
and implant, thereby reducing micromotion and increasing
osseointegration. For example, an anchor-like surface architecture
was fabricated on implant surfaces using a direct metal laser sin-
tering process. This anchor-like surface topography, together with a
secondary interconnected pore coating, significantly improved
primary implant fixation and bone in-growth and decreased
micromotion amplitude in both in vitro and large animal in vivo
studies [44,45]. Another method for altering the surface structure is
to create nanopits through acid etching. Lan et al. combined acid
etching with UV exposure to alter structure and surface energy
[46]. The resulting surface improved osteoblast ALP production and
depositedmineralizationwhile decreasing the presence of S. aureus
and S. epidermidis by approximately 70%. Etching has also been
combined with techniques to alter microstructure, giving a hier-
archically structured titanium surface [47]. These surfaces showed
improved in vivo mechanical stability and osseointegration in a
rabbit tibial screw implantation model. The nano-micro-hierarchy
provided defense against multiple Staphylococcus and Pseudo-
monas species over months, which is promising for addressing late-
onset infections [48]. One possible mechanism for this improved
antimicrobial activity is an increase of surface free energy on the
hierarchical surfaces, which was shown to alter the membrane
structure of adhered bacteria, potentially inhibiting cellular activ-
ities [47]. Developing a strategy that can maintain both the anti-
microbial and osseointegrative capabilities long-term is critical for
the viability of the implant technologies, making the early results
for engineered surface topographies quite promising.

2.2.3. Potential solution: bioactive glass coatings
Bioactive glasses are synthetic, degradable ceramic materials

containing key elements and molecules to encourage osteogenesis,
and these materials have been in use for nearly 50 years [49,50].
They have found continued use in the orthopaedics field due to
their ability to deliver a surface apatite layer during dissolution,
known as hydroxycarbonate apatite, which promotes osteogenesis.
On their own, bioactive glasses have been shown to possess limited
antimicrobial character by altering local pH during dissolution.
However, when combined with additional components, bioactive
glasses can both promote osteogenesis and provide significant
antimicrobial activity [49]. Ordikhani and Simchi created a com-
posite implant coating by pairing bioactive glass with antibiotic-
loaded chitosan [51]. Chitosan, a popular coating material whose
antimicrobial uses will be discussed in greater detail in section
3.1.2., was loaded with vancomycin and deposited in conjugation
with bioactive glass nanoparticles onto titanium surfaces. The
bioactive glass facilitated calcium phosphate mineral deposition
and osteoblast adhesion. The antibiotic release rapidly inhibited
S. aureus and continued over four weeks. Similar results were found
using an ampicillin-loaded chitosan/bioactive glass hybrid to
inhibit S. mutants [52].

2.2.4. Potential solution: 3D-Printed coatings
Recent advances in 3D printing technology have improved its

flexibility and precision to the point where it is now being exten-
sively employed to create printed surfaces and coatings that may be
utilized for orthopaedic applications. Though there is room for
continued development and printer resolution to allow finer
structures to be processed, 3D printing holds promise for creating
customized coatings to improve the osseointegration of orthopaedic
implants [53]. One example of these coatings is 3D-printed trabec-
ular titanium, described by Regis et al. [54]. The hexagonal, meso-
porous structure was generated by specific electron beam melting,
an additive manufacturing process. Trabecular titanium coatings
enhanced osteogenic activity of human adipose-derived stem cells
and osteoblasts in vitro and coated acetabullar cups showed strong
osseointegration and survival rates in clinical studies. Additional
examples of 3D-printed coatings and scaffolds utilizing calcium
phosphate components have also been presented and show excel-
lent promise for customizable implant surface engineering [55e57].

2.3. Challenge: poor bone deposition on implant surfaces

An ideal orthopaedic implant would not only allow for bony in-
growth to secure the prosthesis, but would also encourage new
bone deposition on its surface (‘osteoinduction’) [35] to speed up
the stabilization process and to provide a seamless bone-implant
interface. Without osteoinductive functionality, implants can suf-
fer from poor deposition of new bone tissue. Bony in-growth is
required for successful stabilization, which can be compromised in
patients with poor local bone quality, slow healing rates, and other
confounding factors. Myriad surface coatings, additives, and
bioactive cues have been incorporated with implants to render
them osteoinductive, including growth factors and chemokines.
There are additional operational concerns with these coatings,
particularly around long-term storage, biomolecular activity, and
adhesion strength. Still, given the roles of many of these bio-
molecules in native osteogenesis, they serve as attractive compo-
nents for potential osteoinductive coating design.

