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Abstract: Prosthetic joint infection (PJI) presents several clinical challenges. This is in large part due
to the formation of biofilm which can make infection eradication exceedingly difficult. Following an
extensive literature search, this review surveys a variety of non-pharmacological methods of prevent-
ing and/or treating biofilm within the body and how they could be utilized in the treatment of PJI.
Special attention has been paid to physical strategies such as heat, light, sound, and electromagnetic
energy, and their uses in biofilm treatment. Though these methods are still under study, they offer
a potential means to reduce the morbidity and financial burden related to multiple stage revisions
and prolonged systemic antibiotic courses that make up the current gold standard in PJI treatment.
Given that these options are still in the early stages of development and offer their own strengths
and weaknesses, this review offers an assessment of each method, the progress made on each, and
allows for comparison of methods with discussion of future challenges to their implementation in a
clinical setting.

Keywords: biofilm treatment; biofilm removal; prosthetic joint infection; non-pharmacologic meth-
ods; physical energy

1. Introduction

The formation of biofilm is a major pathogenic mechanism that results in antibiotic
tolerant infections. This is particularly true for patients with medical implants such as
catheters [1], cardiac pacemakers [2], prosthetic joints [3], dentures [4] prosthetic heart
valves [5], implanted lenses [6], cerebrospinal fluid shunts [7], intrauterine devices [8],
breast implants [9], biliary tract stents [10], vascular prostheses [11], penile prosthesis [12],
left ventricular assist devices (LVADs) [13], trauma hardware [14] and voice prostheses [15].
Foreign bodies provide a suitable environment for attachment and growth of biofilm that
leads to reduced sensitivity to antimicrobial agents as well as the host’s own immune
response. As such, approximately 50% of nosocomial infections are associated with in-
dwelling devices [16]. Biofilm infections can also form on tissue surfaces unrelated to
foreign bodies, such as in patients with cystic fibrosis and COPD [17,18], native valve
endocarditis [19], chronic sinusitis [20], and chronic (diabetic) wound infections [21].

Once formed, treatment strategies vary, but it is generally agreed that in biofilm-
related implant infections, definitive treatment will usually involve surgical removal and
replacement of the implant. Depending on the type of implant and risk of surgery for
the patient, pharmacological treatment alone may be warranted [22]. Yet, the minimum
inhibitory concentration for biofilms (MICB) and minimum bactericidal concentration
(MBC) of antimicrobial therapy needed to penetrate a biofilm can be difficult to achieve
in vivo due to toxicities and side effects incurred at such high drug concentrations [23].
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Early biofilms can be treated with an antibiotic regimen alone but can be hard to detect
due to the lower sensitivity of routine microbiological examinations for these localized
aggregates of bacteria; oftentimes multiple biopsies or proper sonication of the suspected
infected area are required to detect the pathogen. These barriers to diagnosis are one reason
biofilm is not caught in time for antibiotics alone to be effective [19].

In the United States, revision arthroplasty of an infected joint requires a two-stage
revision: removal of the infected apparatus and debridement of infected tissue, and tempo-
rary joint fixation for 6–12 weeks while antibiotic treatment is completed. Surgery is then
needed to implant a new prosthetic joint. This method, while effective in removing biofilm,
has proved to be costly and arduous, oftentimes with a failure rate of up to 22% [24,25].
Most risk factors for failure are those which would not be modifiable for patients, eliciting
the need to improve current treatment protocols and options [26]. Multiple surgeries in
conjunction with prolonged antibiotic regimens increase the cost of therapy for affected
patients [27]. The total projected cost of treating prosthetic joint infections (PJIs) annually
in 2030 in the United States will be about $1.85 billion, including $753.4 million for total hip
arthroplasty and $1.1 billion for total knee arthroplasty [28].

While the topic of biofilm prevention and removal is one of importance in many areas
of clinical medicine, this review will largely cover its place in the treatment of PJI through
physical or non-pharmacological methods. Such methods have a long history of use in
industrial settings and commonly utilize heat, light, sound, or electromagnetic energy.
These methods can potentially be translated to treatment of biofilms on implants within
the human body, but so far have remained in developmental stages for treatments of PJI.
A recent review summarized novel biological and physiochemical methods of synergistic
anti-adhesion composition and antibacterial agents [29]. This review will focus on novel
methods of the physical strategies for biofilm disruption and provides a unified summary
of the progress that has been made and the challenges that remain.

2. Pathogenesis of Biofilms

In response to a hostile environment, bacteria (and sometimes fungi) form a structure
consisting of cells adherent to each other and the foreign surface, surrounded by a self-
produced extracellular matrix. This occurs in stages: initially, the planktonic form of the
microbial cells will attach to a surface and form microcolonies. They will then form a young
biofilm, which differentiates into a structured mature biofilm and will eventually disperse
once activated when under stressful conditions (Figure 1) [30].
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Stages of biofilm formation:

1. Planktonic cells attach to surface of concern
2. Cells begin to form microcolonies
3. Interactions between subpopulations form microstructures and protective layers
4. Biofilm matures and forms microcolonies
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5. Channels form and allow for accumulation of cells
6. Planktonic cells are released from microcolonies

Red dots represent individual planktonic cells while green dots represent biofilm
embedded bacteria with blue dots showing protective microstructures

In order to begin adhesion, bacteria secrete extracellular polymeric substances (EPS)
consisting of extracellular DNA, proteins, lipids, amyloid fibrils, and polysaccharides such
as the polysaccharide intercellular adhesin (PIA) known as poly-B(1-6)-N-acetylglucosamine
(PNAG) in Staphylococcus spp. [31]. As bacteria form microcolonies, a hydrogel layer forms
that creates a protective barrier between the community and the extracellular environ-
ment. The mature biofilm stage is reached as bacteria continue to accumulate into layers
of macrocolonies surrounded by channels that help to distribute nutrients and signaling
molecules [32] throughout the structure.

Bacteria use quorum sensing (QS) to coordinate gene expression according to their
density which functions to regulate the production of virulence factors and create sys-
temic infection. For example, in S. aureus, the Spx protein (global regulator of stress
response genes) induces expression of the locus (icaR) which negatively regulates the
locus for polysaccharide intercellular adhesin (PIA) and icaA (whose product is an N-
acetylglucosaminyltransferase that synthesizes PIA oligomers), whereas the Rbf protein
(protein regulator of biofilm formation) inhibits icaR, allowing for expression of icaADBC,
a locus that regulates PIA expression [33]. In studies of other bacterial species, inhibi-
tion of QS receptors such as LasR and Rh1R has provided bacterial hosts with protec-
tive effects from biofilm-producing bacteria and reduced QS related virulence during
biofilm treatment. Inhibition of the Rh1R target protected human lung epithelial cells from
quorum sensing mediated killing by Pseudomonas aeruginosa due to treatment with meta-
bromo-thiolactone [34]. RNAIII-inhibiting peptide treatment in rats has been found to
strongly prevent methicillin resistant S. aureus graft infections, indicating the contribution
of QS in biofilm formation [35].

Several mechanisms contribute to the antimicrobial resistance of biofilms including
low metabolism of antimicrobial agents by cells in the biofilm matrix, presence of persistent
dormant cells, and small, highly resistant variant colonies. Stress adaptive responses of
the bacterial cells in the biofilm may lead to delayed drug penetration or slow cell growth,
to changes in the chemical microenvironment within the biofilm, and to up-regulation of
drug resistance genes [36]. Though many strategies related to overcoming biofilm drug
resistance mechanisms from a pharmaceutical standpoint have been studied, methods
utilizing physical energy have been proposed as alternative solutions. Some have shown
promise in either destroying biofilms directly or modifying them to allow for improved
effectiveness of pharmaceutical agents.

3. Methods of Literature Review

An initial search was run using Ovid MEDLINE using “biofilms” (exp) and “human”
(exp) with keyword “removal”. The terms had AND applied and with the search refined to
English language results, 590 articles resulted. Additional searches were later conducted on
PubMed using search terms “biofilm” AND “removal” AND “joint” AND “human” which
produced 82 results. Other PubMed searches of “((biofilm) AND (human) AND (joint)
AND (eradication))” returned 67 results. “((biofilm) AND (human) AND (prostheses) AND
(treatment) AND (joint))” searched on PubMed yielded 170 results. Relevant resources of
selected articles were also utilized as needed.

This search led to articles that either provided a review of novel methods or presented
a potential new intervention were included. We focused primarily on non-pharmacological
methods of treating PJI biofilms, or on non-pharmacological methods that could be used
in a synergistic manner with existing pharmaceuticals. Approximately 125 articles were
utilized in conducting this review. Non-pharmacological methods of biofilm treatment fell
largely into two groups: Intrinsic methods of preventing the biofilm from forming and
extrinsic methods of removing the biofilm.
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4. Intrinsic Methods

Approaches to intrinsic biofilm prevention can be grouped into a number of strategies
that make use of implant modification to prevent or limit biofilm formation. These strategies
include co-implantation of an antibiotic reservoir, nanolayer coating of the implant and
varying the implant material. These approaches can further be combined such as by varying
both material and nanocoating of an implant or by incorporating antibiotics within or in
combination with a nanocoating.

Multiple factors, such as surface roughness, may encourage or discourage
colonization [24]. For instance, if the roughness profile approaches the size of an indi-
vidual bacterium (1 µm) it can encourage colonization, while surface pores close to the size
of osteoblasts can inhibit colonization. Implant surface porosity can influence fluid flow
at the implant surface while high surface hydrophobicity and low surface free energy can
also inhibit colonization.

The use of different materials during the revision process presents an opportunity
to combat biofilm. Historically, bone cement has typically included antimicrobials as
additives to discourage biofilm formation. However, the number of strains of S. aureus
and S. epidermidis resistant to the normally utilized gentamicin and tobramycin is rising.
In one study, resistance to gentamicin was 41% and tobramycin 66% [37]. Additionally,
implanting a reservoir of antibiotic-loaded bone cement (polymethylmethacrylate, PMMA)
is not conclusively proven to ward off infection and can instead create drug-resistant
bacteria through prolonged presence of sub-therapeutic concentrations of antibiotic in intra-
articular spaces [38]. However, due largely to retrospective case reviews, new material-
based strategies are being devised. These include increasing porosity and improving
elution profiles of PMMA through modification of its mixing process, using binding agents
to increase elution, and using newer antibiotics with longer half-life [24].

Alternative biomaterials to PMMA constitute a possible avenue of exploration but
have so far yielded no promising clinical data. Calcium sulfate-loaded, radiopaque beads
demonstrated equivalent or better elution characteristics than PMMA, and when impreg-
nated with tobramycin and/or vancomycin were able to reduce S. aureus biofilm formation,
though they did not reduce biofilms that had already formed [39,40]. Unfortunately, clinical
studies using calcium sulfate beads have detailed hypersensitivity reactions in response to
the beads, which are not approved for use in the US [24]. Bioactive glass and biocomposites,
such as Septacin, a polyanhydride loaded with gentamicin, are considered as biodegradable
alternatives [41]. However, these resorbable materials have in general are not validated in
clinical studies and cannot keep pace with the growth of surrounding bone, limiting the
length of time they provide protection.

A simulation of copper and multi-walled carbon nanotubes by Seo et al. [42] showed
some success based on stochastic response that predicted the efficiency of synthesizing
nanostructures against Methylobacterium spp. The nanostructures increased antimicrobial
activity against biofilm in this simulation without increasing toxicity to human cells by
damaging the cell wall, causing secondary oxidation of ROS, and releasing copper ions.

Nanoparticles are also a potential source of novel coatings that can be used to prevent
biofilm formation. In a study by Gulati et al., titanium nanotube (TNT) arrays loaded
with gentamicin were adsorbed to titanium wire by electrochemical anodization. The TNT
arrays exhibited a two-phase release of gentamicin, with an initial burst release (37% of
weight) followed by a slow release with zero order kinetics over 11 days (Gulati et al. [43].
While the release dynamics of the TNT arrays were observed alone, these nanostructures
could potentially be studied within the format of a bone fixative tool or as part of a bone
implant assembly. This method shows some promise as an alternative to conventional
implants with an added drug eluting component that could prevent biofilm formation
and infection.

Silver nanoparticle coatings are one of the most commonly used non-antibiotic an-
tibacterial coatings due to the tendency of silver to leach from the coating and diffuse into
bacterial cells resulting in damage to enzymes [44–51]. This nanomaterial has been imple-
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mented in a number of ways, including incorporation into hydroxyapatite and chitosan to
promote osseointegration, and combined with titanium dioxide to make an anticorrosive
material coatings [24]. However, most of these methods are yet to be tested clinically, so
potential systemic effects remain unconfirmed [45].

