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Abstract: Biofilm-related implant infections (BRII) are a disastrous complication of both elective
and trauma orthopaedic surgery and occur when an implant becomes colonised by bacteria. The
definitive treatment to eradicate the infections once a biofilm has established is surgical excision of
the implant and thorough local debridement, but this carries a significant socioeconomic cost, the
outcomes for the patient are often poor, and there is a significant risk of recurrence. Due to the large
volumes of surgical procedures performed annually involving medical device implantation, both in
orthopaedic surgery and healthcare in general, and with the incidence of implant-related infection
being as high as 5%, interventions to prevent and treat BRII are a major focus of research. As such,
innovation is progressing at a very fast pace; the aim of this study is to review the latest interventions
for the prevention and treatment of BRII, with a particular focus on implant-related approaches.
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1. Introduction

Orthopaedic implants are medical devices, used in both elective and emergency
trauma surgery, which perform numerous functions including fracture stabilisation, de-
formity correction, joint reconstruction, and act as anchor points for soft tissues recon-
struction [1]. Early orthopaedic implants were engineered to purely transmit and resist
mechanical forces necessary to perform their function whilst remaining biologically inert;
however, modern implants also have the ability, through the local delivery of molecules
and surface coatings, to enhance bone healing and osseointegration whilst reducing the
foreign body reaction and the risk of infection [1].

Implant-related infection occurs following approximately 5% of all elective and emer-
gency orthopaedic procedures and is a serious surgical complication. Treatment often
results in revision surgery, which has high levels of associated morbidity and financial
costs; some cases result in amputation and death [2–6]. Once an infection colonises the im-
plant, a sessile bacterial community is established called a biofilm; biofilm-related implant
infections (BRII) are a considerable healthcare burden and account for approximately 65%
of all healthcare bacterial infections [7].

Orthopaedic implant-related infection cannot be simply prevented by implant design
and implant surface characteristics; instead, it must be considered in the wider context of
prevention strategies including patient, surgical, and healthcare factors (Table 1); however,
the implant surface has the potential to be the final line of defence against microbial
attack [1].
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Table 1. Prevention of orthopaedic implant-related infection.

Prevention of Orthopaedic Implant-Related Infection

Optimisation of Preoperative Medical Conditions

Systemic prophylaxis in a 24-h regimen

Good clinical and logistic practice in operating rooms

Optimal air conditions

Shorter surgical interventions

Anti-infective coatings and implants

Optimal postoperative treatment

Direct inoculation of the surgical site can occur intraoperatively when bacteria enter
from the local operating room environment (e.g., from the air or surfaces, surgical equip-
ment, medical staff clothing) or the wound can be directly inoculated from bacteria found
on the patient’s skin and body [1]. After surgical site contamination, the bacteria still
need to adhere to the implant surface in order to establish a BRII; the “race to the surface”
hypothesis proposed by Gristina, although simplistic, does allow the conceptualisation of
the competition between the host’s cells and invading bacteria to adhere, replicate, and
colonise the foreign surface of an implantable medical device [8,9] (Figures 1–3).

BRII is clearly an important challenge in orthopaedic surgery with our understanding
continually advancing and novel treatment strategies being developed. The purpose of
this article is to review the most recent advances in strategies to combat infections due to
biofilm-forming bacteria on orthopaedic implants. Following discussion of the biofilm and
the bacterial species associated with it, we will discuss novel implant surface technology
including passive and active surface modification; the use of local carriers and coatings,
and biofilm eradication strategies.

For the purposes of this review, a bibliographic search was carried out on PubMed
using the search string: [biofilm orthopedic implants], resulting in 817 articles, of which
142 papers were finally analysed because they were directly related to novel strategies to
prevent and treat biofilm-forming bacteria on orthopaedic implants.
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Figure 1. (a–d). Staphyloccocus aureus infection of a primary total knee arthroplasty (TKA): (a) Preoperative radiograph 
showing severe knee osteoarthritis; (b) Intraoperative image showing severe joint degeneration caused by osteoarthritis; 
(c) Immediate postoperative radiograph showing the implanted primary TKA (posterior stabilised cemented); (d) Radio-
graphic image 5 months postoperatively showing severe osteolysis of the femoral condyles (arrows) due to periprosthetic 
joint infection (PJI). This patient required a two-stage revision arthroplasty in order to cure the infection. 

Figure 1. (a–d). Staphyloccocus aureus infection of a primary total knee arthroplasty (TKA): (a) Preoperative radiograph
showing severe knee osteoarthritis; (b) Intraoperative image showing severe joint degeneration caused by osteoarthritis;
(c) Immediate postoperative radiograph showing the implanted primary TKA (posterior stabilised cemented); (d) Radio-
graphic image 5 months postoperatively showing severe osteolysis of the femoral condyles (arrows) due to periprosthetic
joint infection (PJI). This patient required a two-stage revision arthroplasty in order to cure the infection.
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Figure 2. (a–d). Images of the same patient in Figure 1 relative to the first stage of the two-stage revision arthroplasty: (a) 
Image of the surgical field highlighting two fistulas caused by infection (arrows); (b) Femoral and tibial prosthetic com-
ponents removed (white arrow) and antibiotic-loaded articulated spacer (red arrow) to implant; (c) Intraoperative image 
showing the articulated spacer already implanted (asterisk) and bone cement with gentamicin (green color) placed in the 
patellar component (arrow); (d) Postoperative radiograph showing the articulated spacer implanted. 