2.3.1. Potential solution: biomolecular coatings incorporating
extracellular matrix proteins

Extracellular matrix (ECM) proteins have found use in bone
tissue engineering applications in part because of their presence in
physiological bone. Bone is a compositematerial containing both an
inorganic mineral phase as well as an organic matrix phase
(‘osteoid’). Collagen I comprises approximately 90% of the osteoid
phase, making it an obvious starting point for an osteoinductive
biomolecular coating; however, this ECM is also known to be ad-
hesive to multiple microbes. Engineered, collagen-mimetic peptide
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implant coatings have been used in place of human collagen I to
limit bacterial adhesion and colonization while still providing
osteoinductive cues [58]. The collagen mimic was engineered to
include specific ligand sequences that recognize highly expressed
integrins on osteogenic cells. The coatings were adhesive for mul-
tiple osteogenic cell types with a similar level of adhesion as found
on human collagen I coatings. Importantly, the collagen-mimetic
coatings showed reductions in adhesion of S. aureus and
S. epidermidis between 100 and 1000 fold over human collagen I
coatings, and 10e100 fold versus uncoated titanium. This collagen-
mimetic protein serves as an excellent example of an osteoinduc-
tive biomolecular coating that also provides defense against
implant infection. Other groups utilized collagen coatings that
release adsorbed antibiotics [59] and silk coatings coupled with an
anti-fouling surface [60] as combinatorial protein coatings to
improve osteoinduction.

2.3.2. Potential solution: biomolecular coatings incorporating
growth factors

Some of the most widely used cues to initiate bone deposition
are bone morphogenetic proteins (BMP), a family of potent osteo-
genic growth factors [61]. In particular, BMP-2 has been used in
conjunction with antimicrobial components to create osteoinduc-
tive coatings for orthopaedic implants. For example, the growth
factor has been grafted to an anti-infective chitosan layer to create a
multifunctional coating [62]. Though the BMP-2 only mildly
improved adhesion of osteogenic cells, it greatly improved both
calcium mineral deposition and ALP activity compared to coatings
lacking BMP-2. Furthermore, Shi et al. demonstrated that the
grafted BMP-2 remained localized to the coating, implying that it
could be osteoinductive long-term. In an alternative approach,
BMP-2 was delivered as a soluble cue, using a biomolecular heparin
carrier to control release. While this BMP-2 delivery strategy
resulted in similar osteoblast adhesion, ALP activity, and mineral
deposition results as the grafted BMP-2 study, it is expected that
the osteoinductive potential would diminish over time as the BMP-
2 was released from the coating [63].

2.3.3. Potential solution: recruiting osteogenic cells to the implant
surface

A newer strategy in the osteoinductive field is the recruitment of
osteogenic cells through released signaling factors. Instead of solely
relying on cells to passively find the osteoinductive coating, cells
can be induced to “home” to the implant surface by creating a
gradient of chemoattractive factors. One of the most well studied
recruitment cues is the cytokine stromal cell-derived factor 1a
(SDF-1a), also known as CXCL12, which can mobilize multiple stem
cell populations, includingmesenchymal stem cells (MSCs) through
their CXCR4 surface receptor [64e67]. While a recruitment strategy
might work independently, it could be most valuable when used in
conjunction with localized osteogenic cues to encourage new bone
deposition from the cells that get trafficked to the implant (Fig. 3).
For example, Zwingenberger, et al. found that delivery of SDF-1a
enhanced the efficacy of BMP-2 in generating new bone [68]. The
migration of MSCs to the site of a bone injury and bone volume
were significantly improved using the cytokine combination at the
injury site, resulting in substantially more bone regrowth in a ro-
dent femoral defect model. Others have found similar results using
the same combination of SDF-1a and BMP-2, delivered either
concurrently or sequentially [69,70]. To the best of our knowledge,
this strategy has not been used to improve the osseointegration of
an orthopaedic implant, though its success in the literature sug-
gests that it could be hugely beneficial, especially considering the
local environment around orthopaedic implants. For instance, the
stem portion of a hip prosthesis is implanted into the femoral
medullary cavity, which contains a significant amount of bone
marrow. Similarly, bone marrow-derived MSCs are found in the
metaphysis, where the posts of knee replacement prostheses are
implanted. Additionally, SDF-1amay also help prevent infection, as
it is a chemoattractant for neutrophils [71]. Summoning neutro-
phils to the implant site could limit the occurrence of infection
through their ability to phagocytose microbes and recruit
macrophages.
3. Challenges and potential solutions for bacterial infection
of implants

Infection of orthopaedic implants can have a plethora of con-
sequences, including hospitalization and costly revision surgery
[11]. Implant infection has been reported to be the new leading
cause of orthopaedic implant removal, overtaking aseptic loosening
[4,72e74]. Despite the biocompatibility of titanium and its alloys
used for implants, bacteria easily and readily colonize these sur-
faces. Once bacteria adhere to the surface, they begin to proliferate,
eventually reaching a high enough density to form a biofilm. The
biofilm protects the bacterial colony with an extracellular poly-
meric substance, rendering it largely resistant to antibiotics, im-
mune cells, and other potential infection defense mechanisms [75].
Therefore, it is critical to address pathogenic bacteria as early as
possible in order to minimize the chance of biofilm formation.

A myriad of strategies have been explored to limit microbial
infections. The research can generally be broken down into
addressing infections over two different time frames; techniques
that can rapidly inhibit infection and techniques designed for
longer-term defense. Both timescales are important from a clinical
perspective; infections occurring within the first three months are
defined as early while those manifesting after the initial period are
defined as delayed and late [76]. The first 6 hours after surgery are
viewed as the particularly decisive period for preventing early
infection, as the introduced pathogens have not yet begun rapid
proliferation [77].