In a study by Zaatreh et al. [52], the viability of a rapidly degrading layer of magnesium
on titanium was tested in a co-culture model of S. epidermidis and human osteoblasts
(hOBs) to verify the antimicrobial and biocompatible properties of the magnesium. When
compared to bare titanium Ti6Al4V discs, samples coated with pure magnesium showed
an increase in viable hOBs by ~20,000 cells/mL following 7 days of culture. Samples also
demonstrated significant bactericidal effect as shown in the reduction of biofilm population
by four orders of magnitude after seven days. This study demonstrated the interaction
between the implant surface, human tissue, and biofilm and provided an important next
step in the development of a potential implant coating that could help prevent and fight
biofilm in the short term.

Other coatings have also provided a potential method to prevent or treat biofilm
formation, and several approaches including polymers, hydrogels, cyclodextrin, and hy-
droxyapatite have been tested as drug delivery methods to infection sites [24]. The use of
affinity polymers such as cyclodextrin were explored in hernia meshes, vascular grafts, and
stents; their utility in orthopedics is better demonstrated when functionalized to hydroxya-
patite with extended-release capabilities and osteoblastic cytocompatibility when loaded
with tobramycin, rifampicin, gentamicin, ciprofloxacin, vancomycin, or some combination
of these antibiotics [53–55].

Researchers have also explored polymers that can be refilled with chosen antibi-
otics rather than preloading a polymer with antibiotics prior to surgical placement [56].
Cyphert et al. designed a polymerized cyclodextrin (pCD) incorporating specific drug affin-
ity that can be placed at the time of surgery and later injected with antibiotics as needed
should the patient develop infection. The pCD has hydrophobic inner pockets that take
advantage of the affinity interaction with the drug to form a reversible inclusion complex
and allow for in situ antibiotic refill and release. In this in vitro experiment, Cyphert et al.
utilized rifampicin and minocycline which have relatively high binding energies with
β-cyclodextrin and were able to maintain a steady concentration gradient from an agarose
tissue phantom into implanted polymer disks. Rifampicin and minocycline were previ-
ously shown to be released gradually from a polymerized cyclodextrin that maintains
its mechanical integrity under physiological conditions [57]. In the presence of S. aureus
immature and mature biofilms, the pCD disks were able to be filled with rifampicin and
minocycline and showed no statistical difference in affinity and filling when compared to
control disks without biofilm formation. Moreover, as rifampicin filling time was increased,
after two days the majority of bacteria in a mature biofilm had been eradicated [56]. In the
future, this polymer could be formulated as a device coating or formed into nanoparticles
to provide a local drug sink that can overcome the delivery issues that reduce the effective-
ness of systemic antibiotics in biofilm treatment efforts. Though earlier work has already
demonstrated that pre-filled polymers loaded with vancomycin can adequately treat mesh
infection in rodents and MRSA hernia defect infections in pigs [58,59], the refillable func-
tions of this polymer have the attraction of individualizing antibiotic treatment to just those
who present with infection and can be specific to the bacteria infecting the implant. An area
of future study may include the affinity polymer’s ability to be refilled with vancomycin,
gentamicin, and other drugs typically utilized to target the tolerant bacteria that so often
make up biofilms in PJI. Additionally, though this method is being developed to target
hernia mesh infections, its utility for treatment of joint implants in situ will also require
additional exploration to determine the ability to reload the polymer once set into a joint
environment as well as the polymer’s interaction with the surrounding tissue.

Min et al. [60] proposed a novel method in their development of an implant coated
with gentamicin and bone morphogenetic protein 2 (BMP-2) in layers using nanofabrication
technology to create conformal nanoscale coatings in a layer-by-layer (LbL) fashion. This
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LbL assembly facilitated high drug loading while its nanometer to micron scale features
allowed for fine tune of multidrug release kinetics at biologically relevant times. This
design created a biofilm free environment that encouraged bone growth and repair. The
authors demonstrated the capability for antimicrobials to be released over several weeks,
while the BMP-2 in underlying layers was sustained longer term, resulting in better bone
formation. This specially coated implant was then tested in osteomyelitis-induced mouse
models and analyzed by micro-CT. Results revealed that the implants integrated well into
bone and showed quantifiable differences in intra-osseous bacterial survival and bone
remodeling [60]. Clinical implementation of this technique would allow for a one stage
revision rather than the current gold standard of two stage revision, reducing time and
costs associated with the lengthy procedure. The success of this implant coating in mouse
models may suggest its potential for success in similar layering of artificial heart valves
and vascular grafts and could potentially form the basis for a wide variety of coatings in
clinical applications.

Another option for coatings is the novel approach taken by Williams et al. [61] in
formulating a silicone (polydimethylsiloxane or PDMS) polymer with an active release
antimicrobial agent called cationic steroid antimicrobial 13 (CSA-13). CSA-13 is a synthetic
analog of naturally occurring antimicrobial peptides. Because it is not a peptide, it is
not a target for proteases. The positively charged components of CSA-13 interacted with
negatively charged components of bacterial cell membranes, causing membrane disruption
and the release of cytoplasmic components [62]. CSA-13 was found to have superior
performance over antibiotics and antimicrobial peptides, a longer shelf life and lower
cost of production with a broad spectrum of activity and nonspecific method of attack on
bacterial cell membranes [61]. Further studies in sheep models with simulated Type IIIB
open fractures and mature biofilm inocula demonstrated that CSA-13 reduced the number
of bacteria in biofilms to a level that could be addressed by the host immune system. CSA-
13 was also found to elute into surrounding tissues and fluids to prevent biofilm-associated
osteomyelitis [61,63]. Further sheep modeling in which animals received porous coated
titanium implants in the right femoral condyle demonstrated that subjects that received
the CSA-13 coated implant prior to a 5 × 108 CFU inoculum of MRSA had no evidence
of bacterial infection. In addition, bone growth at the end of 12 weeks was consistent
with control subjects that received a non-coated implant and no MRSA inoculum [64].
Williams et al. [65] then utilized their CSA-13 coating against Pseudomonas aeruginosa and
found an 8 log10 reduction in CFU in less than 24 h in a flow cell system. Because these
methods focused on treatment of biofilm as opposed to planktonic bacteria, they were not
limited by specific MIC guidelines largely developed based on antimicrobial concentrations
for planktonic bacteria that would not necessarily translate to biofilm efficacy. In this case,
a potentially intrinsic method has shown to be possible not only in preventing biofilm
infection, but also in actively treating existing biofilms. Unfortunately, CSA-13 technologies
were abandoned with no clinical data, yet N8 Medical licensed other compounds within
the same class are being incorporated into Cerashield™ endotracheal tubes and Health
Canada granted emergency request use in mechanically ventilated COVID-19 patients.

Williams et al. synthesized a separate class of antibiofilm compounds called CZs
(nomenclature based on a company name; Curza) with dual potential to disperse, kill
bacteria, and destroy biofilms. Early work shows that CZs can likewise be incorporated into
thin film, active release coatings to treat and prevent biofilm implant-related [66,67]. These
coating types constitute a significant development in the treatment of biofilm on implants.

A multi-disciplinary biomedical engineering approach was taken by Ehrlich et al. [68]
to construct a “smart” novel implant that would prevent biofilm formation. Their approach
employed newer technologies that could exploit quorum sensing and had built in antibiotic
release. Here, “surveillance” of quorum sensing would in effect “eavesdrop” on the bacteria
as they produce intercellular signaling molecules that coordinate metabolic switching and
toxin production related to local bacterial burden. In this approach, a microelectrome-
chanical system (MEMS) biosensor sends a signal to a pair of integral gated receptors in
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response to changes in viscosity resulting from increased concentrations of glucose that
occur due to activation of quorum sensing by the bacteria as signified by the production
of these intercellular molecules. The receptors then release inhibitory compounds and
antibiotics at very high local concentrations. The biosensor and drug reservoir would be
connected to a telemetry system accessible to both patient and physician enabling readings
of existing conditions on the implant surface. Additionally, the study explored the use of
the bioelectric effect in treating PJI with the exposure of biofilm to AC or DC current in
the presence of antibiotics. This “smart” implant design shows much potential, yet it is
largely untested and would require the support of a manufacturer willing to undergo the
prototyping process to develop it for practical use. However, interest in this novel system
may be indicative of future design trends that harness the microenvironment inherent to
the implant interface itself to prevent the formation of biofilms.

Conclusions for Intrinsic Methods

A summary of intrinsic methods is provided in Table 1. Questions remain about the
implementation of intrinsic methods for biofilm prevention and control. For implants
with new coatings, there remains the possibility of damage to neighboring host cells
as well as endotoxin release that can follow the death of large amounts of bacteria [62].
Yet, we recognize infection is likewise cytotoxic; a balance must be achieved. We found
that in most novel intrinsic biofilm treatments, strategies focused on aspects inherent to
successful device implantation–not only must the implant succeed in preventing or treating
infection, but it must also allow osseointegration so that it does not detach from the bone
over time. In addition, while active coatings are targeted to work on acute infections,
passive antimicrobial properties of the implant must last for its lifetime, usually about
20 years for most implants, and so have an increased need for efficacy in treating delayed
or chronic infections. There remains a theoretic concern that for any coating that releases
an antimicrobial substance that sub-inhibitory concentrations of any given agent could in
fact, increase resistance. This poses challenges for developing intrinsic systems that can
deliver an antimicrobial compound at adequate concentrations for long periods of time.
There may be some role for intrinsic properties of an implant being used to prevent acute
infections in the immediate post-surgical period, but this would then necessitate a method
that could treat delayed or chronic infection. Novel methods have been proposed that
address each of these needs. Yet, while many of them make use of pharmacological and
physical methods for both prevention and treatment, there are limited methods available
clinically for other uses such as catheters and ET tubes in Canada and Europe; however, no
methods have been proven clinically in the US for PJI [69,70]. Thus, we do not yet know
the feasibility of implementing these strategies in the clinic, nor the cost of using these new
approaches versus cost of current treatment strategies; nor do we know the true longevity
of the antimicrobial properties of the implant. However, these emerging technologies may
be viable future options to explore and expand on to meet the continuing challenges that
PJI biofilms present.

Table 1. Intrinsic methods. Methods that make use of physical, chemical or biological aspects of the
implant itself to prevent or reduce biofilm formation and growth.

Method Site of Implant
Modification

Strategy/Approach (Biological,
Chemical, Physical) Advantages

Progress towards
Clinical

Use/Disadvantages
Refs.

Bioactive glass and
biocomposites Material Drug loaded, biodegradable Evidence of clinical

efficacy lacking [24]

Mixing process
modified bone

cement (PMMA)
Material Drug loaded reservoir

Improved elution
profiles for better

delivery of reservoir
of antibiotic

Can create drug
resistant bacteria;

randomized control
trials ongoing

[24]
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Table 1. Cont.

Method Site of Implant
Modification

Strategy/Approach (Biological,
Chemical, Physical) Advantages

Progress towards
Clinical

Use/Disadvantages
Refs.

Calcium sulfate
loaded radiopaque

beads
Surface Drug loaded reservoir Improved elution

profiles to PMMA

Cannot reduce
already formed

biofilms; can induce
hypersensitivity

reaction

[40]

TNTs with
2 phase release

Surface modifica-
tion/nanoparticle

coating
Drug carrier for local delivery

Release of
ROS increased

antimicrobial activity
In vitro study [42,43]

Mg on Ti Surface coating
Release of Mg ions
created bactericidal

alkaline environment

Use of ROS
without harm to

nearby osteoblasts

In vitro study,
limited to 7 days

of culture
[52]

Ag nanoparticle
coating Coating

Bactericidal through release of
biologically active ions, creation

of ROS, interaction with
sulfhydryl groups

Can be incorporated
into a number

of materials

Some in vivo
work completed [44–51]

Poly-cyclodextrin
in situ

antibiotic treatment

Implant coating or
drug delivery device

Polymer with drug affinity for
loading and release

Refillable; can be
both preventative
and therapeutic

In vitro study in
hernia mesh; not yet
explored specifically

for PJI

[55–59]

LbL drug loading Coating
High drug loading, encourage

bone growth, repair. Timed
multidrug release.

Encourages bone
growth and repair

Studies in rats;
would require one

stage revision
[60]

PDMS with CSA-13 Synthetic analog
peptide coating

Drug loaded, cationic
interaction with neg

charged bacteria.