Figure 2. (a–d). Images of the same patient in Figure 1 relative to the first stage of the two-stage revision arthroplasty:
(a) Image of the surgical field highlighting two fistulas caused by infection (arrows); (b) Femoral and tibial prosthetic
components removed (white arrow) and antibiotic-loaded articulated spacer (red arrow) to implant; (c) Intraoperative
image showing the articulated spacer already implanted (asterisk) and bone cement with gentamicin (green color) placed in
the patellar component (arrow); (d) Postoperative radiograph showing the articulated spacer implanted.
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Figure 3. (a–c). Images of the same patient of Figures 1 and 2 relative to the second stage of the two-stage revision arthro-
plasty: (a) Intraoperative image after removal of the articulated spacer; (b) Intraoperative image with the new prosthesis 
implanted; (c) Postoperative radiograph of the implanted prosthesis (rotating hinge total knee arthroplasty). 

Figure 3. (a–c). Images of the same patient of Figures 1 and 2 relative to the second stage of the
two-stage revision arthroplasty: (a) Intraoperative image after removal of the articulated spacer;
(b) Intraoperative image with the new prosthesis implanted; (c) Postoperative radiograph of the
implanted prosthesis (rotating hinge total knee arthroplasty).
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2. Bacterial Biofilm in Implant-Related Infections

A bacterial biofilm is a colony of sessile bacteria irreversibly anchored to the implant
surface and contained within a self-produced matrix known as extracellular polymeric
substance (EPS), containing mainly polysaccharides, lipids, proteins, and extracellular
DNA [10,11] (Figure 4).
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In nature, 99% of bacteria exist inside biofilms, and the constituent biofilm bacteria
exhibit an altered phenotype, growth rate, and gene transcription compared to planktonic,
free-floating bacteria in suspension [10–12]. Bacterial biofilms display emergent properties:
that is, properties that are not predictable from study of the planktonic cells from which they
emerge [12]. These properties give the biofilms a significant survival advantage, making
them extremely resilient to host immune or conventional anti-microbial therapies; they have
been shown to be up to 1000× more resistant to antibiotic eradication, which ultimately
results in the recalcitrance and recurrence of biofilm-related implant infection [13–16].

A biofilm is a complex three-dimensional aggregation of microorganisms, which can
be single or multiple species, embedded within the EPS, which has its own internal archi-
tecture and nutrient circulation [6,15]. The amount of EPS depends upon the maturity of
the biofilm, with one of the most important characteristics of biofilms being the increased
tolerance it gives the constituent bacteria to antimicrobial agents due to a combination of
advantages offered by its 3D structure as well as the utilisation of conventional resistance
pathways; there is decreased antibiotic penetration (EPS acts as a barrier to polar or charged
antibiotics and demonstrates antibiotic chelating activity as well as nutrient and chemical
diffusion gradients, limiting penetrance through the biofilm), differential bacterial growth
rates (ineffective antimicrobial action and tolerance in slowly or non-dividing cells and
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even the existence of a dormant persistor-state), the induction of resistance mechanisms
(such as efflux pumps) and local horizontal gene transfer due to the bacterial cell proxim-
ity [15]. Biofilm antibiotic resistance and tolerance mechanisms differing depending on the
antimicrobial agent, the bacterial strain and species, the age and developmental phase of
the biofilm, and the biofilm growth circumstances [17–21].

3. Bacteria in Orthopaedic Implant-Related Infections

The most common bacteria responsible for orthopaedic BRII are Gram-positive staphy-
lococcal species namely Staphylococcus aureus (S. aureus) and coagulase-naegative staphylo-
cocci such as Staphylococcus epidermidis (S. epidermidis), although multiple Gram-positive and
negative organisms have been found to be responsible for BRII, and the infection can be
caused by a single organism or be polymicrobial [22]. The typical infective species vary
by anatomical site: for example, Cutibacterium acnes (C. acnes) is more prevalent in areas
with higher concentration of pilosebaceous follicles of the skin, i.e., the face, neck, shoulder,
and back. Therefore, C. acnes is most typically found in BRII following shoulder and
spine surgery [23]. Acute aggressive implant infections are often caused by more virulent
pathogens such as S. aureus where more indolent chronic infections are typically caused by
commensal bacterial that form part of the skin’s microbiome, such as S. epidermidis, where
their role in opportunistic biofilm-associated implant infection is well established [24].
In a recent study utilising a murine septic implant model, it was observed that when
S. epidermidis biofilm was established, it inhibited bone integration at the implant interface
and stimulated a pro-inflammatory environment, causing incomplete osseous integration
of the implant, but without the aggressive osteolysis, reactive bone formation, or marrow
ablation seen with S. aureus species [25]. This chronic indolent BRII, often with oppor-
tunistic commensal bacteria, is often missed or diagnosed as aseptic loosening due to the
lack of overt clinical signs and symptoms as well as negative diagnostic tests including
culture-negative samples; it has been reported that up to 42.1% of orthopaedic prosthetic
joint infection (PJI) is culture negative [26]. With respect to polymicrobial infection on
implant material, a recent study demonstrated the synergistic benefit to micro-organisms
in polymicrobial biofilms; in this in vitro study, a combination of S. aureus and Escherichia
coli (E. coli) were able to independently establish a biofilm on the surface of implant grade
titanium; however, in co-culture, the combined S. aureus–E. coli biofilm that formed was
significantly more complex and had a higher number of bacteria than that of the simple
S. aureus or the simple E. coli biofilms, demonstrating the mutual benefit in polymicrobial
biofilm formation [27].