Limiting the initial microbial adhesion to implant surfaces is
critical to defend against early infection. During surgery and for a
few days after, patients receive systemic antibiotics to address
concerns of post-operative infection. However, many types of
bacteria have developed resistance to various antibiotics, making
alternative and redundant strategies attractive to further protect
the patients. Strategies to limit bacterial adhesion are one way of
addressing early infection. Another solution is bactericidal surfaces
that can actively kill bacteria as they contact the implant surface.
Within bactericidal techniques, some protect only the implant site,
typically by directly coupling an antimicrobial agent to the surface,
while others allow for the release of the antimicrobial agent,
creating a zone of protection greater than just the implant surface
but still much more localized than a systemic treatment. An
entirely different strategy looks to stimulate and interact with the
patient's own immune system. This immunomodulatory approach
can either antagonize the immune system in a controlled manner
to increase native defense against infection or down regulate an
overactive defense thatmay be fighting infection but at the expense
of implant function.

Many antimicrobial strategies have been explored and reported
in the literature. However, the evaluation of these strategies for
orthopaedic implant applications is often limited only to their
ability to prevent infections and does not consider their effects on
osseointegration. Since both infection prevention and osseointe-
gration are requirements for a successful implant, we will highlight
antimicrobial strategies that also assess the impact on osseointe-
gration, focusing specifically on multifunctional strategies.



Fig. 3. Potential strategy for improving osteogenesis using a combination of stem cell “homing” and osteogenic cues. A) Mesenchymal stem cell recruitment using chemoattractive
gradient of SDF-1. B) Osteogenesis using BMP-2 to induce new bone formation from present mesenchymal stem cells. C) Combined strategy using both SDF-1 and BMP-2 to recruit
mesenchymal stem cells and induce new bone formation concurrently.
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3.1. Challenge: initial microbial adhesion and infection

The first phase of a deep implant infection is the initial adhesion
of microbes at the site of implantation, beginning the process of
infection-associated implant failure. To inhibit this first step, the
implant surface can be rendered non-adhesive (‘anti-fouling’) or
bactericidal. Each strategy has potential advantages and disad-
vantages. Anti-fouling coatings may be efficacious for longer pe-
riods of time because they are passive rather than active. However,
many coatings that inhibit bacterial adhesion also limit mammalian
cell adhesion, which is desired for osteogenesis and implant fixa-
tion [78]. Conversely, bactericidal surfaces not only inhibit the
development of infection but can also kill the pathogen, decreasing
the risk of a future infection. Nonetheless, even potent antimicro-
bial agents will rarely kill all local bacteria, leaving open the chance
for a later infection or the development of resistance to the
bactericide. Furthermore, anti-infective coatings will typically have
a limited lifetime as the active agents are consumed or degraded
over time, and the bactericide (and its potential degradation
products) may have unknown, negative interactions with osteo-
genic cells. In this section, passive and active strategies to mitigate
early-stage infection are highlighted.

3.1.1. Potential solution: engineering surfaces to inhibit bacterial
adhesion
3.1.1.1. Polymer brushes. Engineering surfaces to inhibit bacterial
adhesion has been a consistent pushwithin the biomedical industry.
One technique commonly employed is creating an inert polymer
brush layer on the substrate. The most widely studied polymer for
this purpose is polyethylene glycol (PEG), which has been physically
adsorbed,directlygrafted, andgrafted through intermediate bonding
layers onto surfaces [79]. In one example, an anti-fouling grafted PEG
brushwasmodifiedwith the cell-adhesive arginine-glycine-aspartic
acid (RGD) ligand to regain interactions with osteoblasts [80].
S. aureus adhesionwas significantly reduced and, thoughHarris et al.
did not directly assess osteoblast interactions, RGD-modifiedPEGhas
been shown to facilitate interactions with osteogenic cells [81].

Other types of polymers have also been explored for anti-fouling
surfaces, including synthetic and biopolymers. Dextran has been
used in part due to its multiple sites for additional modification,
such as tethering BMP-2 [82]. The anti-fouling nature of the
dextran coating was confirmed, as adhesion of S. aureus and
S. epidermidis were reduced by approximately 50% compared to
bare Ti6Al4V. Highlighted previously, Zhang et al. used a poly(-
methacrylic acid) (PMAA)-silk copolymer to inhibit S. aureus and
S. epidermidis adhesion [60]. The PMAA coating alone hindered
adhesion of both bacteria and osteoblasts, demonstrating its anti-
fouling functionality, but the inclusion of the grafted silk protein
partially rescued osteoblast functionality.

