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Abstract: Penile prosthesis implantation is an effective treatment for erectile dysfunction (ED) with
high patient satisfaction and effectiveness. Unfortunately, infections remain a dreaded complication, often
necessitating device removal and imposing a substantial healthcare cost. Biofilms are communities of
microorganisms encased in a self-produced polymeric matrix that can attach to penile prostheses. Biofilms
have been demonstrated on the majority of explanted prostheses for both infectious and non-infectious
revisions and are prevalent even in asymptomatic patients. Biofilms play a role in microbial persistence and
exhibit unique antibiotic resistance strategies that can lead to increased infection rates in revision surgery.
Biofilms demonstrate physical barriers through the development of an extracellular polymeric substance
(EPS) that hinders antibiotic penetrance and the bacteria within biofilms demonstrate reduced metabolic
activity that weakens the efficacy of traditional antibiotics. Despite these challenges, new methods are being
developed and investigated to prevent and treat biofilms. These treatments include surface modifications,
biosurfactants, tissue plasminogen activator (tPA), and nitric oxide (NO) to prevent bacterial adhesion and
biofilm formation. Additionally, novel antibiotic treatments are currently under investigation and include
antimicrobial peptides (AMPs), bacteriophages, and refillable antibiotic coatings. This article reviews
biofilm formation, the challenges that biofilms present to conventional antibiotics, current treatments, and

experimental approaches for biofilm prevention and treatment.
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Introduction

Penile prostheses are an effective and widely used treatment
of erectile dysfunction (ED). Recent estimates indicate that
approximately 10.3 million men were diagnosed with ED
in 2022 and 1.7 million of those men would be appropriate
penile prosthesis candidates (Figure 1) (1). Inflatable
penile implants (IPPs) have been increasing in usage with

over 13,000 implants placed in 2010 (2). Advancements
in antibiotic prophylaxis, antiseptic device preparation,
surgical techniques, and implant designs have contributed
to a notable reduction in infection rates, with infection rates
currently hovering around 1-5% for initial implantation
procedures (3,4).

IPPs also have a greater than 90% satisfaction rate, so
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Figure 1 Prevalence of erectile dysfunction and rates of penile

prosthesis infections. ED, erectile dysfunction.

many patients request revisions should they stop working (5).
However, one of the feared complications of revision
surgeries is infection. The infection rate for revision
surgeries is 10-13%, which is substantially higher than the
initial implantation (6). This heightened risk of infection,
leading to further surgeries, has necessitated continued
efforts to better understand and eliminate infections. A
better recognition of the role that biofilms play in implant
infections could help reduce this dreaded complication.

A biofilm has traditionally been described as “a structured
consortium of bacteria encased in a self-producing matrix”
with a distinct pattern of structure and gene expression
that is often associated with adherence to a surface (7). An
implanted penile prosthesis unfortunately provides an ideal
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environment for biofilm development (8). Indeed, Werneburg
et al. identified biofilms on almost all explanted IPPs
(93%) for both infectious and non-infectious/mechanical
reasons (9). Biofilms present a unique infectious challenge
for the prosthetic urologist as they can reduce bacterial
growth rate, promote antibiotic resistance, damage local
tissue and device structure, and trigger inflammation (10).
As these biofilms are a major source of infection after
prosthetic surgery, it is critical to understand the formation
of biofilms and treatment methods in order to prevent their
formation and reduce infections.

This article reviews biofilm formation, mechanisms by
which biofilms contribute to infection and evade traditional
antibiotic therapies, current treatments, and novel
approaches for biofilm prevention and treatment.

Biofilm formation

The development of a biofilm can be separated into a
four-step process: bacterial attachment, aggregation and
accumulation, maturation, and detachment (Figure 2) (11,12).