S. aureus and S. epidermidis are proficient biofilm-forming bacteria. As well as the
immune and pharmacological tolerance conferred by the biofilm, there are also increasing
rates of antimicrobial resistance seen in isolate strains causing BRII [28]. Infection caused
by multidrug-resistant organisms (MDROs, i.e., those with resistance to more than one
antimicrobial drug) results in inadequate or delayed antimicrobial treatment and is asso-
ciated with poorer outcomes [29–31]. In a recent study, there was an attempt to untangle
the degree of antimicrobial tolerance/resistance in BRII afforded by either the inherent
drug resistance of the isolate strain or the protection offered by biofilm formation; over a
4-year period, clinical bacterial isolates were collected from patients with BRII, and the
most common strains were S. epidermidis (42%) followed by S. aureus (15.6%) [32]. The
clinical isolate strains were tested to determine their inherent anti-microbial resistance and
also their ability to from biofilms in vitro, which is determined by counting colony-forming
units, metabolic activity, and biofilm complexity using scanning electron microscopy, and
they found that isolates that were inherently less tolerant to multiple antibiotics were better
at forming biofilm in vitro, which likely gave them antimicrobial tolerance in vivo [32].

The combination of innate antimicrobial resistance and the protection conferred by
the biofilm structure means that the minimum inhibitory concentration (MIC) of antibiotics
required to be available locally is very high [33]. As a result, antibiotics, if given, are
usually present in subinhibitory concentrations, which in turn can actively promote biofilm
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formation. A recent study has demonstrated the effect of subinhibitory concentrations
of azithromycin on promoting Pseudomonas aeruginosa biofilm formation using species
isolated from large joint infections [34]. In another recent study, subinhibitory antibiotic
concentrations were demonstrated to increase the number and total protein content of
extracellular vesicles (a bacterial communication system that contain a range of cargo
molecules including nucleic acids, proteins, lipids, and enzymes and have been observed
in several Gram-positive species) in S. epidermidis, which cause a modulation in cellular
growth rate and cellular division time as well as altering cellular adhesion [35].

Much of our understanding of the microbial behaviour of BRII comes from in vitro
studies, and a diversity of approaches have been used [33,36–44]. Additionally, clinical,
wild-type, bacterial isolates demonstrate phenotypical characteristics that differ signifi-
cantly from typical laboratory reference strains of the same species; clinical samples tend
to be more avid biofilm formers, and bacteria isolated from the disruption of biofilms
through sonication form biofilms more readily than organisms obtained through aspiration
of joint fluid [11,45]. Ultimately, any in vitro model of orthopaedic BRII is a compromise
between creating a realistic model of the in vivo environment versus creating a versatile
model that can be reproduced, so any in vitro result must be taken in this context [46].
Table 2 summarises recent publications on different strategies to reduce biofilm formation
on orthopaedic implants.

Table 2. Summary of recent publications on different strategies to reduce biofilm formation on orthopaedic implants.

Summary of Recent Publications on Different Strategies to Reduce Biofilm Formation on Orthopaedic Implants.

Local administration of nanotube-based antibiotics could be a good future strategy to combat infections associated with
orthopaedic implants.

Combination of silver-containing hydroxyapatite coating and vancomycin reduces the formation of MRSA biofilms and, therefore,
could be useful to prevent and treat periprosthetic joint infections.

Peptide-coated surface with micropatterned topography can reduce adhesion and subsequent biofilm formation on orthopedic implants.

An effective strategy to eliminate biofilms is to use phages or lysins in combination with antibiotics.

Bacteriophage-encapsulating hydrogels may be useful for treating local bone infections.

Implants with uniform surfaces and minimal imperfections can reduce the ability of bacteria to adhere to them.

Sponge-associated Enterobacter 84.3 is a source of substances capable of eradicating staphylococcal biofilm.

The lipopeptide produced by Bacillus subtilis ATCC 19,659 may be of great interest in the future to avoid infections related to
orthopedic implants.

MRSA = Methicillin-resistant Staphylococcus Aureus

4. Novel Implant Surface Technology

Great efforts have been made to devise materials and coatings that prevent or retard
bacterial adhesion and hence the formation of biofilms. Bacterial adhesion to surfaces
is controlled by physicochemical factors (including surface chemistry, topography, and
roughness), bacterial properties (including bacterial hydrophobicity, surface load, and cell
size), and environmental parameters (including flow rate, temperature, and pH) [47]. The
interaction between bacteria and implant surfaces is balanced between electrostatic and
van der Waals forces, and if the bacteria have enough energy to overcome the energetic
barrier, then they can become strongly and irreversibly adhered to the material surface [47].

Despite the multifactorial causes that lead to BRII, bacterial adhesion to the implant
surface is a common and essential step in all instances. This is an excellent therapeutic target
to eradicate biofilm infection before it has even become established and at a stage when
the bacteria are still susceptible to conventional antibiotics and host immune attack [48].
The ideal implant surface would be one that minimises bacterial adhesion, inhibits biofilm
formation, and confers an effective bactericidal action [49]. Much research has been
undertaken in this area, and due to the myriad of possibilities and to compare novel
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strategies, the different technologies have been classified into passive surface modification,
active surface modification, and local carriers and coatings [49].