Polymer brush coatings are passive solutions to create inert
layers that limit protein adsorption and cell adhesion. However,
uniform brush layers can be difficult to fabricate, and polymer
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brushes may degrade over time and are particularly susceptible to
cleavage at the grafting point [83]. Therefore, while polymer
brushes can slow down the process of bacterial adhesion, they are
unlikely to entirely eliminate infections on their own.
3.1.1.2. Nanotube coatings. Titanium dioxide (TiO2, ‘titania’) nano-
tube coatings are an interesting direction that has been pursued
recently to limit bacterial adhesion. Additionally, titania nanotubes
have been shown to have beneficial interactions with osteogenic
cell types, making them a potentially useful tool for concurrently
improving osseointegration [84]. Das et al. synthesized titania
nanotubes from a Ti surface using an anodization process in the
presence of sodium fluoride and sulfuric acid. In order to provide
antimicrobial efficacy, the nanotubes were then anodized with
silver nitrate [85]. While human osteoblast precursor cells adhered
equally well to nanotube coatings with and without the silver ni-
trate coating, P. aeruginosa viability was decreased one thousand
fold on the silver coated nanotubes. Subsequent research on titania
nanotubes has yielded additional promising results. Peng et al.
applied a simple nanotube array to Ti substrates and measured the
osteogenic and antibacterial properties of the coating [86]. The
presence of the nanotubes improved the adhesion of osteogenic
cells, with better adhesion on nanotubes of smaller diameter.
Interestingly, S. epidermidis adhesion followed an opposite trend,
with smaller tubes providing better inhibition. The results imply
that nanotube optimization may be used to generate an osteogenic
and anti-infective coating. A similar system was introduced by
Izquierdo-Barba et al., who created titania nanocolumns on Ti6Al4V
surfaces oriented approximately normal to the substrate [87]. The
densely packed columns had only a minimal effect on attachment
of osteoblasts, but were able to significantly reduce the percent
surface coverage and biofilm formation of multiple clinical S. aureus
strains.

Nanotubes can also be modified to provide alternative antimi-
crobial and osteogenic mechanisms. For instance, zinc (Zn) is
required for multiple steps of bone formation, and its ions have
been found to be bactericidal. Therefore, zinc was loaded onto a
titania nanotube surface coating to simultaneously enhance
osseointegration and prevent infection (Fig. 4) [88]. Along with
improvements in the in vitro osteogenic markers of ALP activation,
mineral deposition, and enhanced mRNA expression levels of
collagen I, osteocalcin, and osteoprotegerin; the Zn-loaded nano-
tubes significantly increased osseointegration in vivo in a rodent
tibial insert model. Additionally, the Zn inhibited S. aureus growth,
with longer-term bactericidal activity expected given the slow
release of ions over one month. Other modification strategies have
included the incorporation of silver [89] and copper [90] into
nanotubes to serve as bactericidal agents, again taking advantage of
Fig. 4. Scanning electron micrographs of titania nanotubes loaded with increasing amounts
with increasingly long exposure to zinc solution of 1 h (middle) and 3 h (right). Source: Re
the high surface area and loading capacity of nanotubes.

3.1.2. Potential solution: engineering bactericidal surfaces
Multiple approaches have been used to kill bacteria on contact.

One advantage of bactericides compared to anti-fouling coatings is
the elimination of the pathogen; whereas anti-fouling coatings
may allow the bacteria to return, bactericidal coatings can actually
eradicate the root cause of infection. However, in order to entirely
eliminate the risk of future infection, all of the pathogenic microbes
would need to be purged, which is still unlikely using today's
strategies. Instead, bactericidal coatings can simply mitigate the
immediate risk of infection, and may eliminate the risk of infection
altogether in conjunctionwith a healthy immune system. The most
common bactericidal agent currently in use, both clinically and in
research, is silver.

3.1.2.1. Silver implantation. Silver has long been known to possess
broad spectrum antimicrobial activity, and hence has been widely
employed to fight infections within the medical device field [91]. A
common strategy to introduce antimicrobial character to ortho-
paedic materials without significantly altering or coating the
implant surface is through silver implantation, specifically silver
plasma immersion ion implantation (Ag-PIII) [92e95]. Ag-PIII
antimicrobial surfaces have been shown to have bactericidal effi-
cacy against relevant bacterial species and to promote osteogenesis
both in vitro and in vivo. The Ag-PIII process creates and embeds
silver nanoparticles in substrates to ensure their long-term locali-
zation. The surfaces have been proven to be bactericidal, as opposed
to anti-fouling, by collecting adherent bacteria and growing them
in fresh culture, where a 99% reduction in viability for S. aureuswas
observed. [94] Meanwhile, the Ag-PIII surfaces showed good
cytocompatibility with osteoblasts and facilitated higher bone
volume, bone mineral density, and trabecular thickness than non-
implanted surfaces in a dog model [95]. The results further sug-
gested that an optimal silver concentration exists, and exceeding
that amount can be detrimental to bone growth, emphasizing the
interplay between antimicrobial functionality and osseointegra-
tion. Ag-PIII has also been combined with other elemental im-
plantation, including magnesium, zinc, and calcium, for additional
antibacterial and osteogenic efficacy [93,96,97].

