Critical Reviews in Oral Biology & Medicine

Journal of Dental Research

2018, Vol. 97(1) 14-22

© International & American Associations
for Dental Research 2017

Reprints and permissions:
sagepub.com/journalsPermissions.nav
DOI: 10.1177/0022034517731768
journals.sagepub.com/home/jdr

The Impact of Incorporating Antimicrobials
into Implant Surfaces

N.J. Hickok', I.M. Shapiro', and A.F. Chen'?

Abstract

With the increase in numbers of joint replacements, spinal surgeries, and dental implantations, there is an urgent need to combat
implant-associated infection. In addition to stringent sterile techniques, an efficacious way to prevent this destructive complication is to
create new implants with antimicrobial properties. Specifically, these implants must be active in the dental implant environment where
the implant is bathed in the glycoprotein-rich salivary fluids that enhance bacterial adhesion, and propagation, and biofilm formation.
However, in designing an antimicrobial surface, a balance must be struck between antimicrobial activity and the need for the implant
to interact with the bone environment. Three types of surfaces have been designed to combat biofilm formation, while attempting
to maintain osseous interactions: 1) structured surfaces where topography, usually at the nanoscale, decreases bacterial adhesion
sufficiently to retard establishment of infection; 2) surfaces that actively elute antimicrobials to avert bacterial adhesion and promote
killing; and 3) surfaces containing permanently bonded agents that generate antimicrobial surfaces that prevent long-term bacterial
adhesion. Both topographical and elution surfaces exhibit varying, albeit limited, antimicrobial activity in vitro. With respect to covalent
coupling, we present studies on the ability of the permanent antimicrobial surfaces to kill organisms while fostering osseointegration. All
approaches have significant drawbacks with respect to stability and efficacy, but the permanent surfaces may have an edge in creating a
long-term antibacterial environment.
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Academy of Implant Dentistry 2017). In terms of individual
implant sites, the incidence of peri-mucositis has been reported
to be >50% and of peri-implantitis, >12% (Lindhe et al. 2008);
the rate of confirmed implant infection has been reported to be
<2.1% (Powell et al. 2005). As long as bone loss is not severe,
appropriate antimicrobial treatment is undertaken, and there is
attention to oral hygiene, the dental implant can remain func-
tional (Blus et al. 2015). Although the rate of infection is very
low, because of the large number of patients/procedures per-
formed each year, new antimicrobial implant materials/therapies
are urgently required.

Some intractable problems are common to both the infected
orthopaedic and dental implant. The first is due to the fact that,
in both cases, the implant surface has been engineered to inte-
grate with bone. Integration is facilitated by adhesion of pro-
teins to the implant surface. However, this protein deposition
generates an ideal surface for bacterial colonization and bio-
film formation. In addition, a fibrous layer is formed around
parts of the implant, providing a protected environment for

Implants and Infections

Perhaps the earliest known example of a successful implanta-
tion with osseointegration is from the first or second century
AD, when an iron tooth was found ankylosed to the jaw of a
skeleton (Crubzy et al. 1998). Not surprisingly, the popularity
of this procedure has dramatically increased in the past 20 y
due to availability of highly engineered titanium, development
of aseptic surgical techniques, pain management, and pathogen
control via antibiotic treatments. Implants in medical use now
range from pacemakers and drug infusion pumps to catheters
and dental and orthopaedic devices. Implants with primarily
mechanical function, exemplified by those used in dentistry
and orthopaedics, have enjoyed considerable success and allow
retention of function in an aging population.

For both dental and orthopaedic implants, aseptic loosening
and infection are major reasons for failure (Parvizi et al. 2008).
As of 2015, about 7 million individuals in the United States
have received joint replacements (Maradit Kremers et al.
2015). Within this group, infections occur in approximately
1.5% of total knee replacements and 1.6% of total hip replace-
ments (Kurtz et al. 2010). Treatments involve extended antibi-
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otic therapy, replacement of the infected implant, and at least 1
additional surgery. Reinfection rates can be considerably
higher, with estimates in the literature ranging between 26%
and 49% (Parvizi et al. 2008).

In dentistry, ~3 million people are estimated to have dental
implants, with that number increasing by 500,000/y (American
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bacterial colonization. Finally, the immune response is often
attenuated in the presence of this large foreign body (Hickok
and Shapiro 2012). In light of these, it is surprising how few
implants actually develop a biofilm.