5. Passive Surface Modification

All commonly used orthopaedic implant materials are susceptible to colonisation by
biofilm-forming bacteria including ceramics, cobalt–chromium, polyethylene, poly-methyl
methacrylate, and titanium alloys [50,51]. On implantation, the implant surface is almost
completely and instantaneously covered in a proteinaceous layer (including extracellular
matrix proteins and immune protein components), and this process is determined by the
wettability and surface chemistry of the implant material [22,52]. Numerous surface factors
affecting bacterial adhesion have been investigated including chemical structure, surface
roughness, hydrophilicity, Z potential, and surface free energy, but in general, the more
inert a surface, the less likely it is to bind bacteria or host conditioning proteins, which
then in turn will bind bacteria [52–54]. Certain surface characteristics are more attractive to
different types of bacteria in different environmental conditions depending on their surface
charge and hydrophobicity; however, surfaces that appear least attractive to bacteria tend
to exhibit hydrophilic, highly hydrated, and non-charged properties, although there are
numerous examples in nature of anti-adhesion super-hydrophobic surfaces [48]. The aim
of passive surface modification (PSM) is to reduce bacterial adhesion through altering the
implant surface chemistry and/or surface structure modification without local release or
surface capture of bactericidal agents [49]. PSM can involve materials already in use or
novel materials or coatings.

Metals
The tendency of specific bacteria to colonise specific materials may need to be taken

into account when choosing implants in specific clinical situations; in a recent in vitro study,
C. acnes demonstrated greater initial attachment and biofilm formation (in the first 24 h) to
polyether ether ketone (PEEK) as compared to cobalt chromium (CC), stainless steel (SS),
titanium, and titanium alloy and should be considered in designing shoulder and spine
implants, which are regions where C. acnes BRII is more common [23]. Smooth implant
surfaces appear to discourage the adherence of bacteria, and the converse also appears to
be the case; in a recent in vitro study, it was noted that areas of surface imperfections or
rougher microtopography harboured the greatest bacterial presence [23,47].

Ceramics
Ceramics have been shown to display advantageous physical–chemical surface proper-

ties to deter biofilm formation in vitro compared to other implant materials demonstrating
reduced bacterial adhesion and slower biofilm development, and there has also been clini-
cal evidence of increased bacterial counts on polyethylene liners compared with ceramic
in BRII [55–58]. In some large cohort studies, it has been demonstrated that after two
years post-surgery, there is reduced incidence of infective revision with ceramic bearings
compared to other bearing surface combinations, although this delayed effect may not
be purely due to the enhanced physical–chemical surface properties but could instead
be due to the tendency for bioceramics to undergo little surface degradation compared
to metals and polymers, and therefore retain their surface smoothness in the medium to
long term [55,59]. More recently, ceramicised metal bearings, such as zirconium oxide,
titanium niobium nitride, or titanium nitride, have been developed as a potential solution
to prevent metal sensitivity after arthroplasty [60–64]. The ability of ceramicised metals
to deter BRII has not been fully established; however, in a recent study, microbial affinity
with a titanium-niobium nitride (TiNbN) coating was assessed against common bacterial
species that cause BRII; the TiNbN surface had significantly less S. aureus and S. epidermidis
adhered in the two hours of contact compared to CoCrMo, but no difference is found with
Pseudomonas Aeruginosa or Candida albicans; however, there was no significant difference in
biofilm formation [65]. Oxinium, oxidised zirconium–niobium alloy, has also been assessed
in vitro and showed no significant reduction in adherence compared to common implant
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materials and was actually significantly more attractive to bacteria than Co-Cr-Mo, which
was more hydrophobic [66,67].

Nanopatterning
Most novel PSM strategies remain in the preclinical development phase including the

modification of the implant surface topographically by the application of a nanopatterning
(modifying the surface finish at the nanometer scale) typically on titanium or titanium
alloy implants, including the creation of surface nanopores using hydrothermal treatment,
the fabrication of nanotube arrays, or surface nanowires, which has demonstrated efficacy
in vitro at deterring biofilm formation [68–72]. The chemical modification of implant
surfaces by the application of polymer coatings, including hydrophilic polymethacrylic
acid, polyethylene oxide, or protein-resistant polyethylene glycol to the surface of titanium
implants results in a significant inhibition of bacterial adhesion [49]. In a recent study,
both these techniques were combined, a nanopatterned coating mimicking shark skin was
subsequently coated with a peptide-based coating and then inoculated with E. coli and
S. epidermidis, thus combining a topographical and chemical PSM anti-microbial surface
technology; both surfaces on their own demonstrated efficacy compared to a control smooth
surface, but the surface modifications acted synergistically with a dramatic reduction in
bacterial cell adhesion and biofilm formation [73].

Ultraviolet Irradiation of Titanium Dioxide
PSM strategies described and trialled in vitro include the ultraviolet irradiation of tita-

nium dioxide, which has been shown to increase the wettability of the material surface, and
this decreased bacterial adhesion without affecting osteointegration [74], the modification
of the crystalline structure of the surface oxide layer to create an anti-bacterial surface [1],
and the efficacy of hydrophobic and super hydrophobic surface treatment technologies
have also shown to have an anti-bacterial adhesion effect [75].