Avoids protease
degradation. Both
preventative and

therapeutic

Studies in sheep with
recent emergency use

in ET tubes
[61–67]

Polymers, hydrogels,
cyclodextrin, and
hydroxyapatite

Material/coating Drug delivery
Some materials
have extended

release properites

Cyclodextrin coated
meshes have

progressed to in vivo
animal studies

[24]

“Smart” implant
through monitoring

of quorum
sensing activity

Built in MEMS
biosensor

Exploits quorum sensing,
antibiotic release,
telemetric control

Antimicrobial
properties built into

implant, would
not require

additional revisions

Needs substantial
support from

manufacturer to
prototype for
practical use

[65]

5. Extrinsic Methods

A second major area of research in biofilm treatment is external methods of treating or
removing the biofilm from the implant after the biofilm has already formed. This review
largely focuses on technologies that use primarily physical means of removing biofilm and
have been tested either alone or in concert with antimicrobials to produce a synergistic effect.
Physical means of removing biofilms can be grouped into several subcategories: light-based
methods, sound-based methods such as ultrasound or shockwaves, electromagnetic means
and plasma or high energy methods of removal as summarized in Figure 2. Based on the
mechanism of removal, some physical methods do require accessing the implant while
others can penetrate through tissues to reach the implant non-invasively. Because of this,
there are multiple factors to consider when evaluating overall effectiveness as well as
improvement over current models of treating biofilms.
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Figure 2. Summary of Extrinsic Methods. Extrinic methods of biofilm destruction can be grouped into
two categories, non-invasive and invasive methods. Non-invasive methods include (1) photodynamic
therapy in combination with a photosenziting substance which triggers release of ROS, (2) sonication,
and (3) alternating magnetic fields causing local heating of implant surface while invasive methods
include (4) direct application to the implant causing heating, (5) CVCES which utilizes two implanted
electrodes plus the implant itself to create a cathodic voltage causing electrostatic repulsion and
creation of ROS, and (6) plasma treatment utilizing floating electrode dielectric barrier discharge.

5.1. Photodynamic Therapy

The use of antimicrobial photodynamic therapy (APDT) is studied heavily in the fields
of chronic wound care and oral surgery [71–76]. The process involves a laser or other visible
light emitting source is used in combination with a bactericidal dye or detergent–such as
methylene blue, toluidine blue, or sodium hypochlorite–that acts as a photosensitizer (PS).
Energy transfer from the photosensitizer to oxygen under light excitation produces ROS
that lead to cell membrane lysis and protein inactivation [77]. In these scenarios, APDT was
an effective antimicrobial strategy in treating biofilm. The use of photodynamic therapy
is studied less directly in PJI, so its benefit to prosthetic joints have to be extrapolated.
Vassena et al. [78] showed the ability of APDT with a novel PS, RLP068/Cl, to reduce
biofilm on prosthetic material. However, in vivo data with APDT in PJI is scant. An
invasive approach would be needed in which the area is surgically opened to apply the
photosensitizer to the biofilm to gain access for excitation by the photodynamic light source,
and there is the consideration that the photosensitizer of choice must be a specific dye or
detergent. However, this technique allows for the use of powerful bactericidal ROS to work
against the biofilm. If such a strategy could be developed for use in human patients, it
would only require a single stage revision, which would greatly improve on the current
two stage revision protocols.
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5.2. Sonication

Sonication as a treatment modality has progressed mildly in recent years. Sonication
has evolved from a treatment method in dentistry and soft tissue infections into an in vitro
diagnostic method used in orthopedics to identify PJIs. The utility of sonication stems
from its ability to produce cavitation, or the growth, oscillation, and collapse of bubbles
in a medium that can produce high energy mechanical effects, and capability to deliver
the energy through intact skin from external devices [79]. The collision of a sonic wave
with a liquid medium creates regions of alternating compression and expansion-induced
cavitation, leading to the formation of gas bubbles. As these bubbles expand and contract,
the larger surface area of bubbles in the expansion phase causes gas dissolved in the
liquid to diffuse into the bubbles. At a tipping point, the ultrasonic energy is not enough
to retain the vapor phase of the bubble and rapid condensation occurs, creating shock
waves upon collapse of the gas bubbles [80]. The development of cavitation in a medium
is dependent on its dissolved gas, hydrostatic pressure, specific heat of the liquid, the
gas in the bubble, the tensile strength of the liquid, and temperature [80]. Antimicrobial
mechanisms under these conditions include fatigue of the bacterial cell wall resulting in
its damage, intracellular shear forces within bacterial cells induced by microstreaming,
and chemical attack from the formation of free radicals during cavitation which weaken
the cell wall to the point of disintegration [81]. Low frequency is defined as 20–200 kHz
whereas anything greater than 1 MHz is considered high frequency and can either be
applied continuously or pulsed [82]. Continuous application of ultrasonic energy can cause
the target to absorb the energy and lead to heating, forming the basis of many high intensity
ultrasound applications in tissue or bone ablation [83].

Sonication of explanted hardware shows promise in the diagnosis of PJI. Though
clinical presentation, joint fluid cell count, imaging studies, histopathology, inflammatory
markers, and microbiological assessment are conventionally used to diagnose PJI, sonica-
tion results in a higher diagnostic yield. The prosthetic component is typically removed,
vortexed, sonicated, and then vortexed again, disrupting the biofilm from the prosthetic
surface and producing higher CFU yield in cultures [84]. This strategy shows particular
benefit during removal of spacers in second stage revision surgery in detecting subclin-
ical infection [85]. A meta-analysis of 12 clinical trials showed a pooled sensitivity of
0.80 (95% CI 0.74–0.84) and pooled specificity of 0.95 (95% CI 0.90–0.98) in detecting sub-
clinical infection, but limitations included a heterogeneous patient cohort and the use of PJI
definitions which deviate from the MSIS consensus criteria [86]. Further, level III diagnostic
studies using the MSIS definition of PJI demonstrated improved sensitivity through the
use of sonication in diagnosing joint infection [87]. When combined with other molecular
diagnostic techniques, sonication shows improved sensitivity compared to conventional
tissue culture with sensitivity closer to 60.8% [82,84]. Limitations include determining a
normal limit of cell counts that would signify an asymptomatic colonization vs. what level
of elevation would constitute a PJI, effect of sonication processing on bacterial metabolic
activity and proliferation during bacterial culturing, and difficulties in species identification
due to variations in biochemical reactions and phenotype found in sonicated specimens
of sessile bacteria [82]. Though the increased ability to more accurately identify an infec-
tious agent may not completely remove the need for surgery, it would help to identify
the causative agent of infection earlier and more accurately to better identify subsequent
therapeutic approaches. Taking these points into consideration, the use of sonication in
diagnosing PJI of prosthetic components that may have suspected or proven infection but
have negative conventional aspiration cultures or have undergone preoperative antibiotic
administration, shows great promise in improving existing protocols for treatment of PJI.

The action of sonication in treating PJI relies heavily on three separate effects including
direct action on bacteria, synergistic effects with antibiotics, and release of antibiotics
from bone cement. In vitro data show conflicting results, with some studies noting no
antimicrobial effects and others reporting reduced bacterial viability especially towards
Gram-negative bacteria; still others have shown biofilm destruction but not eradication or
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have shown some remaining viability following high intensity ultrasound that destroys the
biofilm almost completely [88–94]. Moreover, the complex interaction of acoustic energy
with variations in tissue and implants may be a strong contributor to a lack of consensus
results, which is a drawback when comparing multiple studies. In short, work does not yet
conclusively show the effectiveness of sonication alone in completely eradicating infection
and preventing its recurrence. In addition, damage to nearby cartilage due to sonication
was investigated. Reduction in articular cartilage thickness and increased surface roughness
of implant components due to sonication, as well as resultant decreased implant longevity
were side effects of sonication used for treating PJI [89]. There is also a consideration as to
whether sonication of biofilms would cause systemic release of viable bacteria, especially
given that results have been mixed as to whether biofilms can be completely eradicated
with this method. Further study will need to be conducted to determine if this is potential
side effect of biofilm sonication and to ensure the safety of this method.

5.3. Plasma Treatment

Another possibility for the treatment and removal of PJI associated biofilm is the use of
high energy plasma to destroy the biofilm embedded bacteria; Joshi et al. [95] explored the
use of dielectric-barrier discharge plasma. The apparatus was designed to operate in room
air and generate microsecond duration high voltage with pulsed cold plasma between
a quartz-coated electrode and the sample-carrying surface–in this case the joint implant
surface of interest–which also served as a second electrode. The second electrode was not
grounded and remained floating (i.e., had a high capacity for charge storage) to ignite
discharge plasma when the first electrode approached the surface. Bactericidal effects came
from charged and neutral active species generated by the plasma, such as ozone, nitric
oxide, superoxide, hydrogen peroxide, singlet oxygen, OH radicals, ultraviolet radiation,
electrons, and other charged species [93]. Previously, the floating electrode dielectric barrier
discharge (FE-DBD) had been demonstrated for safety on delicate surfaces and animal skin,
such as that of mouse and rat due to its micropulse format, which assured that surface
temperatures did not rise above 40 ◦C [96]. Joshi et al. evaluated the effect of their apparatus
on both planktonic and biofilm variations of E. coli, MSSA, and MRSA via quantification of
viable cells using LIVE/DEAD and XTT assays and by colony count assays. Direct plasma
was utilized by directly exposing the surface of interest to plasma, which was discharged
with an air column of approximately 3 mm between the first electrode and the sample
carrying surface, which caused a significant flux of charges to the surface. Indirect plasma
was utilized by exposing 100 uL of a fluid of interest to the plasma being discharged, and
80 uL of the fluid being immediately applied to the surface of interest. This method utilizes
mostly uncharged atoms and molecules that are generated in plasma and delivers them via
gas flow through the plasma region to the surface of interest. The authors found that the
degree of surface decontamination was proportional to duration of plasma exposure and
that time to plasma mediated sterilization was proportional to bacterial load. XTT assays
demonstrated that although resistance to plasma treatment varied by species and strain,
all biofilm forms of all pathogens were sterilized in under 120 s, regardless of the use of
direct or indirect plasma application, though direct plasma had a more pronounced killing
effect. In planktonic form in liquid cultures of 106 to 109 CFU/mL, MRSA strains had more
resistance, with sterilization approximately 150 s while other biofilm forms took <120 s.
Jet plasma has been utilized in point of care treatment of burn wounds, and the relative
safety of dielectric nonthermal plasma and the relative ease with which it can sterilize both
dry surfaces and biofilms holds great potential for its clinical use in biofilm removal from
implants, thereby reducing painful sequelae and cost from a PJI [97–101]. Interestingly, due
to its use of electrode arrays, dielectric plasma presents a better configuration for sterilizing
larger surface areas, such as biofilms on implants or other medical devices versus jet plasma,
which is a much more focused area of action [96]. More study is required to better quantify
the surface area limitations of dielectric plasma technologies with regard to clinical use on
implants. If this technology can be implemented to remove biofilm during surgical access
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to the implant, the need for 2-stage revisions can potentially be reduced. However, invasive
intervention to fully access the site would still likely be necessary, and efficacy would need
to be proven for surfaces embedded within bone or that are otherwise difficult to access
while the implant is in place.

5.4. Electric Fields & Currents

Electric fields and currents have been an object of study for their bactericidal effects for
some time, as they have a strong influence on the growth or death of both prokaryotic and
eukaryotic cells [102]. Biofilm disruption results from a number of factors, including inter-
ference of necessary bacterial cellular organization, function, and communication [103,104]
as well as bactericidal effects as caused by demonstrated toxicity in salt solutions and
synthetic urine [105,106]. These bactericidal effects are hypothesized to be dependent on
the formation of toxic substances as a result of electrolysis, oxidation of enzymes and
coenzymes, membrane damage, and decreased rate of respiration [107]. In wound care
therapy, the field of electroceuticals is explored as a potential avenue for ensuring the
healing of wounds and burns. A clinical trial for an FDA approved electric field wound
care dressing is underway, but direct electrical stimulation in wound care shows mixed
results [104].

A study by Brinkman et al. [108] showed that the electricidal effect of DC was largely
based on the generation of ROS as opposed to detachment of the biofilm. When use of the
DC current was combined with supplementary antioxidants such as catalase, mannitol,
and tempol, the amount of cell death in the biofilm was greatly reduced. These effects,
alone or in concert with antibiotics, present an opportunity for the development of new
methods with which to treat biofilms. Schmidt-Malan et al. [109] demonstrated that the
electricidal effect was effective in either intermittent or continuous form against multiple
Gram-positive and Gram-negative species.