The initial step of attachment is arguably the most
pivotal and can be divided into reversible attachment
and irreversible adhesion (13). Reversible attachment
is mediated by van der Waals and electrostatic forces
between the bacteria and the implant surface (7). Bacterial
attachment occurs when the net sum of attractive van der
Waals forces is greater than the repulsive electrostatic
forces between the bacteria and the implant. Irreversible
adhesion involves interactions between specific bacterial
proteins, such as autolysins and pili, and the implant
surface. Autolysins are proteins associated with the bacterial
cell surface through ionic or hydrophobic interactions and
provide an adhesive function (7). Pili are thin filamentous
protein extensions found on cell surfaces including on
Escherichia coli (type 1 pili) and Pseudomonas aeruginosa (type
IVa pili) (14).

Once bacteria have attached, bacterial aggregation
and accumulation occurs and leads to the development of
structural layers of bacteria within the forming biofilm.
These layers make up the biomass component of a biofilm.
The formation of layers triggers changes in gene expression
in a phenomenon known as quorum sensing, which helps
regulate the biofilm lifecycle (15). This process relies on the
interaction of the layers via intercellular adhesions.

The third step of biofilm formation (maturation) consists
of the development of extracellular polymeric substance
(EPS), which encases the previously formed layers of
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Figure 2 Steps of biofilm development. (1) Bacterial attachment utilizing van der Waals forces (A) and bacterial proteins (B); (2) bacterial

aggregation and accumulation through the development of structural layers via intercellular adhesions; (3) biofilm maturation and EPS

development which protects the colony and allows for nutrient transport; (4) biofilm detachment due to quorum sensing and induction of

cleavage enzymes or mechanical disruption allows for biofilm remnants to enter the blood stream or seed new locations or prosthetics. EPS,

extracellular polymeric substance.

bacteria. EPS is a complex matrix made of carbohydrates,
lipids, proteins, and extracellular DNA (eDNA) (7). Mature
biofilm colonies typically consist of primarily EPS, which
can comprise up to 85% of the biofilm, with the remaining
15% from biomass (16). The EPS creates a structure with
channels which allows for bulk fluid flow for bacterial
nutrient transport (11).

During the fourth stage (detachment), the biofilm grows
to critical density. Quorum sensing through the biofilm
layers induces expression of cleavage enzymes which release
bacteria from the colony. The detached bacteria are now
able to enter the bloodstream, potentially causing new
infections or seeding other locations.

The bacterial profile of infected IPPs and their
biofilms

Understanding the bacterial profile of infected IPPs, non-
infected IPPs, and biofilms is crucial for both treating and
preventing infections. Most older published data discussed
that S. epidermidis, a component of common skin flora,
was the predominant bacterial presence for IPP revisions
for non-infectious indications (Tuble 1) (17-21). However,
in a study of 153 culture-positive infected implants by
Gross et al., the authors reported that the three most
predominant organisms were E. co/i (18.3%), coagulase-
negative Staphylococcus species (15%), and Candida species
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(11.1%) (22). More current literature has posited a shift in
the organisms found from surgeries on infected and non-
infected IPPs. Chung er a/. recently used next-generation
sequencing (NGS) to demonstrate that the most common
organisms from revisions was P. aeruginosa for infection and
E. coli for mechanical malfunction (23). Chandrapal and
colleagues further complicate the understanding of bacteria
and implants with their study of 202 revision surgeries in
which they found that only 22% of revisions that became
infected grew the same organisms at explantation for
infection compared to their original cultures obtained
during the first revision for mechanical malfunction (24).
Ultimately, our understanding of the bacterial profile of
IPPs has evolved over time and studies have demonstrated
that the bacterial profile is neither static nor as simple
as once postulated. This understanding is crucial for
developing targeted antibiotic therapies against biofilms.