Biosurfactants
Another PSM strategy that is low toxicity and biodegradable is the use of biosur-

factants; in one in vitro study, using the biosurfactant lipopeptide, produced by Bacillus
Subtilis ATCC 19,659, to precondition titanium and stainless steel reduced the adhesion
of E. coli and S. aureus [76]. In a rabbit PJI model, grit-blasted pure titanium implants
were coated with cross-linked albumin and compared against an uncoated control and
were exposed to S. epidermidis before implantation; the cross-linked albumin implants
experienced a lower infection rate than the uncoated implants [77].

Bioactive Glass
Bioactive glass is being investigated as a potential implant surface coating due to

the osteoconductive properties due to the formation of a carbonated hydroxyapatite layer
which forms after emersion in aqueous solution, but the adherence of this surface to bacteria
is still being investigated [78,79]. BGF18, a bioactive glass containing SiO2-Na2O-K2O-
MgO-CaO-P2O5-coated titanium was assessed against a titanium control and inoculated
with Candida albicans, Pseudomonas aeruginosa, and S. epidermidis; the study found that initial
(up to 8 h) bacterial adhesions were reduced with the BGF18 coating; however, interestingly,
at 48 h, the biofilm established on the BGF18 surfaces was thicker, and it is postulated
that this may be due to glass consumption augmenting biofilm formation; the authors
reached the conclusion that BGF18 could potentially prevent infection in situ if the implant
is exposed to small bacterial concentrations [79]. In another recent study on BGF18, no
clear inhibitor effect on Candida albicans, Pseudomonas aeruginosa, and S. epidermidis biofilm
growth was seen; however, the BGF18 surface did appear to modulate virulence factor gene
expression, which is assessed through real-time PCR, although further work is needed to
determine the significance of this finding [78].

Bioactive Molecules
One concern regarding anti-adhesive coatings is the potential to impair osteoblast

adhesion and then osseointegration, leading to early mechanical failure; this has been
countered with the inclusion of bioactive molecules such as arginine–glycine–aspartic acid
(RGD) peptides and sericin, which can restore or even improve this, and nanopatterned
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materials have been shown to promote the organisation and proliferation of fibroblasts and
osteoblasts at their surface [68,69,71,80,81].

6. Active Surface Modification

Active surface modification (ASM) consists of coatings that feature pharmacologi-
cally active pre-incorporated bactericidal agents, such as antibiotics, antiseptics, metal
ions, non-metal ingredients (e.g., iodine, selenium), organic molecules, and their combi-
nations [49]. ASM may be either contact killing or drug eluting and can be degradable or
non-degradable [49]. The bactericidal actions in ASM include inhibiting cell respiration or
division, cell wall formation, the bacterial signalling network, as well as inhibition of the
transition from free-floating bacteria to aggregates in the biofilm [49]. To consider ASM
coatings, we can further split this class into inorganic and organic molecules.

Inorganic Molecules
The most commonly used inorganic metal ion coating is silver, with established

products already on the market (Figure 5); the coating functions as dissolved biochem-
ically active silver cations that interfere with bacterial cell membrane permeability, cell
metabolism, and create reactive oxygen species, giving it broad-spectrum activity against
both Gram-positive and Gram-negative bacteria, fungi, protozoans, and viruses [49,82,83].
However, with a silver coating, there is a risk of host silver toxicity; locally elevated silver
concentrations are toxic to osteoblasts, and this may be implicated in osteolysis prosthe-
sis loosening. This theoretical risk should be balanced against the safety and efficacy of
silver-coated megaprostheses, which have been demonstrated in clinical studies [84–92].
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The addition of silver to hydroxyapatite (Ag-HA) coating has been assessed to amelio-
rate the enhanced bacterial affinity to the hydroxyapatite-coated surfaces demonstrated
in both laboratory and clinical studies, especially given the excellent ingrowth and en-
hanced osteoconductivity that the HA offers [93,94]. Here, 3% silver-HA demonstrated a
reduction in the bound methicillin-resistant S. aureus and good hydroxyapatite-forming
ability, which is a measure of bioactivity, in vitro, and an increase in osteoconductivity in
animal models [95–97]. In animal studies, the safety profile, with respect to cytotoxicity,
has been assessed, and the efficacy of the osseointegration of Ag-HA coatings has also
been previously demonstrated [97,98]. In a recent animal study, the synergistic effects
of Ag-HA and vancomycin (antibiotic) were demonstrated in a rat methicillin-resistant
S. aureus infection model where the biofilm that adhered to the Ag-HA disc was thinner
and smaller than the plain Ti-disc, but when Ag-HA was combined with vancomycin, the
viable counts in vivo were least [99].

Silver nanoparticles (AgNP) coatings have also been applied to CoCr and titanium
alloy nanostructured materials and assessed using an American Standard Test Method-
E2647-13 (an industry standard to assess the quantity of Pseudomonas aeruginosa grown in a
drip flow biofilm reactor in low shear and continuous flow); however, in this study, there
was no benefit seen with the additional AgNP coating. Instead, it served only to upregulate
the Pseudomonas aeruginosa virulence factors [100].