3.1.2.2. Chitosan coatings. An interesting bactericidal alternative to
silver is the biopolymer chitosan. Chitosan is a cationic, linear
polysaccharide derived from chitin, an abundant biopolymer in
insect and crustacean exoskeletons. Chitosan has been widely
studied in both bone tissue engineering and antimicrobial appli-
cations. Multiple reviews of the properties and uses of chitosan
exist in the literature [98e101]. Typically, chitosan is combined
of zinc. Images show top-down views of nanotubes without exposure to zinc (left), and
printed with permission from John Wiley and Sons, copyright 2013 [88].
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with osteogenic agents, such as RGD ligands, to create hybrid ma-
terials for orthopaedic implant applications [102]. RGD-modified
chitosan was found to still have the ability to decrease S. aureus
and S. epidermidis adhesion by 67% and 85%, respectively, while the
RGD ligand improved expression of osteogenic markers. Chua et al.
increased the level of complexity of the chitosan-RGD coating,
creating layer-by-layer coatings of chitosan and hyaluronic acid
with RGD ligands presented at the surface [103]. These coatings
also reduced bacterial adhesion independent of the presence of
RGD, with S. aureus adhesion reduced by 75%. Chitosan has also
been complexed with BMP-2, yielding similarly promising results
[104].

Chitosan has also been combined with other antimicrobial
agents to increase its bactericidal efficacy. For example, it has been
used as a drug-carrier coating, loaded with adsorbed vancomycin
[105]. Chitosan nanoparticles have also been created and similarly
loaded with the antibiotic ciprofloxacin [106]. The nanoparticles
exhibited a burst release of antibiotic and were able to reduce
S. aureus load 20-fold over two days. However, the chitosan nano-
particles themselves were not able to hinder growth of multiple
clinical S. aureus strains. It is possible that chitosan is a less effective
antimicrobial agent in nanoparticle form and that it may require
higher surface coverage to be inhibitory. Chitosan has also been
employed as a conjugation vehicle for lauric acid, which also has
antimicrobial properties [107]. Not only did the composite inhibit
initial bacterial growth, but it also showed antibacterial efficacy
over the course of oneweek, with greater than 95% and 93% efficacy
against S. aureus and P. aeruginosa, respectively. The ability of chi-
tosan to both inhibit bacterial adhesion itself and to concurrently
serve as a drug carrier in vitromakes it a very intriguing material to
consider for future use, though drug release kinetics would ideally
be tuned for slower, longer-term delivery.

3.2. Challenge: long-term prevention of infection

Orthopaedic implants are designed to have a functional lifetime
of 20 years in the patient and are at risk to become infected during
that entire time span. While infection due to virulent organisms,
like S. aureus, typically manifests in the early stage, less virulent
organisms can lead to chronic infections in the delayed and late
stages [108]. Therefore, developing technology to provide defense
against infection over the course of weeks, months, and preferably
years, is critical to reduce the overall rate of implant infection.
Systemic antibiotics can still be administered for late infections, but
often times the bacterial pathogens have formed biofilms, which
protect the bacteria from antibiotics and the immune system
[109e112]. Increasing the dose or duration of a systemic antibiotic
may be effective, but host toxicity concerns become paramount.
Additionally, different antibiotics that have better efficacy against
biofilms, such as rifampin or daptomycin, may be used. However,
antibiotic resistance in bacteria continues to increase, with the
overuse of systemic antibiotics contributing to this problem.
Development of resistance could still be an issue with local anti-
biotic presentation, but the risk is presumably decreased as fewer
bacteria are interacting with the drugs. An ideal technology would
provide both potent short-term as well as long-term, localized
defense against infection while still promoting osseointegration.

3.2.1. Potential solution: long-term presentation of antibiotics
A newer approach to the more traditional systemic antibiotic

administration is localized antibiotic delivery. The drugs can be
loaded into carriers that are attached to the implant itself, followed
by subsequent passive drug release. Alternatively, antibiotics can be
immobilized on the implant surface, a strategy whose success de-
pends on the ability of the antibiotic to remain functional in its
tethered form. Hickock and Shapiro described a method to cova-
lently tether antibiotics such as vancomycin to implant surfaces
including Ti and Ti6Al4V. These substrates demonstrated bacteri-
cidal success against multiple types of bacteria, including S. aureus
and S. epidermidis, over extended periods of time approaching one
year and with multiple bacterial insults [113e115]. Furthermore,
vancomycin-functionalized Ti rods were found to reduce osteolysis
in an infected rat femur implant model, demonstrating the efficacy
of the tethered antibiotic in vivo.

3.2.2. Potential solution: slow-releasing antimicrobial coatings
The continual increase of bacterial antibiotic resistance has

pushed alternative antimicrobial treatments into the spotlight. The
most common strategy is the release of silver ions, though other
ions have also been shown to possess bactericidal efficacy. Similar
to antibiotic strategies, long-term defense against infection is key to
protecting the implants for as much of their lifetime as possible,
thus necessitating an understanding of the release rate of the ions
over time. This characteristic separates this section from section
3.1.2., where significant release of silver was not the primary mode
of action (Fig. 5).