Questions arise relating to the use of electric currents to stimulate biofilm detach-
ment, not only around the efficacy of the technique, but also over whether the use of
direct current (DC) or alternating current (AC) would be most effective. Previous studies
by Costerton et al. and McLeod et al. demonstrated that the use of DC could potentiate
tobramycin which resulted in a significant reduction in Pseudomonas biofilm [110,111].
The “bioelectric effect” results from the combined use of biocides and antibiotics with
a low-intensity DC electric field and takes advantage of the ability of the electric field
to reduce the capacity of the biofilm to bind the antibiotic, increase permeability of the
membrane, augment transport of antimicrobials, increase bacterial growth and therefore
susceptibility to antimicrobials, potentiate oxidants, increase transport through electroos-
mosis (physical removal of the biofilm through electrolytically produced bubbles) and
enhance susceptibility of the biofilm to local temperature increase [102].

del Pozo et al. [112] sought to determine whether the bioelectric effect was gener-
alizable across multiple species of bacteria when combined with most antimicrobials.
Pickering et al. [113] previously showed that there was no significant bioelectric effect with
vancomycin and S. epidermidis while Jass and Lappin-Scott [114] found that the bioelectric
effect also did not occur with piperacillin and P. aeruginosa. However, del Pozo et al. had
found that some combinations demonstrated a significant effect, such as vancomycin with
MRSA biofilm and daptomycin and erythromycin when used to treat S. epidermidis biofilm,
while others did not [112]. These varied results imply that protocols specific to a bacterial
species and antimicrobial regimen might have to be developed.

In other studies, Caubet et al. [115] confirmed a bioelectric effect in Escherichia coli
biofilm when used with gentamicin and oxytetracycline, when using radiofrequency AC
(10 MHz). The mechanism behind that bioelectric effect was theorized to differ from that
shown with direct current. Radiofrequency electric current does not transport any existing
ions as the frequency is such that charged particles vibrate around a mean position and
at the intensities used, does not create new ions or any electroporation effects. It also
does not produce free oxygen or a major heating effect. Instead, the study theorized that
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the alternating polarity of the electromagnetic field would vibrate polar molecules and
therefore increase fluidity of the charged particles within the EPS. Increased fluidity of the
matrix would allow for greater penetration of antibiotics, thereby replicating the bioelectric
effect but through a different mechanism.

However, with regard to alternating electrical current alone, Poortinga et al. [116]
demonstrated that block current (an alternating current that takes a block waveform as
opposed to the more traditionally used sinusoidal waveform) was best for detaching ini-
tially adherent bacteria and so surmised that parallel forces were better than perpendicular
ones in causing bacterial desorption based on the electroosmotic properties of the fluid
flow. Similarly, van der Borden et al. [117] studied the use of both DC and block currents of
60 and 100 uA in detaching S. epidermidis from surgical stainless steel and found that DC
was more effective in removing biofilm bacteria than block currents. This most likely occurs
due to the lack of electroosmotic fluid flow that can occur in the gel-like EPS matrix that
prohibits the movement of hydrated ions. Moreover, the higher detachment percentages
caused by DC currents over block currents was more likely due to a decrease in the Gibbs
interaction energy. Additionally, they found that electrical resistance remained the same
throughout the experiment, even after the detachment of the bacteria, and thought that
most likely the EPS matrix created most of the electrical resistance.

Ehrensberger et al. [118] described the effects of applying cathodic voltage-controlled
electrical stimulation (CVCES) in a three-electrode system to commercially pure titanium
substrates (cpTi) with preformed MRSA biofilm on both titanium metal coupons and in
in vivo studies wherein cpTi implants were inserted in the humerus of rats. They found that
CVCES of −1.8V for 1 h on the in vivo tissue reduced MRSA CFU by 87% in bone and on
the cpTi implant by 98%. Based on these results, they reasoned that the CVCES stimulation
may have increased interfacial capacitance and decreased polarization resistance of the
cpTi, electrical effects that could be associated with the antimicrobial effects of the cpTi.
Additionally, passivation of titanium creates a protective oxide layer on the outer surface
of the metal that protects the bulk metal while leaving it quite active and responsive to
cathodic voltage. This oxide layer can be modelled as a parallel plate capacitor: with
applied potential, excess negative charge accumulates at the electrode interface. Because
many types of bacteria have a negative surface charge, an electrostatic repulsion force may
have stimulated the detachment of bacteria from the metal. Additionally, local reduction
reactions at the cathode may have involved local consumption of oxygen, generation
of hydrogen and ROS, and increases in pH, all of which could have contributed to the
reduction in bacteria. Furthermore, the faradaic-induced change in local pH may have
altered the charge distribution and electrostatics within the attached biofilm. Although
such local electrical effects may have caused the MRSA reduction, no histological changes
were noted on nearby tissue and bone. This study emphasized that due to its three-
electrode design, it could maintain constant voltage stimulation with precise control via
the minimally invasive placement of an electrical lead to the implant (which would be
physically similar to the placement of a surgical drain) with two conductive silicone skin
electrodes to complete the configuration.

In further investigations by Nodzo et al. [119], rats that received CVCES in combination
with vancomycin were compared to those that received CVCES alone or vancomycin alone.
One week after stimulation, animals that received both CVCES and vancomycin had
reduced CFU from the implant, in synovial fluid, and bone by 99.8% compared to controls
and those that had received CVCES alone. When compared with subjects that received
vancomycin alone, the CVCES and vancomycin protocol reduced CFU by 94% on the
implant but showed no difference in reducing CFU on the bone and in synovial fluid.
No deleterious effects of treatment were noted on histopathological samples of the bone.
An additional study [120] then tested prolonged vancomycin given subcutaneously twice
daily for 5 weeks and noted that subjects that received both stimulation (either one or two
treatments) and vancomycin reduced MRSA bacterial burden from about 103–105 CFU/mL
to 0 CFU/mL in comparison to either vancomycin alone or the control treatment. This
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further supported the results of their earlier study that CVCES combined with vancomycin
produced a synergistic, time dependent effect that significantly reduced biofilm burden on
implants compared to vancomycin or CVCES alone.

CVCES was also found by Canty et al. [121] to have a preventative effect on both
biofilms and planktonic bacteria, first alone at higher voltages (−1.8 V) at longer exposures
(8 h), demonstrating the time and voltage magnitude dependent utilization of CVCES.
Lower voltage CVCES (−1.0 and −1.5 V) utilized for prolonged exposures (24 h) also
showed 3–5 log CFU reductions when used preventatively against MRSA but did not
show the same results with P. aeruginosa, implying that the effect is more dependent on
bacterial cell wall structure than previously thought [122]. Additionally, when combined
with vancomycin for MRSA and gentamicin for P. aeruginosa, CVCES at −1.5 V for 24 h was
able to prevent formation of MRSA and P. aeruginosa to below detectable levels, and −1.0 V
reduced MRSA to 102 CFU/mL and P. aeruginosa to below detectable levels [122].

This highlighted that when combined with antibiotics, CVCES created a synergistic
effect to achieve the same or better reductions or prevention of biofilm with lower voltages.
Moreover, they were able to utilize the MIC of the antibiotics used, which shows promise
over other previously studied methods of electrical stimulation that utilized higher con-
centrations of antibiotics. Interestingly, Canty et al. also described an alkaline pH shift
due to CVCES that achieved a better microbial effect than chemically titrated alkaline pH.
They proposed that the electrochemically achieved alkaline pH, which is necessarily com-
bined with other electrochemical processes such as ROS formation, was key to achieving
the antimicrobial effect. Researchers thought that the alkaline environment generated by
CVCES and its electrochemical processes worked to either increase the effectiveness of the
antibiotics or altered the physiology of the biofilm and/or the bacteria itself, allowing for
the synergistic effect of CVCES used with antibiotics [122].

Therefore, it is possible to conclude that CVCES could eradicate or prevent biofilms
and planktonic bacteria at either high voltage short duration courses, or at smaller magni-
tude voltage in combination with antibiotics. Implementation of CVCES would involve
a minimally invasive procedure to attach a lead to the implant. Without the need for
removal and replacement of the implant and even longer-term antibiotics, this option could
potentially provide relief to patients who would otherwise need to endure treatment under
current guidelines. Preventative applications of CVCES could also prove instrumental in
reducing or eliminating the burden caused by biofilms.

In summary, the basis of the success of electrical current in treating biofilms is de-
pendent on the methods with which it is employed. Though DC may have demonstrated
a number of potential anti-biofilm mechanisms, studies point to production of ROS as
the main factor in the bactericidal effect. Current-induced ROS on their own can cause
bacterial cell death but can also be used synergistically with antibiotics to produce the
effect. Additionally, AC of various waveforms allow for reversals in polarity altering the
fluidity of the EPS matrix and making the matrix easier for antibiotics to penetrate. As
antibiotic penetration is the main mechanism, AC are less likely to produce a bactericidal
effect on their own and most likely work best in concert with antibiotics. Conversely,
sole application of electrical current in PJI could present several challenges–the matrix
of the biofilm would largely remain on the implant and potentially provide a nidus for
re-infection. Furthermore, it would be difficult to apply the current effectively without
invasive surgery to gain access to the implant. However, this technology could enable
one-stage revision, and even cleaning of the implant without removal and replacement.
This would still greatly reduce the cost and morbidity associated with the current two-stage
revision procedure. Additionally, endowing implants with the ability to produce their own
electric fields could help enhance the effectiveness of antibiotics and potentially reduce the
need for surgical intervention altogether.
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5.5. Electromagnetic Fields

Another promising evolving technology is the use of electromagnetic fields that take
advantage of the conductive properties of the implant material itself. One such area of focus
has been the effect of radiofrequency EM fields and their interaction with implants. Passive
implants, such as joint prostheses, pose a unique environment for EM field interaction. In
most studies, it has been noted that a conductive object, such as a metal joint prosthetic, may
cause local enhancement of EM field strength and thus enhance power absorption, although
usually not to such a degree as to cause any remarkable excess heating of greater than 1 ◦C
of nearby tissues. The amount by which the field was enhanced was found to be mostly
dependent on the orientation, size, shape, and location of the implant [123]. Additionally,
P. aeruginosa biofilms were found to undergo significant metabolic and biomass reductions
when exposed to static one-sided, static switched, oscillating, and combined static and
oscillating magnetic fields. When used in combination with magnetic nanoparticles and
ciprofloxacin, magnetic fields could be a promising method to removing biofilms from the
surface of joint implants [124].

Likewise, other forms of EM energy can heat the surface of an implant and target
both the EPS matrix and bacteria residing within the biofilm. To achieve this effect, high
frequency (10 kHz and higher) alternating magnetic fields (AMF) can generate heat locally
at the implant surface via magnetically induced eddy currents at the metal surface that
rapidly heat the implant [125]. This can be implemented in several ways–as in the work
of Coffel and Nuxoll [126], in which a magnetic nanoparticle implant coating was used
to conduct induced currents. While this method could produce induction heating on any
implant regardless of conductive material, it requires the implant to be pre-treated with the
tested coating. Alternatively, if the implant itself is made from conductive metal, coating-
free induction is possible. Today, implants are mostly made of titanium alloys, stainless
steel, special high-strength alloys, alumina, zirconia, and zirconia toughened alumina, all
of which have some conductive ability [127]. However, the use of ceramics and plastics in
some portions of the implant (usually the acetabulum) would not be conductive and would
therefore not produce induction heating. The use of high frequency alternating current can
also exploit the skin effect, which restricts current to the outer surface of the conductor. As
maximum current density is located at the surface of the metal, it is coincident with the
biofilm on implants generating the greatest energy there [125]. A principal advantage of
this approach over previously mentioned electrical approaches is that it can be applied to an
infected metallic implant non-invasively since magnetic fields can penetrate tissue without
attenuation. In fact, in testing titanium alloy (Ti6Al4V) cylinders infected with various
pathogens (S. epidermidis, S. aureus, P. aeruginosa, Bacillus cereus, and Candida albicans), when
exposed to pulsed electromagnetic fields causing induction heating, at 60 ◦C or higher there
was a 6-log reduction of CFU or higher for each organism. This demonstrated in vitro that
induction heating of a metal implant could noninvasively help to reduce bacterial loads,
offering the potential for a new treatment modality for metal-associated biofilm.

Most modeling of induction heating has been based on uniformly shaped metal pieces,
but few joint implants have a uniform shape. When used with induction heating, this can
lead to nonuniform heating of areas of the implant, and through conduction of that heat,
damage to surrounding tissues. Pijls et al. [128] studied the use of segmental heating to
selectively heat specific areas of an implant such as in a total hip prosthesis. This method
had the advantage of using non-heated metal to act as a heat sink and protect nearby tissues
from overheating while facilitating more homogeneous heating of the metal implant. In
animal models, this effect can be used to protect surrounding tissue and bone from thermal
damage despite rapidly reaching elevated temperatures [129,130].