In addition to interfacing with bone in the mandible or max-
illa, the dental implant passes through the soft tissue and is
exposed to the oral cavity. Within the periodontium, the interface
with the percutaneous implant occurs through a fibrous matrix
(Singh 2011). Unlike the essentially sterile, orthopaedic implant
environment, the intraoral portion of the dental implant is coated
by gingival crevicular fluid, food debris, saliva, sugars, and bac-
terial metabolites. Bacterial colonization is rapid and reflective
of the native microbiota. Dental implant infections are usually
associated with the Gram-negative periodontal pathogens
(Porphyromonas gingivalis, Prevotella intermedial/Prevotella
nigrescens, and Actinobacillus actinomycetemcomitans)
(Leonhardt et al. 1999), as well as Bacteroides forsythus,
Fusobacterium nucleatum, Campylobacter, Peptostreptococcus
micros, and Prevotella intermedia. Similar to orthopaedic
implants, Staphylococcus spp. (the most common cause of peri-
prosthetic joint infections (Aggarwal et al. 2014), enterics, and
Candida spp. may also contribute to peri-implant infections
(Slots and Rams 1991; Leonhardt et al. 1999).

In summary, orthopaedic and dental implants share a num-
ber of characteristics; failure of these implants is often due to
development of a biofilm on the stem region, which blocks
osseointegration and function.

Protection of Adherent Organisms
in Biofilms

Bacterial colonization of orthopaedic and dental implants is
complex, probably polymicrobial, and dependent on both host
and bacterial factors. Within blood, synovial fluid, or saliva,
bacteria exist as free-floating organisms or, more commonly,
small clusters of bacteria (Fig. 1) (Malamud et al. 1984,
Dastgheyb and Otto 2015).

The synovial fluid that bathes the joint surface is a proteo-
glycan-rich, viscous fluid that contains many proteins found in
blood, with fibrinogen and fibronectin of special interest.
These proteins, whether in synovial fluid or adsorbed onto the
prosthesis surface, facilitate biofilm formation where both the
floating and the adherent Staphylococcus aureus can exist as
bacteria immobilized on a fibrous matrix encased in a biofilm
polysaccharide slime (Dastgheyb et al. 2015).

Like in synovial fluid, bacterial agglutination can occur in
the oral cavity through direct interaction with saliva or through
adherence to the proteinaceous tooth pellicle, a thin film
derived from saliva that is present even on a thoroughly cleaned
tooth (Hojo et al. 2009). Specifically, oral Streptococci, such as
Viridans streptococci and Streptococcus gordonii, can prefer-
entially bind to proteins on the implant surface or in saliva,
which include proline-rich glycoproteins, a-amylase, and
proline-rich proteins. Interestingly, the proteins that promote
clumping in synovial fluid (fibrinogen and fibronectin, among
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Figure I. Stages in colonization of implants that interface with bone.
Bacteria are always present in the oral environment. In a physiologic
fluid, the organisms propagate, and some cluster together to form
floating biofilms. Bacteria then either adhere to the protein-coated
implants, with biofilm formation proceeding in a relatively protected
niche, or localize to the bone around the implant. Nonadherent bacteria
continue to be sloughed off from the surface-bound biofilms, seeding
additional sites distant from the initial site of contamination.

others) are inhibitory to saliva-mediated agglutination of oral
pathogens (Malamud et al. 1984).

Whether in the oral or joint environment, these individual
or clumped organisms preferentially adhere to an implant sur-
face. Bacterial surface receptors and ionic interactions between
charged groups on the bacterial membrane and side chains of
the proteins(s) mediate this localization, where electrostatic
interactions, including Lifshitz-Van der Waals forces, and acid-
base bonding specifically contribute to adherence (Busscher
et al. 2010). Once adherent, organisms evidence marked meta-
bolic and phenotypic changes related to quorum sensing, fur-
ther modified by the presence of other organisms populating
the biofilm. In addition, the local oxygen tension, pH, and
hydrodynamic/mechanical effects influence cell signaling, ion
channel activity, osmotic relationships, and gene expression
(Alsharif et al. 2015).