Metal ions other than silver have been assessed as anti-microbial coatings including
copper (Cu) and zinc (Zn); in a recent paper, these were combined to make a series of
Zn-Cu alloys. After mechanical and biocompatibility testing, the Zn-2Cu alloy was further
assessed to determine its anti-bacterial activity; the biodegradable Zn-2Cu alloy demon-
strated strong anti-microbial activity, preventing bacterial adhesion and biofilm formation
against methicillin-resistant S. aureus and S. epidermidis strains as well as downregulated
the expression of genes related to wall synthesis, adhesion, colonisation, biofilm formation,
autolysis, and secretion of virulence factors [101]. Similarly, zinc oxide nanomaterials have
been demonstrated to prevent bacterial surface adhesion. Li et al. explored the potential
mechanisms of action [102]. Direct contact killing; reactive oxygen species (ROS) produc-
tion; and released zinc ion inactivation were all found to play a role in deterring bacterial
adhesion. These toxic effects caused the destruction of bacterial membrane, denaturation
of enzyme, and inhibition of cellular respiration and deoxyribonucleic acid replication,
producing leakage of the cytoplasmic content and eventual cell apoptosis.

Non-metallic elements, including hydrogen, chlorine, and iodine have been tested
in vitro, but questions remain over long-term toxicity; however, in a clinical trial, long-term
excellent results have been seen in iodine-coated titanium megaprostheses [49,103]. Other
non-metal ions, such as selenium, bound covalently to titanium alloys, have demonstrated
efficacy in vitro at reducing the adhesion of S. epidermidis but not of osteoblasts [104].

Organic
Organic ASMs include antibiotic, coated, or covalently linked (e.g., antibiotic-loaded

D-poly-lactate acid/gentamycin-coated intramedullary nails), which are coatings that
have been utilised to good effect. However, concerns exist over the efficacy of surface-
bound antibiotics, including their limited interaction range relative to their bound po-
sition, their effectiveness against only specific bacteria, and the potential for bacterial
resistance [49,105–109]. Titanium nanotubes (NT) have been utilised as carriers of bacterici-
dal chemicals coupled with the enhanced osseointegration found with titanium nanotube
surfaces [110]. Gentamicin-charged nanotubes can significantly improve anti-bacterial
capacity and encourage increased osteoblastic functionality, but again, concerns exist over
antibiotic resistance associated with the use of depot antimicrobials [111].

Other organic ASM molecules including chlorhexidine, chloroxylenol, and poly-
hexamethylenebiguanide have been shown to be efficacious and may potentially avoid
drug resistance [49]. Titanium nanotubules can be loaded with andrographolide, a tradi-
tion herbal medicine with known anti-inflammatory properties as well as more recently
demonstrated anti-bacterial properties; in one study, the nanopatterning demonstrated
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biocompatibility, increasing the proliferation of mesenchymal stem cells on the surface as
well as limited anti-biofilm activity, but the andrographolide-loaded NT inhibited biofilm
formation, which was likely by the elimination of free floating bacteria in suspension,
by the local andrographolide release, prior to surface attachment over the time period
of the in vitro study [110]. The use of sphingosine, a naturally occurring amino alcohol,
was investigated as a surface coating for steel and titanium wires, which significantly
reduced bacterial adhesion, demonstrated bacterial colonisation, and significantly reduced
biofilm formation on implant surfaces with concentrations greater than 5 µM [112]. An-
other organic ASM, chitosan, a cationic linear polysaccharide derived from chitin—an
abundant biopolymer in insect and crustacean exoskeletons whose mechanism of action is
not fully described, but it exhibits anti-bacterial and antifungal activity when coated over
titanium alloys—also demonstrates anti-bacterial effects either alone or together with other
anti-microbial agents [49,113].

More complex ASM involve multifunctional surface layers combining anti-adhesive
and anti-microbial substances and often compounds to enhance tissue integration; one such
layer that has shown efficacy in vitro is the anti-adhesive polymer brush coating with anti-
microbial peptides (AMP) (naturally occurring substances that have broad anti-microbial
action against bacteria, fungi, and viruses, and their mechanism of action includes creating
pores in microbial cell membranes causing lysis, and they are less prone to microbial
resistance compared to conventional antibiotics) and RGD peptides, which reduce bacterial
adhesion and biofilm formation as well as enhance tissue integration [80]. Smart coatings
have also been designed to sense the presence of bacteria and then deliver their anti-
microbial “payload”, but challenges persist with this technology that need to be overcome
before translation into clinical care [48,114]. Qiu et al. reviewed the use of anti-microbial
polymers as surface coatings to prevent adhesion, including polypyridine (PPy) deriva-
tives, poly ionic liquids, guanidine-functionalised polymers, conjugated oligomers (COEs),
dendritic polyethylene imine (PEI), and anti-microbial peptides. These are generally at
preclinical stages of development but hold promise as non-antibiotic ASM agents [115].

7. Local Carriers and Coatings

Local carriers or coatings, which may be biodegradable or not, are applied at the time
of surgery and can be applied to the implant itself or the peri-implant environment [49]. A
key benefit is that they can be used in conjunction with a conventional implant. Antibiotic-
eluting PMMA has a long-established clinical practice; however, questions still remain over
its use as a carrier, as antibiotic concentrations may not reach the MBEC and sub-therapeutic
doses, as described, may encourage of antibiotic tolerance and biofilm formation [49].