In addition, Pijls et al. [131] found that induction heating at approximately 60–65 ◦C or
higher for 3.5 min followed by 24 h of vancomycin and rifampicin treatment resulted in total
eradication of both young and mature S. epidermidis biofilm grown on Ti6Al4V coupons.
Total eradication of an S. aureus biofilm grown on Ti6Al4V coupons was observed at 80 ◦C
for 3.5 min after 24 h and with the addition of N-acetylcysteine (NAC), total eradication
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was observed at 60 ◦C for 3.5 min [132]. With total eradication arises the possibility that
patients in need of treatment for PJI could undergo a noninvasive procedure to inductively
heat the implant in combination with antibiotics while still safely preserving nearby tissue
and forego the need for two-stage revisions altogether.

To more specifically target biofilm associated metal implants, Chopra et al. [133]
applied high frequency AMF with a solenoid coil to biofilm-coated washer samples located
within the solenoid. This setup induced heating on the washer surface that reached a
steady state temperature of 90 ◦C. For both P. aeruginosa and S. aureus, a greater than 3 log10
reduction in CFU occurred after 5–7 min of AMF. Analysis of the sample washers with
scanning electron and confocal fluorescence microscopy revealed that the first minute
of AMF seemed to remove the EPS components while 3–5 min of exposure caused a
time-dependent reduction in the number of bacteria. This result differed from the results
obtained by van der Borden et al. [117] in their use of DC and alternating block currents
to detach S. epidermidis from surgical stainless steel, in which they found that bacteria
detached from the steel prior to the EPS matrix. However, this difference remains consistent
with the latter’s hypothesis that the overall negative charge of the bacterial cell wall creates
a repulsive electrostatic force detaching bacteria first. In contrast, Chopra et al. take
advantage of the local heating effects of alternating magnetic fields, finding that the EPS
matrix was affected prior to the bacteria.

Chopra et al. then studied the application of AMF to human-sized implants. To model
the safety and efficacy of AMF, 3D CAD images of prosthetic knee joints were analyzed via
finite element analysis. One simulated exposure of 600 W AMF resulted in non-uniform
heating across the implant and temperatures that exceeded the safety threshold for nearby
soft tissue. Next, they tested a protocol in which repeated short duration exposures at
higher power (1500 W) were each separated by a delay, referred to as intermittent AMF. This
protocol resulted in much more uniform heating while reaching therapeutic temperatures
across the model implant in a shorter period. To assure the safety of their apparatus, they
also developed a wireless remote acoustic sensing method to detect boiling at the interface
between the metal implant and surrounding soft tissue Cheng et al. [134]. Simulations
and in vivo studies showed that acoustic emissions were reliably identified at the point
of boiling in both tissue mimicking studies and in mouse studies. They suggested that
more sophisticated algorithms could be developed that would accurately detect boiling
over background noise in a variety of media and would be able to trigger a system to shut
off power. Additionally, remote acoustic sensing could enable the use of AMF in implants
made from a wide variety of metals, as substantial variability in the resistivity of available
materials means heat transfer for different implants may occur at very different rates. By
using acoustic sensing to monitor surface temperature for the point of boiling, safety could
be assured in unique material implants.

AMF may also have potential application in heat-triggered technologies.
Munaweera et al. [135] explored the use of temperature-sensitive liposomes containing
ciprofloxacin for temperature-mediated antibiotic release. The liposomal form did not
inhibit the release or efficacy of ciprofloxacin as the CFU reduction was similar between
low temperature sensitive liposomes (LTSL), high temperature sensitive liposomes (HTSL),
and the free form of the antibiotic. Most importantly, however, was the synergistic effect
between AMF and the liposomal ciprofloxacin, as the AMF rise in temperature induced
the release of ciprofloxacin, resulting in a further 3 log10 reduction in CFU of P. aeruginosa
biofilm compared to AMF alone [135]. This combined overall approach has been shown to
be both safe and effective. As one of the few non-invasive methods described, it could po-
tentially lead to the avoidance of surgical revision, resulting in a reduction in the morbidity
and costs currently associated with treating PJI.

5.6. Summary of Extrinsic Methods

Once a biofilm has formed on an implant, drug tolerance increases and makes it
difficult for most conventional pharmacological treatments to penetrate and effectively
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treat the infection. Non-pharmacological methods usually utilize some form of physical
or chemical agitation of the biofilm to either directly cause bacterial death or to increase
antibiotic access to the infected area. These methods also have the advantage of not being
reliant on bacterial metabolism and to some extent, drug delivery to the infected area.
Because these devices make use of physical energy to disrupt the biofilm, they are not
limited by some of the toxicity liabilities that various pharmaceuticals might have. They
are also not limited by the lifetime of the implant itself and so can be utilized regardless of
the chronicity of the infection. A summary of extrinsic methods is available in Table 2.

Table 2. Extrinsic methods. Methods that make use of external energy sources to treat biofilm.

Method/Strategy Physical Effect Bactericidal Effect Advantages Progress toward Clinical
Use/Disadvantages Refs.

Photodynamic Therapy

Laser excitation of PS Energy trans
photosensitizer→ O2

ROS generation Acts directly on
bacterial biofilms

Not yet advanced to in vivo
trials; invasive procedure
needed to access implant

[71–78]

Sonication

Cavitation oscillation-driven rectified gas
diffusion, micro-streaming, bubble collapse,

ROS formation

bacterial cell
wall fatigue,

micro-streaming
induced intra-cellular

shear forces,
ROS attack

Acts directly on
bacteria and
in synergy

with antibiotics

In vitro studies; some evidence
of cartilage damage from

sonication, lack of
consensus results

[88–94]

Plasma Treatment

Dielectric barrier discharge plasma: ms-high V
pulsed cold plasma bt quartz and sample

Generation of
bactericidal species:

ozone, nitric
oxide, superoxide,

hydrogen peroxide,
singlet oxygen, OH
radicals, ultraviolet
radiation, electrons

Rapid sterilization,
but varies by strain;
can sterilize large

surface areas

Not advanced to clinical stage;
invasive procedure needed to

access implant with embedded
surfaces potentially inaccessible

[95–101]

Electric Fields and Currents

Electroceuticals
Formation of toxic

substances due
to electrolysis

Disruption of internal
bioelectric milieu

Can help activate
host immune system

FDA approved, clinical trials
underway for wound care w

mixed results
[102–107]

DC current

Bioelectric effect:
Reduces biofilm

resistance to
antibiotics

Electricidal effect of
ROS rather

than detachment

Bactericidal on
its own

In vitro studies with varied
results; requires invasive
one-stage revision, matrix

remains on implant

[108–114]

AC current
Alternating polarity
may increase fluidity

of antibiotics

Utilizes
electroosmotic

properties of matrix
to detach biofilm

Easier penetration
of antibiotics
into biofilm

In vitro studies; requires
invasive one-stage revision,

only works in concert
with antibiotics

[115–117]

CVCES
Modeled as capacitor,

excess neg charge
at interface

Repulsion; creation of
alkaline environment

Combined with
antibiotics can

effectively treat and
prevent biofilms and
planktonic bacteria

In vivo rodent models; does
require minimally

invasive procedure
[118–122]

Electromagnetic Fields

Conductive object in
magnetic field

Dependent on
orientation, size,
shape, location

Metabolic, biomass
reduction on

exposure to static
1-sided, static

switched, oscillating,
& combined MFs

Non-invasive, works
synergistically with
antibiotics and NAC

In vivo studies; Non-uniform
objects leads to non-uniform

heating, requiring heat sinks or
segmental heating

[123,124,
128–132]
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Table 2. Cont.

Method/Strategy Physical Effect Bactericidal Effect Advantages Progress toward Clinical
Use/Disadvantages Refs.

Conductive object
in AMF

Eddy current
generated

induction heating

Heat source in
direct contact with

biofilm

Non-invasive;
AMF uses skin

effect and restricts
heating to surface

In vitro studies;
non-conductive surfaces

(plastic, ceramic) untreated
[125,127]

Conductive
coating in AMF

Heat generated
by magnetic

nanoparticles in
AMF

Heat source in
direct contact with

biofilm

Non-invasive;
AMF uses skin

effect and restricts
heating to surface

In vitro study; implant must
be pre-treated with coating [126]

High frequency
(continuous or

pulsed/intermitent)
Skin effect

Heat source in
direct contact with

biofilm

Non-invasive,
save, effective,
synergy with

liposomal
antibiotics

In vivo animal studies [133–135]

However, the lack of established safety standards does highlight one of the drawbacks
of non-pharmacological methods of biofilm treatment–therefore, testing to ensure the safety
and integrity of nearby tissue and bone is paramount to ensuring the proper utilization of
these various approaches. While a certain threshold of energy must be reached to cause
a significant antimicrobial effect, dependent on the mechanism of action of the method,
this must be balanced against preventing damage to local tissue and may require some
element of safety monitoring to ensure the proper operation of the device or method. Most
studies have only observed these effects in vitro, and while some have conducted in vivo
observation of local toxicities, making the jump to clinical application will require further
investigation to assess both short and long term safety effects.

One method to limit potential toxicity of both physical and pharmacologic methods
for treating biofilms is to use both in concert to maximize the antimicrobial effects while
minimizing dosages of each treatment modality. Such synergy is proposed to be achieved
when one eradication method acts on the implant surface while another acts on the outer
border of the biofilm and progresses to the biofilm-implant interface, allowing for a bidirec-
tional approach [132]. Another proposed mechanism is that the physical means of removal
acts to alter the physiology of the biofilm or even the bacteria itself to allow for better
penetration and activity of the antibiotic [81,110–112,115,122]. However, the mechanisms
of synergy that utilizes physical means of biofilm removal have not been fully studied.
Regardless, this phenomenon has been utilized to great effect by several novel methods for
reducing biofilm load or obtaining full biofilm eradication while limiting side effects.

6. Conclusions

The clinical challenges presented as a result of biofilm formation on prosthetic joints
have underscored the need for innovative solutions in this area. Given that current therapies
can often lead to recurrent surgeries and increasing morbidity [26], alternative methods to
remove biofilm or prevent their formation altogether are desperately needed. Prevention
of biofilm formation depends on numerous factors, and many intrinsic methods have been
tested that approach the problem in a variety of ways. Future testing in in vivo models
and in human trials may reveal which of these methods provides the best results, and
could potentially eliminate the need to consider biofilm treatment altogether. However, a
number of challenges remain with intrinsic methods, particularly the ability to maintain
this anti-biofilm effect for long periods of time. In contrast, challenges of the extrinsic
methods include a number of techniques that will require direct contact with the implant.
However, if the biofilm can be removed in one surgery, especially in a minimally invasive
procedure, this type of approach would still be a great improvement over existing protocols.
Those methods that allow for a non-invasive approach in treating the biofilm have the
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greatest potential for change to present day treatment guidelines, and therefore hold much
promise. There may even be a future for preventative intrinsic methods and extrinsic
treatments to work in concert. The hope is that one or more of these new technologies will
provide numerous benefits to future patients in prolonging the useful life of their implant.

Author Contributions: Conceptualization D.E.G., A.A.C. and R.C.; methodology D.E.G. and A.A.C.;
writing—original draft preparation A.A.C., N.L. and D.E.G.; writing—review and editing A.A.C.,
N.L., D.W., R.C. and D.E.G.; supervision D.E.G.; Project administration D.E.G.; funding acquisition
D.E.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: D.E.G. and R.J. are founders and have intellectual property related to Solenic
Medical. D.W. is a founder of and has intellectual property in Purgo Scientific. D.E.G. is an advisor to
Purgo Scientific.

References
1. Tran, P.L.; Lowry, N.; Campbell, T.; Reid, T.W.; Webster, D.R.; Tobin, E.; Aslani, A.; Mosley, T.; Dertien, J.; Colmer-Hamood, J.; et al.