The adherent bacterial colony grows to create a 3-dimen-
sional structure that some have compared to a tissue where the
structure, composition, and microbial content vary from region
to region (Costerton et al. 1999). For instance, bacteria that
produce short-chain fatty acids in one region of an oral biofilm
can serve as essential carbon sources for bacteria in other
regions, establishing a symbiotic relationship (Hojo et al.
2009). Likewise, the architecture of the biofilm is porous,
allowing fluid exchange and waste disposal. Since fluid flow
varies from region to region, there are marked variations in pH
within the biofilm (Costerton et al. 1999). As the biofilm
matures, bacterial numbers increase in one region, which is
offset by decreases in other regions due to a combination of
indolence and cell death. Even the dying organisms contribute
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to the structure of the biofilm by depositing their DNA into the
biofilm matrix (Otto 2013).

Once organisms are within the biofilm, there is a profound
change in metabolism, which affects antibiotic susceptibility.
Antibiotics tend to target functions of rapidly growing cells, such
as cell wall synthesis (e.g., penicillins, cephalosporins, and vanco-
mycin), protein synthesis (e.g., tetracyclines and aminoglyco-
sides), and DNA replication (e.g., floxacins), all of which are
significantly downregulated. While some antibiotics are more
effective against biofilm bacteria than others, they all show
reduced efficacy so that their minimal inhibitory concentration
(MIC) can increase by as much as 1,000-fold (Otto 2013). It is
important to emphasize that these bacteria are antibiotic recalci-
trant rather than resistant. As the biofilm matures and bacteria
slough off into the surrounding environment, antibiotic sensitivity
is restored, similar to the parent planktonic bacteria (Otto 2013).
As part of the indolence associated with biofilm bacteria, a subset
of the bacteria is thought to transition to a persister phenotype.
Persisters are bacteria that are recalcitrant to the effects of high
antibiotic levels where persister formation occurs in a small per-
centage of bacteria within even planktonic cultures exposed to
antibiotics. These persisters exist in an inactive state until antibi-
otic concentrations wane, when they emerge from quiescence. In
this way, these cells can repopulate a depleted region or initiate
biofilm formation. It has been suggested that the number of per-
sisters is significantly higher in the biofilm state than in planktonic
cultures (Lewis 2012).

Antibiotic-resistant bacteria can also form biofilms and show
reduced antibiotic sensitivity. Importantly, these resistant bacteria,
whether planktonic or localized to biofilms, are difficult to eradi-
cate at antibiotic levels that are nontoxic. Unfortunately, within
polymicrobial biofilms, conditions are ideal for acquisition of
plasmids that carry antibiotic resistance genes.

One way to minimize bacterial colonization and biofilm
formation is to create/engineer implants with surfaces that
resist bacterial adherence and/or promote bacterial killing. The
challenge is to generate surfaces that fulfill these criteria while
remaining biocompatible and promoting osseointegration.

Responding to the challenges of biofilm infectivity, lack of
healing, and its role as a nidus for infection, in vitro models
have been developed to assess how specific organisms and/or
new surfaces influence biofilm formation, the ecology of the
system, mechanisms of bacterial adherence, and proliferation
and sensitivity of biofilm organisms to antibiotics. Variables in
the models include fluid flow, bathing medium, mono- or poly-
microbial organisms, and substrate composition and place-
ment. The reader is referred to excellent reviews by McBain
(2009) and Coenye and Nelis (2010).

Implants with Antimicrobial

Surfaces: Biofilm Formation

and Osseointegration

To prevent biofilm formation on implants, 3 classes of antimi-

crobial surfaces have been created: 1) structured surfaces
where topography, often at the nanoscale, decreases bacterial

adhesion to retard establishment of infection; 2) surfaces that
actively elute antimicrobials to avert bacterial adhesion and
promote killing; and 3) surfaces containing permanently
bonded agents that generate antimicrobial surfaces that prevent
long-term bacterial adhesion.