3.2.2.1. Silver release. Silver is an attractive bactericide in part
because of its broad-spectrum efficacy, as it has been shown to kill
both Gram-positive and Gram-negative bacteria [116]. It has also
been shown to be cytocompatible in a variety of studies, such as
those previously discussed, though it can still be toxic to
mammalian cells at higher concentrations [117]. Silver ions are
frequently released from the surfaces of silver nanoparticles due to
their high surface to volume ratios. Liu et al. embedded pure silver
nanoparticles into a poly(lactide-co-glycolide) (PLGA) coating
which widely inhibited Gram-positive and Gram-negative bacteria
at multiple inoculum concentrations and times in a concentration
dependent manner, while also improving ALP activation, mineral
deposition, and expression of osteogenic markers (Fig. 6) [118].
In vivo, osteolysis was found around implants without silver
nanoparticles present, while bone formation was seen around
coatings containing the silver in a rodent femoral implant model.
After 8 weeks, no bacteria and minimal inflammatory cells were
found in the tissue surrounding the silver-containing implant,
while both bacteria and inflammatory cells were present in the
absence of silver, demonstrating the anti-infective ability of the
silver over time. Others have loaded silver into titania nanotubes
[119], layer-by-layer polymeric coatings [120], and self-assembled
monolayers [121] to demonstrate significant bactericidal efficacy.

3.2.2.2. Alternatives to silver. Much of the public concern over the
development of bacterial resistance has been focused on antibi-
otics. However, there has been recent evidence of clinical bacterial
isolates possessing plasmids containing sil genes known to confer
resistance to silver, which could have major implications for its use
as a bactericide in wound dressings and medical device coatings,
including in orthopaedic applications [122]. As such, antimicrobial
alternatives to silver ions have been receivingmore attention. Some
technologies combine silver with other agents, while others
entirely pass over silver as an option, citing concerns over cyto-
compatibility and future spread of silver resistance. For example,
zinc incorporated into titania nanotubes was slowly released over
the course of weeks, nearly completely eliminated S. aureus and
E. coli bacteria, and promoted differentiation of osteogenic cells
[123]. Zinc has been employed in other nanotube arrays [124], ion-
implanted into Ti [125], and incorporated into TiO2 coatings [126]
with varying antimicrobial efficacy, release profiles, and osteo-
genic potential. It seems possible, if not likely, that resistance to
zinc will also develop over time. However, since its use as a



Fig. 5. Proposed bactericidal mechanisms of embedded and released silver. Microgalvanic interactions of embedded silver nanoparticles lead to the generation of protons for
applications where ion generation is slow (left). Free silver ions and nanoparticles interact with membranes, transport proteins, and DNA to compromise bacteria (right). Source:
Adapted and reproduced with permission from Elsevier, copyright 2011 (left) and Springer, copyright 2010 (right) [92,116].

Fig. 6. S. aureus growth after exposure to silver nanoparticle coatings. Increasing amounts of silver were used from left to right, with bacterial exposure times of 1 and 24 h. After
exposure, bacteria adherent to the coating surfaces were detached and plated. SNPSA: silver nanoparticle/PLGA-coated stainless steel alloy. Source: Reprinted with permission from
Elsevier, copyright 2012 [118].
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bactericidal agent is recent, the hope is that resistance will not
develop quickly. Still, one way of fighting resistant bacteria is to
combine multiple agents together for broader defense.

Svensson et al. applied a nanostructured coating to titanium,
containing silver, gold, and palladium, which had previously been
used to render catheters antimicrobial [127]. The coatings inhibited
S. aureus adhesion to the implant while not interfering with in vivo
measures of osseointegration e new bone formation, total bone
area, and bone-implant contact area. The combination of multiple
bactericidal agents may not only produce a strong defense against
infection, but could slow down the development of bacterial
resistance. A combination of zinc and silver nanoparticles was used
to compromise both S. aureus and E. coli on the implant surface
through direct microgalvanic interactions with the silver nano-
particles. These same nanoparticles were also found to be active in
a rat femoral model against planktonic pathogens in the local
region of the implant through interactions with leached zinc ions
[96]. Again, by combining multiple strategies, a wider spectrum of
potential infections can be addressed. Conceivably, the most potent
strategy for creating an antimicrobial coating that would have long-
term efficacy involves the combination of multiple bactericidal
agents with varying acute and chronic release profiles and/or pre-
sentation modes.

3.2.2.3. Triggered release. Antibiotics can also be released over
time, such as from titania nanotube carriers [128]. One issue with
diffusive release of antibiotics is the difficulty in controlling the
release profile, and these systems often suffer from an initial burst
release. Burst release is suboptimal because it represents a rapid
depletion of the antimicrobial agent and because the high local
concentrations upon release may be cytotoxic to host cells. Active
drug release triggered by the presence of pathogenic microbes



J. Raphel et al. / Biomaterials 84 (2016) 301e314310
would be an immense step towards the development of long-term
microbial defense. This strategy could help reduce the development
of antibiotic resistance, as doses would only be applied in the event
of microbial insult. Furthermore, defense lifetime could be
increased, since the drug reservoir would only be depleted at
specific times, rather than continuously. Bioresponsive, ‘smart’
carriers have been utilized in other biomedical applications
[129e131] but are just beginning to be used for the selective de-
livery of antibiotics. For example, liposomes have been engineered
to release an antibiotic payload in the presence of toxins secreted
by S. aureus. [132] Another potential solution would be utilizing
multiple layers of passive release carriers, such as loaded nano-
particles or layer-by-layer assemblies, capped with either a slowly
degrading coating or an active release trigger, combining some of
the previously outlined strategies. By using multiple layers, an
initial burst release could be designed to protect the implant from
immediate acute infections while the longer release portions would
provide a chronic local defense.