An Organoselenium Compound Inhibits Staphylococcus aureus Biofilms on Hemodialysis Catheters In Vivo. Antimicrob. Agents
Chemother. 2012, 56, 972–978. [CrossRef] [PubMed]

2. Rohacek, M.; Weisser, M.; Kobza, R.; Schoenenberger, A.W.; Pfyffer, G.E.; Frei, R.; Erne, P.; Trampuz, A. Bacterial colonization
and infection of electrophysiological cardiac devices detected with sonication and swab culture. Circulation 2010, 121, 1691–1697.
[CrossRef] [PubMed]

3. Aboltins, C.; Daffy, J.; Choong, P.; Stanley, P. Current concepts in the management of prosthetic joint infection. Intern. Med. J. 2014,
44, 834–840. [CrossRef] [PubMed]

4. Nishi, Y.; Seto, K.; Kamashita, Y.; Kaji, A.; Kurono, A.; Nagaoka, E. Survival of microorganisms on complete dentures following
ultrasonic cleaning combined with immersion in peroxide-based cleanser solution. Gerodontology 2012, 31, 202–209. [CrossRef]

5. Lehmann, K.H.; von Segesser, L.; Müller-Glauser, W.; Siebenmann, R.; Schneider, K.; Lüscher, T.F.; Turina, M. Internal-mammary
coronary artery grafts: Is their superiority also due to a basically intact endothelium? Thorac. Cardiovasc. Surg. 1989, 37,
187–189. [CrossRef]

6. Kadry, A.A.; Fouda, S.I.; Shibl, A.M.; Abu El-Asrar, A.A. Impact of slime dispersants and anti-adhesives on in vitro biofilm
formation of Staphylococcus epidermidis on intraocular lenses and on antibiotic activities. J. Antimicrob. Chemother. 2009, 63,
480–484. [CrossRef]

7. Fux, C.A.; Quigley, M.; Worel, A.M.; Post, C.; Zimmerli, S.; Ehrlich, G.; Veeh, R.H. Biofilm-related infections of cerebrospinal fluid
shunts. Clin. Microbiol. Infect. 2006, 12, 331–337. [CrossRef]

8. Auler, M.E.; Morreira, D.; Rodrigues, F.F.O.; Abr Ão, M.S.; Margarido, P.F.R.; Matsumoto, F.E.; Silva, E.G.; Silva, B.C.M.;
Schneider, C.R.; Paula, C.R. Biofilm formation on intrauterine devices in patients with recurrent vulvovaginal candidiasis. Med.
Mycol. 2010, 48, 211–216. [CrossRef]

9. Del Pozo, J.L.; Tran, N.V.; Petty, P.M.; Johnson, C.H.; Walsh, M.F.; Bite, U.; Clay, R.P.; Mandrekar, J.N.; Piper, K.E.;
Steckelberg, J.M.; et al. Pilot study of association of bacteria on breast implants with capsular contracture. J. Clin. Microbiol. 2009,
47, 1333–1337. [CrossRef]

10. Guaglianone, E.; Cardines, R.; Vuotto, C.; Di Rosa, R.; Babini, V.; Mastrantonio, P.; Donelli, G. Microbial biofilms associated with
biliary stent clogging. FEMS Immunol. Med. Microbiol. 2010, 59, 410–420. [CrossRef]

11. Tollefson, D.F.; Bandyk, D.F.; Kaebnick, H.W.; Seabrook, G.R.; Towne, J.B. Surface Biofilm Disruption: Enhanced Recovery of
Microorganisms from Vascular Prostheses. Arch. Surg. 1987, 122, 38–43. [CrossRef] [PubMed]

12. Cosentino, M.; Bianco, M.; Ruiz-Castañé, E.; Iafrate, M. Treatment of Penile Prosthesis Implant’s Infection. Urol. Int. 2020, 104,
542–545. [CrossRef] [PubMed]

13. Rahal, A.; Ruch, Y.; Meyer, N.; Perrier, S.; Minh, T.H.; Schneider, C.; Lavigne, T.; Marguerite, S.; Ajob, G.; Cristinar, M.; et al. Left
ventricular assist device-associated infections: Incidence and risk factors. J. Thorac. Dis. 2020, 12, 2654–2662. [CrossRef] [PubMed]

14. Obremskey, W.T.; Metsemakers, W.J.; Schlatterer, D.R.; Tetsworth, K.; Egol, K.; Kates, S.; McNally, M. Musculoskeletal Infection in
Orthopaedic Trauma: Assessment of the 2018 International Consensus Meeting on Musculoskeletal Infection. J. Bone Jt. Surg. Am.
2020, 102, e44. [CrossRef] [PubMed]

15. Wannemuehler, T.J.; Lobo, B.C.; Johnson, J.D.; Deig, C.R.; Ting, J.Y.; Gregory, R.L. Vibratory stimulus reduces in vitro biofilm
formation on tracheoesophageal voice prostheses. Laryngoscope 2016, 126, 2752–2757. [CrossRef]

http://doi.org/10.1128/AAC.05680-11
http://www.ncbi.nlm.nih.gov/pubmed/22123688
http://doi.org/10.1161/CIRCULATIONAHA.109.906461
http://www.ncbi.nlm.nih.gov/pubmed/20368521
http://doi.org/10.1111/imj.12510
http://www.ncbi.nlm.nih.gov/pubmed/24942508
http://doi.org/10.1111/ger.12027
http://doi.org/10.1055/s-2007-1020315
http://doi.org/10.1093/jac/dkn533
http://doi.org/10.1111/j.1469-0691.2006.01361.x
http://doi.org/10.3109/13693780902856626
http://doi.org/10.1128/JCM.00096-09
http://doi.org/10.1111/j.1574-695X.2010.00686.x
http://doi.org/10.1001/archsurg.1987.01400130044006
http://www.ncbi.nlm.nih.gov/pubmed/3541853
http://doi.org/10.1159/000508472
http://www.ncbi.nlm.nih.gov/pubmed/32541156
http://doi.org/10.21037/jtd.2020.03.26
http://www.ncbi.nlm.nih.gov/pubmed/32642173
http://doi.org/10.2106/JBJS.19.01070
http://www.ncbi.nlm.nih.gov/pubmed/32118653
http://doi.org/10.1002/lary.25969


Antibiotics 2023, 12, 54 20 of 24

16. Paredes, J.; Alonso-Arce, M.; Schmidt, C.; Valderas, D.; Sedano, B.; Legarda, J.; Arizti, F.; Gómez, E.; Aguinaga, A.;
Del Pozo, J.L.; et al. Smart central venous port for early detection of bacterial biofilm related infections. Biomed Microdevices 2014,
16, 365–374. [CrossRef]

17. Høiby, N.; Ciofu, O.; Bjarnsholt, T. Pseudomonas aeruginosa biofilms in cystic fibrosis. Future Microbiol. 2010, 5, 1663–1674. [CrossRef]
18. Martínez-Solano, L.; Macia, M.D.; Fajardo, A.; Oliver, A.; Martinez, J.L. Chronic Pseudomonas aeruginosa Infection in Chronic

Obstructive Pulmonary Disease. Clin. Infect. Dis. 2008, 47, 1526–1533. [CrossRef]
19. Wu, H.; Moser, C.; Wang, H.Z.; Hoiby, N.; Song, Z.J. Strategies for combating bacterial biofilm infections. Int. J. Oral Sci. 2014, 7,

1–7. [CrossRef]
20. Jain, R.; Douglas, R. When and how should we treat biofilms in chronic sinusitis? Curr. Opin. Otolaryngol. Head Neck Surg. 2014,

22, 16–21. [CrossRef]
21. Hunt, A.M.A.; Gibson, J.A.; Larrivee, C.L.; O’Reilly, S.; Navitskaya, S.; Busik, J.V.; Waters, C.M. Come to the Light Side: In Vivo

Monitoring of Pseudomonas aeruginosa Biofilm Infections in Chronic Wounds in a Diabetic Hairless Murine Model. J. Vis. Exp.
2017, 10, e55991. [CrossRef]

22. Darouiche, R.O. Treatment of Infections Associated with Surgical Implants. N. Engl. J. Med. 2004, 350, 1422–1429. [CrossRef]
23. Hengzhuang, W.; Wu, H.; Ciofu, O.; Song, Z.; Høiby, N. Pharmacokinetics/Pharmacodynamics of Colistin and Imipenem on

Mucoid and Nonmucoid Pseudomonas aeruginosa Biofilms. Antimicrob. Agents Chemother. 2011, 55, 4469–4474. [CrossRef]
24. Levack, A.E.; Cyphert, E.L.; Bostrom, M.P.; Hernandez, C.J.; von Recum, H.A.; Carli, A.V. Current Options and Emerging

Biomaterials for Periprosthetic Joint Infection. Curr. Rheumatol. Rep. 2018, 20, 33. [CrossRef] [PubMed]
25. Osmon, D.R.; Berbari, E.F.; Berendt, A.R.; Lew, D.; Zimmerli, W.; Steckelberg, J.M.; Rao, N.; Hanssen, A.; Wilson, W.R. Infectious

Diseases Society of America. Executive summary: Diagnosis and management of prosthetic joint infection: Clinical practice
guidelines by the Infectious Diseases Society of America. Clin. Infect. Dis. 2013, 56, 1–10. [CrossRef] [PubMed]

26. Kandel, C.E.; Jenkinson, R.; Daneman, N.; Backstein, D.; Hansen, B.E.; Muller, M.P.; Katz, K.C.; Widdifield, J.; Bogoch, E.;
Ward, S.; et al. Predictors of Treatment Failure for Hip and Knee Prosthetic Joint Infections in the Setting of 1- and 2-Stage
Exchange Arthroplasty: A Multicenter Retrospective Cohort. Open Forum Infect. Dis. 2019, 6, ofz452. [CrossRef] [PubMed]

27. McConoughey, S.J.; Howlin, R.; Granger, J.F.; Manring, M.M.; Calhoun, J.H.; Shirtliff, M.; Kathju, S.; Stoodley, P. Biofilms in
periprosthetic orthopedic infections. Future Microbiol. 2014, 9, 987–1007. [CrossRef] [PubMed]

28. Premkumar, A.; Kolin, D.A.; Farley, K.X.; Wilson, J.M.; McLawhorn, A.S.; Cross, M.B.; Sculco, P.K. Projected Economic Burden of
Periprosthetic Joint Infection of the Hip and Knee in the United States. J. Arthroplast. 2021, 36, 1484–1489.e3. [CrossRef]

29. Li, Y.; Li, X.; Hao, Y.; Liu, Y.; Dong, Z.; Li, K. Biological and Physiochemical Methods of Biofilm Adhesion Resistance Control of
Medical-Context Surface. Int. J. Biol. Sci. 2021, 17, 1769–1781. [CrossRef]

30. Yang, L.; Liu, Y.; Wu, H.; Song, Z.; Høiby, N.; Molin, S.; Givskov, M. Combating biofilms. FEMS Immunol. Med. Microbiol. 2012, 65,
146–157. [CrossRef]

31. Limoli, D.H.; Jones, C.J.; Wozniak, D.J. Bacterial Extracellular Polysaccharides in Biofilm Formation and Function. Microb. Biofilms
2015, 223–247. [CrossRef]

32. Dufour, D.; Leung, V.; Lévesque, C.M. Bacterial biofilm: Structure, function, and antimicrobial resistance. Endod. Top. 2010, 22,
2–16. [CrossRef]

33. Arciola, C.R.; Campoccia, D.; Ravaioli, S.; Montanaro, L. Polysaccharide intercellular adhesin in biofilm: Structural and regulatory
aspects. Front. Cell. Infect. Microbiol. 2015, 5, 7. [CrossRef] [PubMed]

34. O’Loughlin, C.T.; Miller, L.C.; Siryaporn, A.; Drescher, K.; Semmelhack, M.F.; Bassler, B.L. A quorum-sensing inhibitor blocks
Pseudomonas aeruginosa virulence and biofilm formation. Proc. Natl. Acad. Sci. USA 2013, 110, 17981–17986. [CrossRef] [PubMed]

35. Balaban, N.; Cirioni, O.; Giacometti, A.; Ghiselli, R.; Braunstein, J.B.; Silvestri, C.; Mocchegiani, F.; Saba, V.; Scalise, G. Treat-
ment of Staphylococcus aureus Biofilm Infection by the Quorum-Sensing Inhibitor RIP. Antimicrob. Agents Chemother. 2007, 51,
2226–2229. [CrossRef]

36. Stewart, P.S. Mechanisms of antibiotic resistance in bacterial biofilms. Int. J. Med. Microbiol. 2002, 292, 107–113. [CrossRef]
37. Anguita-Alonso, P.; Hanssen, A.D.; Osmon, D.R.; Trampuz, A.; Steckelberg, J.M.; Patel, R. High rate of aminoglycoside resistance

among staphylococci causing prosthetic joint infection. Clin. Orthop. Relat. Res. 2005, 439, 43–47. [CrossRef]
38. Dunne, N.; Hill, J.; McAfee, P.; Todd, K.; Kirkpatrick, R.; Tunney, M.; Patrick, S. In vitro study of the efficacy of acrylic bone

cement loaded with supplementary amounts of gentamicin: Effect on mechanical properties, antibiotic release, and biofilm
formation. Acta Orthop. 2007, 78, 774–785. [CrossRef]

39. McConoughey, S.J.; Howlin, R.P.; Wiseman, J.; Stoodley, P.; Calhoun, J.H. Comparing PMMA and calcium sulfate as carriers for
the local delivery of antibiotics to infected surgical sites. J. Biomed. Mater. Res. B Appl. Biomater. 2015, 103, 870–877. [CrossRef]