Structured Surfaces

A variety of surfaces have been developed that decrease bacte-
rial adhesion in vitro while being biocompatible. These struc-
tures include nanoparticle- and nanotube-modified surfaces, as
well as engineered metal topographies and molecular struc-
tures. Common topographical modifications include altera-
tions in charge, hydrophobicity, roughness, and porosity
(Hasan and Chatterjee 2015). In 1 study, heat treatment and
anodization of titanium (Ti) significantly reduced bacterial
adhesion (1-2 logs). In addition, exposure to UV light caused
a further reduction in bacterial counts (Del Curto et al. 2005).
We would argue that this 1- to 2-log reduction in bacterial
adhesion may be sufficient to prevent establishment of infec-
tion in cases where the inocula are low, such as happens during
surgical procedures. Indeed, in 2 separate animal studies, we
have found that this level of reduction was sufficient to prevent
the establishment of infection (Antoci et al. 2007b; Stewart
et al. 2012). However, in a more challenging situation with high
bacterial inocula and/or decreased immune surveillance, in our
opinion, these surfaces would likely be overwhelmed. Based on
these findings, we would predict that a number of these surface
modifications would retard establishment of infection, where
some materials with such properties (i.e., the tantalum implants
[Tokarski et al. 2015]) are already in clinical use.

Elution Systems

Relevant to both dental and orthopaedic therapy, antibiotic elu-
tion systems inhibit bacterial growth and, for the most part,
prevent bacterial adhesion to the implant surface and adjacent
tissues (Jepsen and Jepsen 2016). In many systems, suprathera-
peutic levels of antibiotics are only achieved within the first
week (Humphrey et al. 1998; Bormann et al. 2014), with lower,
continued elution for some time afterward (Fig. 2). These elu-
tion systems can therefore be problematic for the following
reasons. First, an initial burst of antibiotic is often in the milli-
gram range, which is then followed by an exponential decline.
Depending on the antibiotic and the local environment (tissue
fluid volume, pH, and circulation), initial quantities can be
toxic to the already compromised bone (Antoci et al. 2007a).
Second, when antibiotic concentration is high, a small percent-
age of bacteria will convert to a persister phenotype. When
antibiotic levels wane, the persisters can regain their prolifera-
tive phenotype and, worse still, adhere to the now antibiotic-
depleted delivery system (Lewis 2012). Finally, following the
initial burst, the continued elution of antibiotics to subthera-
peutic levels enhances selection of bacteria that exhibit a sur-
vival/growth advantage. This event can foster enrichment/
emergence of antibiotic-resistant bacteria. It is important to
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note that despite these drawbacks and therapeutic implications,
these systems, although imperfect, are used quite successfully
to treat implant-associated infections (Da Rocha et al. 2015).

In dentistry, elution methods developed to treat peri-implantitis
include use of 1) antiseptics such as chlorhexidine digluconate,
2) minocycline spheres and tetracycline periodontal fibers, and
3) metals such as silver and copper (Jepsen and Jepsen 2016).
When chlorhexidine was compared to minocycline spheres,
minocycline was found to reduce pocket size (Renvert et al.
2004). In another study, the minocycline spheres did not offer
an advantage over mechanical debridement, even after 12 mo
(Bassetti et al. 2014). To date, results are inconclusive concern-
ing the best local, chemical approach, and it is not clear if they
offer an advantage over systemic antibiotic therapy and
mechanical debridement (Javed et al. 2013).

Elution systems are commonly used to prevent infection
associated with orthopaedic trauma and to treat periprosthetic
joint infection; spinal infections tend to rely on systemic antibi-
otics (Kim et al. 2010). Following debridement of damaged tis-
sue and aggressive lavage, gentamicin-eluting beads can be
implanted into a contaminated trauma site to kill bacteria and
allow placement of stabilization hardware. In the case of a peri-
prosthetic joint infection, antibiotic (often tobramycin + vanco-
mycin) release from bone cement is used to eradicate organisms
remaining in the joint and bone canal. Of course, once the anti-
biotic levels in either system drop below therapeutic levels,
there is a concern that the depleted material may serve as a nidus
for biofilm formation, as well as increasing the possibility for
acquisition of resistant bacterial strains (Hinarejos et al. 2015).