A not-so-simple clinical presentation

While most IPPs host biofilms, only a minority develop
infections. In a multicenter study, Henry ez 4/. revealed that
the majority (70%) of patients did not exhibit symptoms of
clinical infection even though their penile prostheses had
culture positive bacteria and frequently had visible biofilm
on their implant (18). One postulation as to how biofilms
cause infections is that the biofilm formed during the initial
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Table 1 Bacterial profiles of biofilms

Study No. of bacterial samples Microbial data
Licht, 1995 28 cultures grown from 28 of 65 (43%) clinically Staphylococcal epidermidis (93%)
uninfected prostheses Group B Streptococcus species (3.5%)
Enterococcus species (3.5%)
Henry, 2004 64 cultures grown from 54 of 77 (70%) clinically Staphylococcus epidermidis (39%)

Silverstein, 2006

Abouassaly, 2006

Henry, 2008

Gross, 2017

Chung, 2022

uninfected prostheses

21 cultures grown from 8 of 10 (80%) clinically
uninfected prostheses

50 cultures grown from 19 of 55 (35%) clinically
uninfected prostheses

124 cultures grown from 97 of 148 (66%) clinically
uninfected prostheses

1583 cultures grown from 227 clinically infected
prostheses

8 NGS positive samples from 8 infected revisions

4 NGS positive samples from 5 erosion revisions

36 NGS positive samples from 70 mechanical
malfunction revisions

Staphylococcus lugdunensis (22%)
Staphylococcus capitis (5%)
Staphylococcus hemolyticus (5%)
Streptococcus mitis (5%)

MRSA (3%)

Gram-positive cocci (38%)
Gram-negative rods (33%)

Yeast (29%)

Coagulase-negative Staphylococcus species (92%)
Staphylococcus aureus (4%)
Enterococcus species (4%)
Staphylococcus epidermidis (44%)
Staphylococcus lugdunensis (18.5%)
Staphylococcus hemolyticus (7%)
Staphylococcus capitis (5%)
Streptococcus mitis (3%)

MRSA (1.6%)

Other (20.2%)

Escherichia coli (18.3%)
Coagulase-negative Staphylococcus spp. (15%)
Candida spp. (11.1%)

Pseudomonas aeruginosa (>40%)
Escherichia coli (>20%)
Enterococcus faecalis (>20%)
Staphylococcus epidermis (>60%)
Corynebacterium amycolatum (>40%)
Escherichia coli (>60%)
Cutibacterium acnes (>50%)

Corynebacterium tuberculostearicum (>40%)

MRSA, methicillin-resistant S. aureus; NGS, next-generation sequencing.
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Figure 3 Disruption of the existing biofilm during revision surgery leading to infection of the new implant.

Table 2 Biofilm mechanisms of antibiotic resistance

Mechanisms Description

Physical barriers and hydrolases

The EPS hinders antibiotic penetration and distribution of chemotactic signals by the immune response.

The host immune response also forms a fibrous capsule around implants that reduces blood flow and
antibiotic delivery. High concentrations of hydrolases inactivate antibiotics that do penetrate

Sub-therapeutic antibiotic
concentrations

Metabolic inactivity and genetic
alterations
resistance

Antibiotics reaching the biofilm have sub-therapeutic levels, potentially promoting resistance and
conferring survival advantages to bacteria

Metabolically inactive persister cells within biofilms resist conventional antibiotics that target growth
mechanisms. Oxidative stress within a biofilm can also induce genetic alterations that enhance bacterial

EPS, extracellular polymeric substance.

surgery remains clinically silent but is disrupted during a
revision surgery (Figure 3) (25). Henry et al. reported that
25% of implant spaces had culture positive bacteria even
after antiseptic washout was performed during revision
surgery for clinically non-infected prostheses (21). This
could account for the higher infection rates observed
after revision procedures versus virgin implants. Thus,
a better appreciation of biofilms and their potential to
cause infection, even in clinically asymptomatic patients, is
important to reduce infection rates of revision surgeries.