40. Howlin, R.P.; Brayford, M.J.; Webb, J.S.; Cooper, J.J.; Aiken, S.S.; Stoodley, P. Antibiotic-loaded synthetic calcium sulfate beads for
prevention of bacterial colonization and biofilm formation in periprosthetic infections. Antimicrob. Agents Chemother. 2015, 59,
111–120. [CrossRef]

41. Veiranto, M.; Suokas, E.; Ashammakhi, N.; Törmälä, P. Novel bioabsorbable antibiotic releasing bone fracture fixation implants.
Adv. Exp. Med. Biol. 2004, 553, 197–208. [PubMed]

42. Seo, Y.; Hwang, J.; Lee, E.; Kim, Y.J.; Lee, K.; Park, C.; Choi, Y.; Jeon, H.; Choi, J. Engineering copper nanoparticles synthe-
sized on the surface of carbon nanotubes for anti-microbial and anti-biofilm applications. Nanoscale 2018, 10, 15529–15544.
[CrossRef] [PubMed]

http://doi.org/10.1007/s10544-014-9839-3
http://doi.org/10.2217/fmb.10.125
http://doi.org/10.1086/593186
http://doi.org/10.1038/ijos.2014.65
http://doi.org/10.1097/MOO.0000000000000010
http://doi.org/10.3791/55991
http://doi.org/10.1056/NEJMra035415
http://doi.org/10.1128/AAC.00126-11
http://doi.org/10.1007/s11926-018-0742-4
http://www.ncbi.nlm.nih.gov/pubmed/29713837
http://doi.org/10.1093/cid/cis966
http://www.ncbi.nlm.nih.gov/pubmed/23230301
http://doi.org/10.1093/ofid/ofz452
http://www.ncbi.nlm.nih.gov/pubmed/31737739
http://doi.org/10.2217/fmb.14.64
http://www.ncbi.nlm.nih.gov/pubmed/25302955
http://doi.org/10.1016/j.arth.2020.12.005
http://doi.org/10.7150/ijbs.59025
http://doi.org/10.1111/j.1574-695X.2011.00858.x
http://doi.org/10.1128/9781555817466.ch11
http://doi.org/10.1111/j.1601-1546.2012.00277.x
http://doi.org/10.3389/fcimb.2015.00007
http://www.ncbi.nlm.nih.gov/pubmed/25713785
http://doi.org/10.1073/pnas.1316981110
http://www.ncbi.nlm.nih.gov/pubmed/24143808
http://doi.org/10.1128/AAC.01097-06
http://doi.org/10.1078/1438-4221-00196
http://doi.org/10.1097/01.blo.0000182394.39601.9d
http://doi.org/10.1080/17453670710014545
http://doi.org/10.1002/jbm.b.33247
http://doi.org/10.1128/AAC.03676-14
http://www.ncbi.nlm.nih.gov/pubmed/15503457
http://doi.org/10.1039/C8NR02768D
http://www.ncbi.nlm.nih.gov/pubmed/29985503


Antibiotics 2023, 12, 54 21 of 24

43. Gulati, K.; Aw, M.S.; Losic, D. Drug-eluting Ti wires with titania nanotube arrays for bone fixation and reduced bone infection.
Nanoscale Res. Lett. 2011, 6, 571. [CrossRef] [PubMed]

44. Brennan, S.A.; Ní Fhoghlú, C.; Devitt, B.M.; O’Mahony, F.J.; Brabazon, D.; Walsh, A. Silver nanoparticles and their orthopaedic
applications. Bone Jt. J. 2015, 97, 582–589. [CrossRef] [PubMed]

45. Sullivan, M.P.; McHale, K.J.; Parvizi, J.; Mehta, S. Nanotechnology: Current concepts in orthopaedic surgery and future directions.
Bone Jt. J. 2014, 96, 569–573. [CrossRef]

46. Cochis, A.; Azzimonti, B.; Della Valle, C.; Chiesa, R.; Arciola, C.R.; Rimondini, L. Biofilm formation on titanium implants
counteracted by grafting gallium and silver ions. J. Biomed. Mater. Res. A 2015, 103, 1176–1187. [CrossRef]

47. Sussman, E.M.; Casey, B.J.; Dutta, D.; Dair, B.J. Different cytotoxicity responses to antimicrobial nanosilver coatings when
comparing extract-based and direct-contact assays. J. Appl. Toxicol. 2015, 35, 631–639. [CrossRef]

48. Wang, Y.; Guo, X.; Pan, R.; Han, D.; Chen, T.; Geng, Z.; Xiong, Y.; Chen, Y. Electrodeposition of chitosan/gelatin/nanosilver: A
new method for constructing biopolymer/nanoparticle composite films with conductivity and antibacterial activity. Mater. Sci.
Eng. C Mater. Biol. Appl. 2015, 53, 222–228. [CrossRef]

49. Liu, X.; Xu, Y.; Wang, X.; Shao, M.; Xu, J.; Wang, J.; Li, L.; Zhang, R.; Guo, X. Stable and efficient loading of silver nanoparticles in
spherical polyelectrolyte brushes and the antibacterial effects. Colloids Surf. B Biointerfaces 2015, 127, 148–154. [CrossRef]

50. Pishbin, F.; Mouriño, V.; Gilchrist, J.B.; McComb, D.W.; Kreppel, S.; Salih, V.; Ryan, M.P.; Boccaccini, A.R. Single-step electrochemi-
cal deposition of antimicrobial orthopaedic coatings based on a bioactive glass/chitosan/nano-silver composite system. Acta
Biomater. 2013, 9, 7469–7479. [CrossRef]

51. Massa, M.A.; Covarrubias, C.; Bittner, M.; Fuentevilla, I.A.; Capetillo, P.; Von Marttens, A.; Carvajal, J.C. Synthesis of new
antibacterial composite coating for titanium based on highly ordered nanoporous silica and silver nanoparticles. Mater. Sci. Eng.
C Mater. Biol. Appl. 2014, 45, 146–153. [CrossRef] [PubMed]

52. Zaatreh, S.; Haffner, D.; Strauss, M.; Dauben, T.; Zamponi, C.; Mittelmeier, W.; Quandt, E.; Kreikemeyer, B.; Bader, R. Thin
magnesium layer confirmed as an antibacterial and biocompatible implant coating in a co-culture model. Mol. Med. Rep. 2017, 15,
1624–1630. [CrossRef] [PubMed]

53. Hoang Thi, T.H.; Chai, F.; Leprêtre, S.; Blanchemain, N.; Martel, B.; Siepmann, F.; Hildebrand, H.F.; Siepmann, J.; Flament, M.P.
Bone implants modified with cyclodextrin: Study of drug release in bulk fluid and into agarose gel. Int. J. Pharm. 2010, 400,
74–85. [CrossRef]

54. Taha, M.; Chai, F.; Blanchemain, N.; Neut, C.; Goube, M.; Maton, M.; Matel, B.; Hildebrand, H.F. Evaluation of sorption capacity
of antibiotics and antibacterial properties of a cyclodextrin-polymer functionalized hydroxyapatite-coated titanium hip prosthesis.
Int. J. Pharm. 2014, 477, 380–389. [CrossRef]

55. Leprêtre, S.; Chai, F.; Hornez, J.C.; Vermet, G.; Neut, C.; Descamps, M.; Hildebrand, H.F.; Martel, B. Prolonged local antibi-
otics delivery from hydroxyapatite functionalisedfunctionalised with cyclodextrin polymers. Biomaterials 2009, 30, 6086–6093.
[CrossRef] [PubMed]

56. Cyphert, E.L.; Zuckerman, S.T.; Korley, J.N.; von Recum, H.A. Affinity interactions drive post-implantation drug filling, even in
the presence of bacterial biofilm. Acta Biomater. 2017, 57, 95–102. [CrossRef]

57. Halpern, J.M.; Gormley, C.A.; Keech, M.; von Recum, H.A. Thermomechanical Properties, Antibiotic Release, and Bioactivity of a
Sterilized Cyclodextrin Drug Delivery System. J. Mater. Chem. B 2014, 2, 2764–2772. [CrossRef] [PubMed]

58. Harth, K.C.; Rosen, M.J.; Thatiparti, T.R.; Jacobs, M.R.; Halaweish, I.; Bajaksouzian, S.; Furlan, J.; von Recum, H.A. Antibiotic-
releasing mesh coating to reduce prosthetic sepsis: An in vivo study. J. Surg. Res. 2010, 163, 337–343. [CrossRef]

59. Grafmiller, K.T.; Zuckerman, S.T.; Petro, C.; Liu, L.; von Recum, H.A.; Rosen, M.J.; Korley, J.N. Antibiotic-releasing microspheres
prevent mesh infection in vivo. J. Surg. Res. 2016, 206, 41–47. [CrossRef]

60. Min, J.; Choi, K.Y.; Dreaden, E.C.; Padera, R.F.; Braatz, R.D.; Spector, M.; Hammond, P.T. Designer Dual Therapy Nanolayered
Implant Coatings Eradicate Biofilms and Accelerate Bone Tissue Repair. ACS Nano 2016, 10, 4441–4450. [CrossRef]

61. Williams, D.L.; Haymond, B.S.; Beck, J.P.; Savage, P.B.; Chaudhary, V.; Epperson, R.T.; Kawaguchi, B.; Bloebaum, R.D. In vivo
efficacy of a silicone—cationic steroid antimicrobial coating to prevent implant-related infection. Biomaterials 2012, 33, 8641–8656.
[CrossRef] [PubMed]

62. Williams, D.L.; Sinclair, K.D.; Jeyapalina, S.; Bloebaum, R.D. Characterization of a novel active release coating to prevent biofilm
implant-related infections. J. Biomed. Mater. Res. B Appl. Biomater. 2013, 101, 1078–1089. [CrossRef] [PubMed]

63. Williams, D.L.; Haymond, B.S.; Woodbury, K.L.; Beck, J.P.; Moore, D.E.; Epperson, R.T.; Bloebaum, R.D. Experimental model of
biofilm implant-related osteomyelitis to test combination biomaterials using biofilms as initial inocula. J. Biomed. Mater. Res. Part
A 2012, 100, 1888–1900. [CrossRef]

64. Sinclair, K.D.; Pham, T.X.; Williams, D.L.; Farnsworth, R.W.; Loc-Carrillo, C.M.; Bloebaum, R.D. Model development for
determining the efficacy of a combination coating for the prevention of perioperative device related infections: A pilot study. J.
Biomed. Mater. Res. B Appl. Biomater. 2013, 101, 1143–1153. [CrossRef] [PubMed]

65. Williams, D.L.; Lerdahl, J.M.; Haymond, B.S.; Bloebaum, R.D. In vitro efficacy of a novel active-release antimicrobial coating to
eradicate biofilms of Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 2014, 58, 2400–2404. [CrossRef]

66. Ashton, N.N.; Allyn, G.; Porter, S.T.; Haussener, T.J.; Sebahar, P.R.; Looper, R.E.; Williams, D.L. In vitro testing of a first-in-class
tri-alkylnorspermidine-biaryl antibiotic in an anti-biofilm silicone coating. Acta Biomater. 2019, 93, 25–35. [CrossRef]

http://doi.org/10.1186/1556-276X-6-571
http://www.ncbi.nlm.nih.gov/pubmed/22039969
http://doi.org/10.1302/0301-620X.97B5.33336
http://www.ncbi.nlm.nih.gov/pubmed/25922449
http://doi.org/10.1302/0301-620X.96B5.33606
http://doi.org/10.1002/jbm.a.35270
http://doi.org/10.1002/jat.3104
http://doi.org/10.1016/j.msec.2015.04.031
http://doi.org/10.1016/j.colsurfb.2015.01.040
http://doi.org/10.1016/j.actbio.2013.03.006
http://doi.org/10.1016/j.msec.2014.08.057
http://www.ncbi.nlm.nih.gov/pubmed/25491813
http://doi.org/10.3892/mmr.2017.6218
http://www.ncbi.nlm.nih.gov/pubmed/28260022
http://doi.org/10.1016/j.ijpharm.2010.08.035
http://doi.org/10.1016/j.ijpharm.2014.10.026
http://doi.org/10.1016/j.biomaterials.2009.07.045
http://www.ncbi.nlm.nih.gov/pubmed/19674778
http://doi.org/10.1016/j.actbio.2017.04.015
http://doi.org/10.1039/C4TB00083H
http://www.ncbi.nlm.nih.gov/pubmed/24949201
http://doi.org/10.1016/j.jss.2010.03.065
http://doi.org/10.1016/j.jss.2016.06.099
http://doi.org/10.1021/acsnano.6b00087
http://doi.org/10.1016/j.biomaterials.2012.08.003
http://www.ncbi.nlm.nih.gov/pubmed/22940221
http://doi.org/10.1002/jbm.b.32918
http://www.ncbi.nlm.nih.gov/pubmed/23559470
http://doi.org/10.1002/jbm.a.34123
http://doi.org/10.1002/jbm.b.32924
http://www.ncbi.nlm.nih.gov/pubmed/23564717
http://doi.org/10.1128/AAC.01798-13
http://doi.org/10.1016/j.actbio.2019.02.010