A final system relies on the elution of silver and has been
exploited for many years. The antimicrobial effects of silver
are attributed to the production of Ag" ions, which are toxic to
bacterial cells, and this toxicity is probably related to the affin-
ity of the silver for the bacterial cell membrane (Brennan et al.
2015). Silver elution/dissolution can occur over long time
periods, where its antimicrobial activity may be enhanced by
surface area and shape (Kumari et al. 2017). Silver-eluting
orthopaedic and dental implants are being developed (Matsubara
et al. 2015), although concerns about toxicity remain. This tox-
icity includes mitochondrial respiratory chain interruptions,
interactions with sulfur-containing proteins, altered membrane
permeability, and reactive oxygen species (ROS) production
(McShan et al. 2014). Despite these problems, if other tests
support sufficient biocompatibility and antibacterial activity,
silver coatings may become attractive for controlling implant
infection. As an aside, silver elution systems have been tested
in urinary catheters in vitro and have been shown to be effec-
tive against coagulase-negative staphylococci (Thomas et al.
2015). However, despite impressive in vitro results, in clinical
practice, outcomes in the urology field are mixed (Pickard
etal. 2012).

Permanent Antimicrobial Surfaces

The third type of antibacterial system depends on tethering
or cross-linking an antimicrobial molecule to the surface of

High Antibiotic Levels
May Be Toxic

Therapeutic Window

Antibiotic concentration ——p»
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time ——p

Figure 2. Elution profile of antibiotics in most controlled release
systems. The therapeutic window usually has a rapid onset but may be
maintained for up to a week. While antibiotic elution may continue for
some time, antibiotic levels eventually fall below the minimal inhibitory
concentration (MIC) and introduce the risk of allowing bacterial
overgrowth in low to subinhibitory concentrations of antibiotics that
may foster resistance.

the implant so that bacteria are killed upon adherence. These
surfaces rely on the ability of the antimicrobial agent to
retain its activity, even when covalently bonded to a surface.
Tethered antimicrobial compounds include various chitosans
and amines (Actis et al. 2013), antimicrobial peptides (de la
Fuente-Nunez et al. 2016), and antibiotics (Hickok and
Shapiro 2012).

We and others have developed the chemistry to bond antibi-
otics to metal and other tissue surfaces (Danahy et al. 2004;
Jose et al. 2005; Lawson et al. 2010). Implant metals, such as
titanium, titanium alloy, cobalt chromium molybdenum alloys,
and stainless steel, form metal oxides that are stable in the
aqueous tissue environment. Antibiotics can be attached to
these surfaces using a number of different linkages. Commonly,
antibiotics are coupled to the metal via a sulthydryl bond teth-
ered to polydimethylsiloxane (PDMS) (Lim et al. 2013).
Alternatively, despite their fragility, biodegradable hydrogels
can be bound to metal surfaces; as their chemistry can be con-
trolled to display and/or release antimicrobial agents, these
hydrogels offer a nimble platform for combatting implant
infection (de la Fuente-Nunez et al. 2016). Finally, our method
of choice has been to covalently bond aminopropyltriethoxy
silane (APTES) to the metal oxide, forming a self-assembled
monolayer (SAM) (Lee et al. 2005), which bears a pendant
primary amine. This amine can be used as a starting point for
solid-state peptide synthesis to ultimately bond antibiotics
such as vancomycin, tetracycline, and doxycycline (Fig. 3). In
our hands, commercially pure titanium and titanium alloy
(Ti6Al4V) SAMs with tethered vancomycin showed long-term
(>1 y) stability under bench conditions (Antoci et al. 2008),
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Figure 3. Synthetic steps in preparing antimicrobial surfaces. (A) Surface preparation of metal and tissues. Metal surfaces are passivated to create

a fresh, abundant oxide layer. This oxide layer is allowed to couple with aminopropyltriethoxy silane (APTES), which will form a self-assembled
monolayer on the surface of the metal. This silanization exposes primary amines, which are used for coupling of antibiotics. Similarly, tissues such

as bone are partially demineralized, which allows retention of some mechanical properties while exposing more of the charged amino acids. In the
synthesis here, these amines will be used to tether antibiotics. (B) Synthesis of permanent antimicrobial surfaces. Using the exposed amines, 2 to 4
aminoethoxyethoxy acetic acid (AEEA) linkers are sequentially coupled to bring the coupling site away from the surface. Antibiotics such as doxycycline
or vancomycin are then coupled using reactions similar to those in peptide synthesis to form a covalently tethered antibiotic surface (Antoci, King,

et al. 2007).
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whereas SAMs formed on stainless steel degraded over the
course of ~2 to 3 wk.