Challenges to treating biofilms
Physical barriers and bydrolases

While it is logical to think that biofilm removal may
decrease infections in subsequent revisions, it has proved
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to be much more difficult in practice. Biofilms have an
inherent resistance to traditional antibiotic therapy and
patient immune responses (Tzble 2). For example, the
EPS creates molecular and charge barriers that hinder the
penetration of antibiotics (26). High concentrations of
hydrolases, such as B-lactamases, within the biofilm’ layers
further inactivate antibiotics that do manage to penetrate
this matrix (27). Furthermore, the EPS prevents the
distribution of chemotactic signals necessary for inducing
the patient’s inflammatory response and recruiting immune
cells like neutrophils (7). The human body also interferes
with antibiotic activity through the formation of a fibrous
capsule around implants intended to prevent the spread
of foreign substances, as demonstrated by Histoplasma
capsulatum and Mycobacterium tuberculosis infections (11).
This capsule also reduces blood flow into the biofilm, which
further impacts antibiotic delivery (28).
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Sub-therapeutic antibiotic concentrations

The antibiotics that do reach the biomass component
have sub-therapeutic concentrations which may promote
antibiotic resistance and confer another survival advantage
to the bacteria. The exact mechanism of this advantage is
not completely understood, but Hoffman ez /. described
the aminoglycoside response regulator (arr) gene of P
aeruginosa as a potential mechanism (29). In their study,
subinhibitory concentrations of tobramycin induced arr
gene expression and biofilm production in wild-type P.
aeruginosa while arr knockouts were unable to respond to
the tobramycin and exhibited reduced biofilm formation.

Metabolic inactivity and genetic alterations

In addition to gene expression, a reduced bacterial
metabolic state is also responsible for biofilm antibiotic
resistance. Persister cells are metabolically inactive
bacteria found in biofilms that demonstrate resistance to
traditional antibiotics (26). Many conventional antibiotics
target bacterial growth mechanisms such as the disruption
of cell wall production or protein synthesis. However,
these mechanisms are not effective against persister cells.
Furthermore, the increased oxidative stress in the biofilm
environment can lead to genetic alterations to reproducing
bacterial cells (30). Bacteria may exhibit increased
expression of B-lactamase, activate multidrug efflux pumps,
or downregulate outer membrane proteins, which all further
enhance their resistance to antibiotics (26,31). Ultimately,
these antibiotic defenses can allow a biofilm to withstand
antibiotic concentrations 10-1,000 times greater than those
required for their planktonic counterparts.

Current strategies to reduce biofilms

A prominent strategy to combat infection and biofilms
has been through coating prosthetics with antibiotics.
Boston Scientific (Marlborough, MA, USA) released the
InhibiZone technology in 2001 for the AMS 700 inflatable
IPP which contains minocycline and rifampin (32). These
antibiotics were chosen due to the low incidence of allergies
and their effectiveness against common skin organisms
which typically infect vascular catheters as well as IPPs (33).
The InhibiZone gradually releases antibiotics following
implantation, primarily within the initial three-day period,
and then gradually diminishes over the subsequent three
weeks (34). Coloplast (Minneapolis, MN, USA) released
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the Titan IPP in 2002 which features a hydrophilic coating
of polyvinylpyrrolidone that can absorb an antibiotic
when dipped into an aqueous solution (32). This allows
the prosthetic surgeon to select an antibiotic of choice
for each patient. A new penile prosthetic from Rigicon
(Ronkonkoma, NY, USA) features a similar hydrophilic
coating (35).

The antibiotic and hydrophilic coatings have successfully
reduced infection rates to approximately 1% in patients
without risk factors (3,4). Despite these breakthroughs,
the evolving landscape of biofilms presents with continued
challenges. Wilson ez al. demonstrated that the combination
of minocycline and rifampin had little to no effect on more
virulent bacteria, such as Pseudomonas, which was recently
implicated as the most common organism on infected
implants (50%) (23,36).

Advancements in surgical techniques may have also
helped reduce the potential ramifications of biofilm
presence. Studies have shown decreased infection rates
in revision surgeries when adjunctive washouts are
performed (28,37). Swords et al. also presented a case
series demonstrating that a synthetic calcium sulfate spacer
could be placed during a revision surgery with delayed
reimplantation. This spacer provided constant delivery of
antibiotics and the authors reported an infection rate of 0%
after reimplantation (38). This suggests that while antibiotic
coatings may prevent infections caused by planktonic
bacteria during initial implantation, additional antibiotic
treatments are necessary to remove latent microbes or

established biofilms.