Drug Carriers
Titanium implants are widely used in trauma and elective orthopaedic practice, but

similar to other metals, bacteria can readily form biofilms on titanium implants. Wang et al.
describe the creation of an array of titanium dioxide nanotubes (TNTs) on the surface of
titanium implants using anodic oxidation. These are proposed to be beneficial to bone
ingrowth but could also be used as drug carriers to confer anti-infective properties to the
material [116].

Hydrogel Carriers
A recent strategy has been to design hydrogels with the desired drug elution proper-

ties, i.e., high short-term post-implantation antibiotic concentrations above the level that
can be achieved by intravenous delivery at a time when the implant is at most risk of coloni-
sation, and which can be loaded with the desired antibiotic regime intra-operatively [117].
One example is a defensive anti-bacterial coating (DAC) that consists of covalently linked
hyaluronan and poly-D,L-lactide that undergoes complete hydrolytic degeneration within
72 h, which releases its pre-loaded antibiotics (Figure 6).
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In a multicentre randomised controlled trial for the plate osteosynthesis of closed
fractures following trauma, it has shown efficacy and a good safety profile [118], and in
another recent study, it has tended toward better outcomes when used at second-stage
(conversion from antibiotic-loaded spacer) hip revision for prosthetic hip infection [119].

Biphasic Ceramic Carrier
Another novel strategy uses a biphasic ceramic-based drug delivery system, a biphasic

nanohydroxyapatite/calcium sulphate carrier; a recent paper combining in vitro analysis
and computer modelling demonstrated that this void filler not only has the potential to
promote bone regeneration, it also demonstrating desirable, controlled, and sustained
drug release, which would make it an excellent treatment strategy for bone and joint
tuberculosis [14].

8. Biofilm Eradication Strategies

Whilst the strategies outlined above exist with the aim of preventing biofilm formation,
there remains a need to treat biofilms that have already formed. With established BRII, the
only current treatment to ensure complete resolution of the infection is surgical excision of
the colonised implant and thorough debridement of the peri-implant environment, as our
current therapeutics only serve to suppress, not eradicate, the infection. Novel strategies
have been researched to eradicate the biofilm in situ, but so far, there has been limited
translation into clinical practice.

Bacteriophages, viruses that specifically infect and kill their bacterial hosts, have been
investigated as a treatment strategy due to the rise in anti-microbial resistance, and they
have been utilised in some clinical studies demonstrating safety and possible efficacy [120].
Phage-derived lysins, enzymes that cleave peptidoglycan—the main component of the
bacterial cell wall, which induces cell lysis—have also been utilised often in combination
with bacteriophages and antibiotics [120]. A recent animal study demonstrated the effi-
cacy of a bacteriophage in combination with antibiotics at reducing the bacterial load in a
S. aureus PJI model; both the bacteriophage and vancomycin antibiotic alone demonstrated
modest decreases in the bacterial load, but in combination, they demonstrated a 22.5-fold
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reduction, which although promising would still be a more appropriate adjunct to current
treatments rather than an eradication therapy alone [121]. In another animal study, hydrox-
ypropyl methylcellulose coating was used as a local delivery system for bacteriophages
capable of self-multiplication and/or linezolid antibiotics into a murine BRII model where
the mice were inoculated with MRSA post-implantation; the dual approach was capable of
preventing and treating the implant infection; however, it is likely that the main action was
in preventing the biofilm formation rather than biofilm eradication [122]. An injectable
hydrogel has also been developed that is capable of encapsulating the bacteriophages
against Pseudomonas aeruginosa and bringing the active phage to areas of bone infection; a
recent study demonstrated that the bacteriophages retain their bacteriolytic activity after
encapsulation and release from the hydrogel deliver systems and did not influence the
metabolic activity of human mesenchymal stromal cells; the bacteriophage-encapsulating
hydrogels were able to show efficacy in reducing bacterial cell counts in a murine BRII
model seven days after implantation [123].

The use of sphingosine, a naturally occurring amino alcohol, was previously discussed
as a novel implant coating, and the efficacy in solution has also been demonstrated in
the eradication of 99.999% of sessile S. epidermidis biofilm grown on orthopaedic implant
material in vitro, although the authors do note that its effect on host tissue in vivo has not
been examined [112].

Another potential biofilm eradication treatment to be trialled in vitro is the use of the
aqueous extract from marine sponge-isolated Enterobacter strain 84.3, which was selected
from 85 bacterial isolates after initial tests suggested it was likely to include some anti-
biofilm agent. In the study, the 84.3 extract was able to significantly reduce the biofilm
of the S. epidermidis and S. aureus species as well as being non-toxic to mammalian cells,
although the specific anti-biofilm substance or substances remain elusive [28].