An important consideration is that antibiotics like vanco-
mycin and members of the tetracycline family, including the
glycylcyclines, reversibly bind to target groups within the bac-
terium. For example, vancomycin reversibly interacts with
Lys-D-Ala-D-Ala peptides to block their incorporation into the
peptidoglycan cell wall. We have shown that a vancomycin-
titanium surface can be repeatedly challenged with bacteria
and retain its biocidal activity (Antoci, Adams, et al. 2007). In
contrast, a surface bearing the antibiotic gentamicin, an amino-
glycoside, shows high biocidal activity that wanes when
rechallenged. This loss of activity is presumably due to the
antibiotic irreversibly binding to the bacterial ribosome (30S
subunit). Because the binding is irreversible, the gentamicin
surface becomes spent. In contrast, the vancomycin surface
appears to release the bacterial fragments after lysis, presum-
ably due to its reversibility (Antoci, Adams, et al. 2007).

In the design of the metal-antibiotic hybrid, it is important
to consider the relationship of the antibiotic to the adherent
organisms. Since vancomycin blocks events at the level of the
cell wall, propinquity to its target could be achieved using a
membrane-soluble linker extension. This extension would
facilitate entrance of the antibiotic into the outer layers of the
cell wall. In practice, we used 2 aminoethoxyethoxy acetic acid
linkers (AEEA) to tether vancomycin, whereas the tetracycline
family was tethered using 4 linkers (Hickok and Shapiro 2012).
How the linked antibiotic kills the bacteria is still under
investigation.

Like the surfaces that depend on topography for antimicro-
bial properties, the antibiotic-modified surfaces achieve a ~2-
to 3-log reduction in colony-forming units (CFU) with a 10
CFU/mL inoculum of S. aureus. This degree of inhibition is
dependent on the time and initial inoculum; lower inocula
show greater percent reductions; longer times, unless the sur-
face is overwhelmed, also show a trend toward sustained eradi-
cation (Ketonis et al. 2011). Others have modified either the
synthetic procedures or induced vancomycin polymerization to
slightly increase innate activity; they have found that both of
these procedures result in increased antimicrobial efficacy
(Danahy et al. 2004; Lawson et al. 2010).

Proteins derived from saliva, synovial fluid, or blood might
mask antimicrobial activity associated with these surfaces. In
our hands, serum coating of the vancomycin-titanium surfaces
did not attenuate its efficacy (Antoci, King, et al. 2007), a
result that was further confirmed by in vivo testing (Antoci
et al. 2007b). Synovial fluid causes bacterial aggregation prior
to adhesion to surfaces, and these preaggregated biofilms may
be largely protected from permanent antimicrobial surfaces. In
terms of saliva, both mixed and ducted saliva cause aggrega-
tion of bacteria and thus act in a similar manner to synovial
fluid. In addition, proteins from mixed and ducted saliva
adhere to the tooth surface, forming a pellicle, which also
serves to aggregate oral bacteria. Accordingly, while existing
models for testing antimicrobial activity against dental bio-
films include simulated saliva, perhaps the only appropriate

model is that which uses mixed saliva (Darrene and Cecile
2016). Measurement of the importance of any particular sali-
vary component is confounded by the role of media, protein
content, pH, electrolyte composition, and flow conditions, all
of which can be varied depending on the in vitro biofilm model
(McBain 2009). In summary, it is critical to assess true efficacy
using appropriate physiological fluids in vitro and with in vivo
models that test the appropriate physiological environment.

Properties of Antimicrobial Surfaces

Unlike the continuous elution associated with controlled-
release systems, permanent surfaces are stable and only release
antimicrobials when bonding is severed by mechanical or
chemical means. The amount of antimicrobial linked to a per-
manent surface is very small (3 ng vancomycin/g Ti ([Antoci,
Adams, et al. 2007]) or 1 vancomycin molecule/3.8 nm?* (Rottman
et al. 2012), compared to the mg-g quantities associated with
elution systems (Kuechle et al. 1991). Thus, for these perma-
nent surfaces, the total concentrations due to breakdown or
release are very low compared to that released if solid or liquid
antimicrobials are used (Antoci, Adams, et al. 2007). The pur-
poses of the 2 systems are thus distinct in that permanent sur-
faces do not attempt to treat the surrounding tissue but seek to
remove the implant from the possibility of bacterial coloniza-
tion and may be active over the long term; controlled-release
systems treat the surrounding tissue while remaining uncolo-
nized, but this can only be maintained during the limited period
of therapeutic antibiotic elution.