Patient preparation

In addition to advanced technology and treatments, simple
patient preparation and surgical field optimization remain
crucial components to limiting infection and biofilm
formation.

Firstly, perioperative measures are crucial in preventing
surgical site infections, as many result from contamination
with surgically-mobilized skin flora (39). Comprehensive
patient examination and antibiotic treatment for systemic
infections, such as urine cultures, nasal swabs, and genital
examination for Candida, are important measures to identify
and treat existing issues that can complicate surgical
outcomes (40,41). Additionally, colonization, or carrier
status, of methicillin-resistant S. zureus (MRSA) in the
nares is a risk for surgical site infection, and patients with
polymerase chain reaction (PCR)-positive MRSA showed a
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9-fold increased likelihood of infection in a cohort study of
9,863 surgical procedures including urologic surgery (42).
Thus, recognizing the contribution of skin flora to surgical
site infections and adopting appropriate preoperative
measures, such as examining and treating existing infections,
may reduce microbial reservoirs that potentially seed
biofilms.

Once in the operating room, if hair removal is necessary,
removal should be via hair clippers instead of shaving with
a razor. A recent Cochrane review of 25 trials reported
moderate-certainty level evidence of increased risk of
surgical site infections for shaving with razor versus clippers
[risk ratio (RR) 1.64, 95% confidence interval (CI): 1.16
to 2.33], as well as for hair removal with a razor versus no
removal (RR 1.82, 95% CI: 1.05 to 3.14) (43). Additionally,
the implementation of the “no touch” technique, wherein
immediately prior to implantation all surgical gloves and
instruments are considered contaminated and replaced, in
addition to infection-retarded coatings, decreased infection
rates from 2% to 0.46% in a cohort of 1,511 IPP surgeries
performed by one surgeon (44). Other intraoperative
infection control procedures to consider include decreased
traffic, personnel, and length of time (39).

Novel methods to prevent biofilms

Biofilms continue to persist despite advancements with
coatings and surgical techniques. Novel approaches to
combat biofilm formation and treat existing biofilms offer
promising avenues. A diverse array of strategies, including
surface modification, EPS degrading enzymes, novel
antibiotics, ultrasound, and smart technology, have been
explored. Importantly, the majority of these methods are
still in the experimental phase and primarily studied iz vitro,
with limited clinical trial data available.

Surface modifications

The prevention of bacterial attachment has been a primary
strategy in the battle against biofilm formation. Biofilms
cannot form without attachment, and therefore the survival
advantages that biofilms exhibit compared to planktonic
bacteria are inhibited. One approach involves altering the
surface properties of implants to render the surface less
attractive to microbes. For example, modifications to surface
electric charges may increase repulsive electrostatic forces
and inhibit the first step of biofilm formation. Uncharged
hydrophilic and hydrophobic surfaces can also repel
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protein-rich solutions such as blood or sera that commonly
carry bacteria (45). The application of heparin can alter
the hydrophilicity of surfaces and has been employed for
urethral catheters and stents to reduce bacterial adhesion
(46,47). Awonusi et al. demonstrated that heparin coated
ureteral stents generated less bacterial adhesion than non-
heparin coated stents over a 28-day period and also had
nearly constant release of heparin over the time period (48).

Biosurfactants

Biological approaches that involve biosurfactants from
commensal bacteria to thwart adhesion and proliferation
of pathologic bacteria are also under examination. This
is a natural phenomenon seen with human gut flora to
prevent Clostridium difficile infections (49). Velraeds et al.
demonstrated that the biosurfactant, surlactin, produced
by Lactobacillus acidophilus could prevent biofilm formation
by uropathogens like E. coli and S. epidermidis on silicone
rubber (50). The use of biosurfactants could provide
antibiotic advantages such as decreased resistance and
better biodegradability, but their use has been limited by
high production cost as well as limited information on their
toxicity in humans (51).