The use of conventional antibiotics to inhibit and eradicate S. aureus biofilms has
been previously assessed, and the biofilm eradication concentration is known to be many
factors greater than in free floating cells; however, in a recent in vitro study, this assertion
was tested against a single laboratory strain of S. aureus where the authors were able
to demonstrate biofilm eradication with Rifampicin, whose minimum biofilm inhibitory
concentration (MBIC) and minimum biofilm eradication concertation (MBEC) were similar
(80 ng/mL), and vancomycin, whose MBIC was 1 µg/mL and MBEC was 6 mg/mL [124].
This paper also underlines the importance of choosing anti-microbial agents such as
rifampicin, which disrupts bacterial DNA transcription and whose mechanism of action is
appropriate to BRII as opposed to anti-microbials that target cell wall synthesis, which are
more effective in rapidly dividing cell lines [124]. Another antibiotic therapy is dalbavancin,
a semi-synthetic lipoglycopeptide antibiotic that was assessed using a rat MRSA-PJI model,
and they found that although treatment for 14 days demonstrated a marked decrease in
the number of CFUs, signs of biofilm-induced infection prevailed, and they concluded that
further studies should be conducted to evaluate the potential of dalbavancin in treating
orthopaedic BRII MRSA infections [125]. In another study on dalbavancin, there were
achievable concentrations in bone and joint tissue, and the antibiotic showed potent activity
against staphylococcal biofilms. Furthermore, compared to vancomycin, dalbavancin was
more effective [126].

Another novel treatment strategy is the use of radioimmunotherapy to target plank-
tonic and biofilm state bacteria, and the efficacy has been demonstrated: it had the ability
to create specific antibodies to target cell wall teichoic acids that were bacterial cell and
biofilm-specifically charged with an alpha-emitter Bismuth-213 to selectively kill S. aureus
cells in vitro both in planktonic and biofilm states [127].

Another novel strategy is the use of engineered cationic amphipathic peptide, WLBU2,
as an irrigation adjunct to be used during the surgical debridement of BRII; WLBU2 has
been previously shown to eliminate biofilms and create culture negative implants in 30 min,
and in a recent in vitro and in vivo murine infection model, WLBU2 solution was able to
markedly reduce S. aureus biofilm on implant material [128]. The use of pulsed-lavage
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irrigation fluid in combination with physiological concentrations of antibiotic agents,
vancomycin and flucloxacillin, was demonstrated in vitro to reduce the bacterial load of
biofilms adhered to implant materials but did not demonstrate complete eradication [14].

A complex new strategy that has shown exciting early results both in vitro and in vivo
animal studies is the utilisation of multiple synergistic anti-microbial mechanisms in combi-
nation. A recent paper used titanium oxide nanorod arrays in combination with irradiation
of 808 nm near-infrared (NIR) light to eradicate biofilms by combining photothermal ther-
apy, photodynamic therapy, and physical removal of bacteria; this is coupled with the
non-toxic TiO2 nanostructures, which promote the proliferation, spreading, and differen-
tiation of osteoblasts in the presence of NIR light irradiation. Ultimately, the technique
demonstrated a rapid bactericidal effect that was biosafe [129]. In another recent in vivo
study using a rat MRSA implant infection model, a hydrophilic and viscous hydrogel
of polyvinyl alcohol modified with chitosan, polydopamine, and NO release donor was
formed on a red phosphorus nanofilm deposited on a titanium implant (Ti-RP/PCP/RSNO)
that was irradiated with NIR, which formed peroxynitrite (in reaction between nitric oxide
(NO) and the superoxide free radicals) and eradicated the established MRSA biofilm in com-
bination with the hyperthermia and superoxide free radicals created by the NIR irradiation.
The hydrogel also eradicated the immunoreaction due to the creation of NO, which caused
the M1 polarisation of local macrophages in vivo and was responsible for the development
of an anti-inflammatory and tissue regenerative environment, leading to excellent bone
formation post-irradiation [130]. In another study on the efficacy of non-contact induction
heating (NIH) as a treatment in prosthetic joint infection, the synergistic action of antibiotics
and N-acetylcysteine (NAC) was also assessed, and the results demonstrated the efficacy
of NIH to reduce the bacterial load of S. aureus biofilms but also that in combination at
60 ◦C with clinically relevant concentrations of vancomycin, rifampicin (antibiotics), and
NAC, total eradication of the biofilm was observed [131].

Photodynamic therapy (PDT) potentially has a role in the prevention and disruption
of biofilms. In PDT, a photosensitising agent (for instance, methylene blue) is used with
a specialised light source to create a toxic effect on biofilms. Briggs et al. demonstrated a
toxic effect of PDT using a laser light source and methylene blue on biofilms in vitro [132].
Bapat et al. have demonstrated a similar effect on fungal biofilms with inhibition of
the formation and disruption of mature biofilms, both with and without the addition of
photosensitising compounds [133].

9. Conclusions

The infection of orthopaedic implants has a significant socioeconomic impact. To
prevent bacterial adhesion to orthopaedic implants and subsequent infection, it is neces-
sary to start with adequate preoperative care, appropriate surgical techniques, and good
postoperative care. The ideal implant material or surface coating would be able to perform
its function whilst being immune to bacterial colonisation and super compatible with the
host tissue, i.e., promoting osseointegration and inhibiting infection. Numerous strategies,
namely passive surface modifications, active surface modifications, and local carriers, have
been developed and are being interrogated to determine their potential clinical efficacy.
To treat BRII, a swift reliable diagnosis must be made, which should ideally determine if
an infection is present, if a biofilm has been formed, and what microorganism or microor-
ganisms are responsible, and active research continues in this endeavour. Finally, after a
BRII has been diagnosed, at present, the only treatment strategy to eradicate the infection
is implant removal, but novel strategies, using vastly different technologies, are offering
potential solutions to purge the implant of infection whilst remaining in situ.
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