It is interesting to note that the surface-bound antibiotics
appear to have extended stability compared to their solution
half-life (Antoci et al. 2008). We have found that covalently
linked vancomycin and tetracycline surfaces were stable on the
shelf (in the dark) for many months and were active in the pres-
ence of a serum coating (Antoci et al. 2008; Davidson et al.
2015). Activity and, by implication, stability of the surface-
bound antibiotics were tested over a 3-mo period using an
infected sheep osteotomy model. Vancomycin-locking plates
achieved complete bony union with no soft tissue infection,
whereas control plates were grossly infected, with apparent
nonunion (Fig. 4). Furthermore, osseointegration was apparent
in all vancomycin-tethered implants (Stewart et al. 2012).
Using antimicrobial peptides, the stability of the tethered anti-
microbial layer has been confirmed by other workers (de la
Fuente-Nunez et al. 2016). While these may have a shorter
half-life due to protease sensitivity, this can be overcome by
using protease-resistant peptidomimics. After surface tether-
ing, these peptidomimics can achieve long-term antimicrobial
stability and activity to offer advantages with respect to tar-
geted antimicrobial activity and stability (de la Fuente-Nunez
et al. 2016).

Mechanical stability can limit utility of permanent surfaces.
The force associated with insertion of a screw into a bone, in
our experiments, is sufficient to cause bond breakage (and thus
loss of antibiotic coating) at areas of high force, such as screw
threads. Thus, testing must account for the effects of push-pull
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A

Figure 4. Osteotomies repaired with vancomycin-tethered plates (A, B) and untreated, control plates (C, D). The representative craniocaudal digital
radiograph of the site with the vancomycin-tethered plate made 90 d after osteotomy (A) is consistent with normal bone healing and callus formation
at the osteotomy site (arrow), but the site with the control plate (C) shows progressive signs of cortical thinning, periosteal disruption, and osteolysis
consistent with septic osteomyelitis at the osteotomy site (arrows). Three-dimensional reconstructed microcomputed tomography views of the same
osteotomy sites in the vancomycin-tethered (B) and control animals (D) show persistence of the osteotomy gap (arrows) in the control, with a poorly
organized lytic callus, enlarged medullary canal, and cortical thinning. Reproduced by permission from Stewart et al. (2012).

forces on the tethered implant layer. Importantly, it is unknown
whether the process of osseointegration of dental or orthopae-
dic prostheses will remove some of the tethered antibiotics.
This possible mechanical stripping of the surface coating
should be even greater for softer materials (hydrogels or poly-
mers). However, the chemical bonding of antibiotics to an
implant surface together with the acceptable mechanical stabil-
ity suggests that this kind of implant would have major advan-
tages for orthopaedic usage. Whether these types of surfaces
would benefit dental implants, especially when there is an
immune deficiency, needs further examination.

Finally, when permanent surfaces are used, questions will
always be asked about antimicrobial resistance. As noted above, 1
molecule of vancomycin would be present per 3.8 nm” of surface
(Rottman et al. 2012). These quantities, if released, are insufficient
to give a selective growth advantage to bacteria. Similarly, we
have reasoned that the surface itself would not foster antibiotic
resistance as the number of bacteria exposed to it is very small. We
have tested whether methicillin-sensitive S. aureus would acquire
vancomycin insensitivity in the presence of the permanent sur-
face. To ensure sufficient exposure, loosely adherent S. aureus
were exposed to the vancomycin-tethered surface for up to 3 mo.
At no time did the sensitivity of the S. aureus to vancomycin
change (Antoci, Adams, et al. 2007). However, if resistant bacte-
ria were cultured in the presence of the surface, it is possible that
they could populate the implant.

Conclusion and Future Directions

Currently, many new technologies are targeted for prevention
of biofilm formation on implant surfaces. While the in vitro

antibacterial effects appear to be promising, there is consider-
able variability in the test conditions employed, and therefore
it is difficult to compare between trials. Thus, investigations
using animal models that recapitulate the disease phenotype
become even more critical. If permanent surfaces that show
sustained in vitro efficacy can withstand the mechanical,
chemical, and immunological assaults associated with an
infected implant, it will be possible to significantly reduce the
implant failures and associated bone loss that accompany peri-
implantitis and orthopaedic infections.
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