3.2.3. Potential solution: coatings containing antimicrobial peptides
Antimicrobial peptides represent a new class of antimicrobial

agents that are derived from nature's various microbial defense
mechanisms, particularly from organisms' innate immune defense.
AMPs are typically short, amphiphilic, cationic peptides that can
interfere with microbial membranes and, upon entry into the cell
cytoplasm, intracellular targets [133,134]. Since AMPs require a
physical interaction with cell membranes, they can be active either
floating free in solution or grafted onto a surface, assuming they
possess enough conformational flexibility to properly reach and
interact with their targets. For example, Kazemzadeh-Narbat et al.
demonstrated that release of the AMPs Tet213 and HHC36 from
calcium phosphate coatings had immense antimicrobial efficacy
against S. aureus and P. aeruginosawithin hours, killing virtually all
bacteria [41,135]. To achieve slower release kinetics, AMPs were
then combined with titania nanotube-calcium phosphate layer-by-
layer coatings with a phospholipid capping agent [136]. With this
strategy, the release lifetime was extended to several days, though
further development to increase both the initial loading and release
timeline would be desired to provide longer-term protection. AMPs
have also been immobilized on hydrophilic polymer brushes,
creating surfaces that are inhibitory to both P. aeruginosa viability
and surface adhesion [137]. With their mechanisms of action still
being elucidated and a huge number of potential peptide sequences
left to explore, the use of AMPs will likely greatly increase in the
near future. Furthermore, given the current belief that AMPs
physically interact with microbes, they may provide longer-term
protection than other agents that become depleted over time.
However, the AMPs themselves will be subject to proteolytic
degradation. One proposed solution is engineering AMPs using the
D-form of amino acids to inhibit protease attack [134]. These
enantiomer-substituted AMPs have been shown to maintain their
bactericidal properties [138e140].

3.3. Challenge: infection leading to osteolysis

Throughout this article, the concepts of improved osseointe-
gration and prevention of bacterial infection have been presented
in parallel. However, they can have a direct relationship, particu-
larly when infection leads to osteolysis. This process begins when
macrophages recognize lipopolysaccharide (LPS, also known as
endotoxin) within bacterial cell walls, causing the macrophages to
become activated [141]. Activated macrophages and many subse-
quent signaling molecules, including toll-like receptors, play sig-
nificant roles in both infection-mediated osteolysis and aseptic
loosening through osteoclastogenesis, highlighting the overlap
between osseointegration and infection pathways [142].
3.3.1. Potential solution: treatments to block inflammation and
differentiation signaling cascades

Macrophages home to sites of infection by detecting compo-
nents of bacterial cells, such as LPS [143]. Once at the infection site,
the macrophages start their own signaling cascade, in combination
with bone marrow stromal cells, which eventually leads to differ-
entiation into osteoclasts and hence local bone resorption [144].
Potential strategies to limit infection-mediated osteolysis and
implant loosening would include the disruption of either the
signaling that homes the macrophages to the implant site or
macrophage differentiation into osteoclasts. The latter may be
more beneficial for the patient overall, since having macrophages
present will help address the underlying infection. Osteoclasto-
genesis requires signaling cues such as colony-stimulating factor-1
(CSF-1) and receptor activator of nuclear factor-kB ligand (RANKL)
[144,145]. It has been shown that osteoclastogenesis can be miti-
gated in vivo by inhibiting the pathway leading to NF-kB production
by use of a soluble protein [146]. By incorporating a released or
tethered inhibitor to an implant coating, similar inhibition of
osteoclastogenesis may be achieved. Local and targeted delivery of
osteoprotegerin or related peptides from a coating could also be
used to block differentiation, as it has been successful at inhibiting
osteoclastogenesis when delivered systemically [147]. Additionally,
hindering osteoclastogenesis could be done in a ‘smart’ fashion.
Macrophages responding to infection secrete a variety of bio-
molecules, including proteases, which could be used as triggers for
the release of an interfering peptide.
3.3.2. Potential solution: immunomodulatory treatments
Much of the initial research on implantable biomaterials was