Antibiotics 2023, 12, 54 22 of 24

67. Williams, D.L.; Epperson, R.T.; Ashton, N.N.; Taylor, N.B.; Kawaguchi, B.; Olsen, R.E.; Haussener, T.J.; Sebahar, P.R.; Allyn, G.;
Looper, R.E. In vivo analysis of a first-in-class tri-alkyl norspermidine-biaryl antibiotic in an active release coating to reduce the
risk of implant-related infection. Acta Biomater. 2019, 93, 36–49. [CrossRef]

68. Ehrlich, G.D.; Stoodley, P.; Kathju, S.; Zhao, Y.; McLeod, B.R.; Balaban, N.; Ze Hu, F.; Sotereanos, N.G.; Costerton, J.W.;
Stewart, P.S.; et al. Engineering approaches for the detection and control of orthopaedic biofilm infections. Clin. Orthop. Relat.
Res. 2005, 437, 59–66. [CrossRef]

69. Deng, W.; Shao, H.; Li, H.; Zhou, Y. Is surface modification effective to prevent periprosthetic joint infection? A systematic review
of preclinical and clinical studies. Orthop. Traumatol. Surg. Res. 2019, 105, 967–974. [CrossRef]

70. Raphel, J.; Holodniy, M.; Goodman, S.B.; Heilshorn, S.C. Multifunctional coatings to simultaneously promote osseointegration
and prevent infection of orthopaedic implants. Biomaterials 2016, 84, 301–314. [CrossRef]

71. Biel, M.A. Photodynamic therapy of bacterial and fungal biofilm infections. Methods Mol. Biol. 2010, 635, 175–194. [PubMed]
72. Zeina, B.; Greenman, J.; Purcell, W.M.; Das, B. Killing of cutaneous microbial species by photodynamic therapy. Br. J. Dermatol.

2001, 144, 274–278. [CrossRef] [PubMed]
73. Usacheva, M.N.; Teichert, M.C.; Biel, M.A. Comparison of the methylene blue and toluidine blue photobactericidal efficacy

against gram-positive and gram-negative microorganisms. Lasers Surg. Med. 2001, 29, 165–173. [CrossRef] [PubMed]
74. Golob, B.S.; Olivi, G.; Vrabec, M.; El Feghali, R.; Parker, S.; Benedicenti, S. Efficacy of Photon-induced Photoacoustic Stream-

ing in the Reduction of Enterococcus faecalis within the Root Canal: Different Settings and Different Sodium Hypochlorite
Concentrations. J. Endod. 2017, 43, 1730–1735. [CrossRef] [PubMed]

75. Balic, M.; Lucic, R.; Mehadzic, K.; Bago, I.; Anic, I.; Jakovljevic, S.; Plecko, V. The efficacy of photon-initiated photoacoustic
streaming and sonic-activated irrigation combined with QMiX solution or sodium hypochlorite against intracanal, E. faecalis
biofilm. Lasers Med. Sci. 2016, 31, 335–342. [CrossRef]

76. Hu, X.; Huang, Y.Y.; Wang, Y.; Wang, X.; Hamblin, M.R. Antimicrobial Photodynamic Therapy to Control Clinically Relevant
Biofilm Infections. Front. Microbiol. 2018, 9, 1299. [CrossRef]

77. Seong, D.-Y.; Kim, Y.-J. Enhanced photodynamic therapy efficacy of methylene blue-loaded calcium phosphate nanoparticles. J.
Photochem. Photobiol. B Biol. 2015, 146, 34–43. [CrossRef]

78. Vassena, C.; Fenu, S.; Giuliani, F.; Fantetti, L.; Roncucci, G.; Simonutti, G.; Romano, C.L.; De Francesco, R.; Drago, L. Photodynamic
antibacterial and antibiofilm activity of RLP068/Cl against Staphylococcus aureus and Pseudomonas aeruginosa forming biofilms on
prosthetic material. Int. J. Antimicrob. Agents 2014, 44, 47–55. [CrossRef]

79. Ashokkumar, M. The characterization of acoustic cavitation bubbles—An overview. Ultrason. Sonochem. 2011, 18,
864–872. [CrossRef]

80. Piyasena, P.; Mohareb, E.; McKellar, R.C. Inactivation of microbes using ultrasound: A review. Int. J. Food Microbiol. 2003, 87,
207–216. [CrossRef]

81. Joyce, E.; Phull, S.S.; Lorimer, J.P.; Mason, T.J. The development and evaluation of ultrasound for the treatment of bacterial
suspensions. A study of frequency, power and sonication time on cultured Bacillus species. Ultrason. Sonochem. 2003, 10, 315–318.
[CrossRef] [PubMed]

82. Hameister, R.; Lim, C.T.; Lohmann, C.H.; Wang, W.; Singh, G. What Is the Role of Diagnostic and Therapeutic Sonication in
Periprosthetic Joint Infections? J. Arthroplast. 2018, 33, 2575–2581. [CrossRef] [PubMed]

83. Groen, M.H.A.; Slieker, F.J.B.; Vink, A.; de Borst, G.J.; Simons, M.V.; Ebbini, E.S.; Doevendans, P.A.; Hazenberg, C.E.V.B.; van Es, R.
Safety and feasibility of arterial wall targeting with robot-assisted high intensity focused ultrasound: A preclinical study. Int. J.
Hyperth. 2020, 37, 903–912. [CrossRef]

84. Trampuz, A.; Piper, K.E.; Jacobson, M.J.; Hanssen, A.D.; Unni, K.K.; Osmon, D.R.; Mandrekar, J.N.; Cockerill, F.R.;
Steckelberg, J.M.; Greenleaf, J.F.; et al. Sonication of Removed Hip and Knee Prostheses for Diagnosis of Infection. N. Engl. J. Med.
2007, 357, 654–663. [CrossRef]

85. Nelson, C.L.; Jones, R.B.; Wingert, N.C.; Foltzer, M.; Bowen, T.R. Sonication of antibiotic spacers predicts failure during two-stage
revision for prosthetic knee and hip infections. Clin. Orthop. Relat. Res. 2014, 472, 2208–2214. [CrossRef] [PubMed]

86. Zhai, Z.; Li, H.; Qin, A.; Liu, G.; Liu, X.; Wu, C.; Li, H.; Zhu, Z.; Qu, X.; Dai, K. Meta-analysis of sonication fluid samples from
prosthetic components for diagnosis of infection after total joint arthroplasty. J. Clin. Microbiol. 2014, 52, 1730–1736. [CrossRef]

87. Rothenberg, A.C.; Wilson, A.E.; Hayes, J.P.; O’Malley, M.J.; Klatt, B.A. Sonication of Arthroplasty Implants Improves Accuracy of
Periprosthetic Joint Infection Cultures. Clin. Orthop. Relat. Res. 2017, 475, 1827–1836. [CrossRef]

88. Ensing, G.T.; Neut, D.; van Horn, J.R.; van der Mei, H.C.; Busscher, H.J. The combination of ultrasound with antibiotics released
from bone cement decreases the viability of planktonic and biofilm bacteria: An in vitro study with clinical strains. J. Antimicrob.
Chemother. 2006, 58, 1287–1290. [CrossRef]

89. Singh, G.; Hameister, R.; Feuerstein, B.; Awiszus, F.; Meyer, H.; Lohmann, C.H. Low-frequency sonication may alter surface
topography of endoprosthetic components and damage articular cartilage without eradicating biofilms completely. J. Biomed.
Mater. Res. Part B Appl. Biomater. 2014, 102, 1835–1846. [CrossRef]

90. Gao, S.; Hemar, Y.; Ashokkumar, M.; Paturel, S.; Lewis, G.D. Inactivation of bacteria and yeast using high-frequency ultrasound
treatment. Water Res. 2014, 60, 93–104. [CrossRef]

91. Sesal, N.C.; Kekeç, Ö. Effects of pulsed ultrasound on Escherichia coli and Staphylococcus aureus. Trans. R. Soc. Trop. Med. Hyg. 2014,
108, 348–353. [CrossRef] [PubMed]

http://doi.org/10.1016/j.actbio.2019.01.055
http://doi.org/10.1097/00003086-200508000-00011
http://doi.org/10.1016/j.otsr.2019.05.006
http://doi.org/10.1016/j.biomaterials.2016.01.016
http://www.ncbi.nlm.nih.gov/pubmed/20552348
http://doi.org/10.1046/j.1365-2133.2001.04013.x
http://www.ncbi.nlm.nih.gov/pubmed/11251558
http://doi.org/10.1002/lsm.1105
http://www.ncbi.nlm.nih.gov/pubmed/11553906
http://doi.org/10.1016/j.joen.2017.05.019
http://www.ncbi.nlm.nih.gov/pubmed/28756961
http://doi.org/10.1007/s10103-015-1864-9
http://doi.org/10.3389/fmicb.2018.01299
http://doi.org/10.1016/j.jphotobiol.2015.02.022
http://doi.org/10.1016/j.ijantimicag.2014.03.012
http://doi.org/10.1016/j.ultsonch.2010.11.016
http://doi.org/10.1016/S0168-1605(03)00075-8
http://doi.org/10.1016/S1350-4177(03)00101-9
http://www.ncbi.nlm.nih.gov/pubmed/12927605
http://doi.org/10.1016/j.arth.2018.02.077
http://www.ncbi.nlm.nih.gov/pubmed/29599035
http://doi.org/10.1080/02656736.2020.1795278
http://doi.org/10.1056/NEJMoa061588
http://doi.org/10.1007/s11999-014-3571-4
http://www.ncbi.nlm.nih.gov/pubmed/24658903
http://doi.org/10.1128/JCM.03138-13
http://doi.org/10.1007/s11999-017-5315-8
http://doi.org/10.1093/jac/dkl402
http://doi.org/10.1002/jbm.b.33163
http://doi.org/10.1016/j.watres.2014.04.038
http://doi.org/10.1093/trstmh/tru052
http://www.ncbi.nlm.nih.gov/pubmed/24771505


Antibiotics 2023, 12, 54 23 of 24

92. Xu, J.; Bigelow, T.A.; Halverson, L.J.; Middendorf, J.M.; Rusk, B. Minimization of treatment time for in vitro 1.1 MHz destruction
of Pseudomonas aeruginosa biofilms by high-intensity focused ultrasound. Ultrasonics 2012, 52, 668–675. [CrossRef]

93. Bigelow, T.A.; Northagen, T.; Hill, T.M.; Sailer, F.C. The Destruction of Escherichia coli Biofilms Using High-Intensity Focused
Ultrasound. Ultrasound Med. Biol. 2009, 35, 1026–1031. [CrossRef]

94. Scherba, G.; Weigel, R.M.; O’Brien, W.D., Jr. Quantitative assessment of the germicidal efficacy of ultrasonic energy. Appl. Environ.
Microbiol. 1991, 57, 2079–2084. [CrossRef] [PubMed]

95. Joshi, S.G.; Paff, M.; Friedman, G.; Fridman, G.; Fridman, A.; Brooks, A.D. Control of methicillin-resistant Staphylococcus aureus in
planktonic form and biofilms: A biocidal efficacy study of nonthermal dielectric-barrier discharge plasma. Am. J. Infect. Control.
2010, 38, 293–301. [CrossRef] [PubMed]

96. Fridman, G.; Peddinghaus, M.; Ayan, H.; Fridman, A.; Balasubramanian, M.; Gutsol, A.; Brooks, A.; Friedman, G. Blood
coagulation and living tissue sterilization by floating-electrode dielectric barrier discharge in air. Plasma Chem. Plasma Process.
2006, 26, 425–442. [CrossRef]

97. Sanaei, N.; Ayan, H. Bactericidal efficacy of dielectric barrier discharge plasma on methicillin-resistant staphylococcus aureus and
Escherichia coli in planktonic phase and colonies in vitro. Plasma Med. 2015, 5, 1–16. [CrossRef]

98. Gupta, T.T.; Ayan, H. Application of non-thermal plasma on biofilm: A review. Appl. Sci. 2019, 9, 3548. [CrossRef]
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