focused on creating bioinert surfaces that would have minimal
interaction with the host. However, there is currently significant
interest in materials that can generate a consistent yet controlled
level of immune response, termed ‘immunomodulation’. In addi-
tion to speeding up tissue regeneration [148], immunomodulation
can also be used to prime or trigger the body's innate immune
system, and hence indirectly prevent infections. However, since
chronic stimulation of the innate immune system can lead to sepsis
[149], it is important that immunomodulatory responses be care-
fully engineered and that the response remain localized. Still, the
potential to stimulate the body's innate immune system to protect
against infection, as opposed to attempting to directly interfere
with the pathogenic microbes, would be very valuable in creating
long-term, broad-spectrum defense. As a demonstration of this
potential, LL-37, a cathelicidin peptide, was shown to have no
specific antimicrobial functionality of its own against S. aureus, but
was antimicrobial in vivo due to its immunomodulatory effects,
protecting rodents from acquiring S. aureus and Salmonella in-
fections [150]. The anti-infective mechanism could be similar to
that of the IDR-1 peptide, which has no independent antimicrobial
character but is anti-infective due to its ability to stimulate factors
within the innate immune system, including toll-like receptors,
while controlling inflammatory response [151]. There has been an
increasing understanding of the role of AMPs in immunomodula-
tory activities, suggesting that they may be good candidates for
these types of immune system-instructive treatments in addition
to their direct bactericidal roles (Fig. 7) [152]. Modifying ortho-
paedic implants with coatings that could present or release
immunomodulatory agents could serve as an antimicrobial de-
fense, providing both acute and chronic protection, thereby limiting
the chances for infection leading to osteolysis and implant
loosening.



Fig. 7. Schematic of the multiple possible modes of action for antimicrobial peptides
(AMPs) in protecting against infection. AMPs can act as direct bactericides (right) or
can serve as immunomodulatory agents (left). Source: Adapted and reprinted with
permission from Nature Publishing Group, copyright 2006 [134].
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4. Future direction

Addressing the clinical challenges of aseptic loosening and
implant infection have clearly drawn much attention from the
research community. While significant advances have been made
in coating technologies to reduce failure either by loosening or
infection, the development of technologies to address both chal-
lenges simultaneously is ongoing. A clear future direction for the
field is the development of multifunctional implant coatings that
can effectively balance osseointegration and microbial challenges.

Since there is significant interaction between mammalian cells
and microbes in situ, tailoring a solution to improve the adhesion
and function of the former or hinder the adhesion and function of
the latter may lead to unintended consequences. Ideally, an implant
coating would only need to include a single design element that
could simultaneously promote interactions with host tissue cells
while inhibiting microbial interactions. However, until these spe-
cific design elements are identified, new implant coatings will
likely require the combination of multiple functional elements in
order to address both the aseptic loosening and the implant
infection failure modes simultaneously. Myriad technologies that
begin to address these failure modes in concert have been pre-
sented in this review. These can serve as the initial building blocks
for future implant coatings, but none are yet sufficient on their own.
Instead, combinations of these technologies will likely need to be
exploited. For example, the idea of combining a gap-bridging elastic
mesh with a hydrogel depot containing growth factors was
postulated. Similarly, the long-term, anti-infective properties of
titania nanotube coatings could potentially be improved by grafting
immunomodulatory peptides to the coating surface, thereby
generating coatings that protect against infection in both the short-
and long-term.

Along with combining design elements to make multifunctional
coatings, the ideal coating should also be cost-effective, applicable
to any implant geometry, and maintain the shape and feel of the
implants. The shifting focus in healthcare to better preventive care
and fee-for-value models has placed increased scrutiny on costs
and effectiveness of treatments. While an additional premium
would certainly be warranted for a coating technology that
increased implant efficacy and reduced the revision rate, the cost
still needs to be balanced with the additional benefits in order to
ensure widespread reimbursement from healthcare payers. The
coatings should also be processable in a scalable and implant-
agnostic manner to ensure extensive availability to patients.
While the joint replacement prostheses market is fragmented
among a handful of key manufacturers, each has exclusive implant
geometries, sizes, recommended implantation procedures, and
surfaces. Creating coatings that could be universally applied and
effective on devices from any manufacturer would allow the most
patients to benefit from the technology and have the greatest
overall impact on reducing implant failures. Finally, the coatings
should minimally affect the size, shape, and feel of the implants. By
maintaining implant fidelity on the macroscopic level, the amount
of additional surgeon training and experience needed to effectively
utilize the coated implants will be minimized. This will speed up
the adoption of the new coating technology without generating a
steep learning curve, again providing the greatest benefit to
patients.

5. Conclusions

Orthopaedic implants are widely used and highly successful
treatments for musculoskeletal issues. Their success can be
undermined by poor osseointegration and infection, the two
leading causes of implant failure and revision surgeries. A variety of
strategies have been studied to improve osseointegration and to
prevent infection, though typically proposed solutions have only
addressed one of the two issues. In this review, we highlighted
technologies that have the potential to address these issues in
tandem to improve the overall function and lifetime of orthopaedic
implants. Certain technologies, such as osteoconductive calcium
phosphate and antimicrobial silver coatings, have a longer track
record and are now being used in combination with other treat-
ments. Others, such as gap-bridging coatings to reduce micro-
motion and immunomodulatory treatments to prime the innate
immune system, are in their earliest stages but possess great po-
tential for future success. The ideal orthopaedic implant coating
will likely be multifunctional, combining different technologies to
simultaneously promote osseointegration while inhibiting micro-
bial infection. Our hope is that new understanding and new di-
rections of research will result in patients receiving these ideal
implants, thereby reducing premature implant failures and also
extending overall implant lifetimes.
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