Disruption of fibrin binding

Another method to prevent biofilm adherence targets the
fibrin deposits that bacteria can bind. Tissue plasminogen
activator (tPA) demonstrated reduction of S. aureus biofilm
formation on indwelling medical devices by splitting local
fibrin. Kwiecinski et a/. reported that after three days, tPA
coated coverslips implanted in mice models demonstrated
fewer S. aureus colonies than non-coated coverslips (52).
Similarly, S. aureus was shown to be dependent on the
coagulation pathway to produce prothrombin and fibrin (53).
This suggests that direct thrombin inhibitors could be
used as coating to prevent S. aureus binding and biomass
accumulation. Nitric oxide (NO) has also been proposed as
a compound that can alter bacterial cell membrane adhesin
proteins, such as those required to bind to fibrin (54,55).
Holt et al. created a NO-releasing xerogel coating that
reduced bacterial colonization on orthopedic fixation pins
in rat models for up to 48 days, though the majority of NO
was released during the initial 5 days (56). tPA or direct
thrombin inhibitor coatings and NO releasing xerogels have
the potential to be used as coating for penile prostheses.
The tPA and NO studies were conducted in animal models
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and further in vivo testing is required to demonstrate long-
term efficacy.

N-acetyl cysteine (NAC) coatings

NAC is a Food and Drug Administration (FDA)-approved
drug widely used for various clinical conditions, such
as acetaminophen intoxication, bronchitis, and bipolar
disorder (57). NAC has the potential to reduce bacterial
adhesion and formation, making it a candidate for medical
implant coating (58). Costa et al. recently demonstrated
that NAC could be covalently immobilized onto a
chitosan (Ch)-derived implant-related coating with high
local concentration for bone-related implants (59). Their
coating successfully prevented MRSA adherence and
biofilm development without cytotoxic effects. However,
stabilization of the NAC coating was only demonstrated at
physiologic conditions for 7 days and future studies could
test stabilization on other compounds such as silicone.

Biofilm EPS degradation

Recent research has also identified potential drugs that
may be able to target the EPS of biofilms. DNase I has the
potential to degrade eDNA, which is necessary for EPS,
which would disrupt the structural integrity and promote
antibiotic penetrance (60). DNase I has demonstrated
efficacy against eDNA of several strains of bacteria,
including those commonly found on penile prostheses:
S. aureus, P. aeruginosa, and E. coli (60,61). However, in a
study by Sharma and Pagedar Singh, when compared to
individual biofilms, DNase I was found to be less effective
against mixed species biofilms which are commonly found
on penile prostheses (23,61). Nonetheless, DNase I has
efficacy against a unique aspect of biofilms and may be
valuable when used in conjunction with other antibiotic
treatments.

Antimicrobial peptides (AMPs)

AMPs are a versatile class of molecules that not only
exhibit bactericidal activity but also reduce mature
biofilms. AMPs have the promising feature of exhibiting
bactericidal effects at concentrations above the minimum
inhibitory concentration (MIC) of the corresponding
planktonic bacteria as well as demonstrating antibiofilm
effects at concentrations lower than the MIC (62). Thus,
AMPs may be a possible solution for the issue that many
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conventional antibiotics only reach the biomass component
in sub-therapeutic concentrations. AMPs primarily act on
bacterial cell membranes via disruption of their integrity
and stability, which leads to cellular content leakage and
bacterial cell death (62,63). de Breij et a/. demonstrated
that even at low concentrations, the SAAP-148 AMP
effectively eliminated S. aureus biofilms and persister cells
that were resistant to high rifampicin levels (64). Similarly,
a combination of temporin 1'TB, an AMP derived from
frog skin, and ethylenediaminetetraacetic acid (EDTA)
demonstrated bactericidal effects against S. epidermidis
on silicone catheters (65). Many of these AMPs are
formulated as ointments to treat existing infections rather
than prevent biofilm formation. However, the orthopedic
community has experimented with coatings infused with
AMPs. Kazemzadeh-Narbat er a/. examined a microporous
calcium phosphate coating with the HHC-36 AMP (66).
This coating only demonstrated a short duration as the
inhibition of P. aeruginosa decreased from 92% to 77% from
4 to 24 hours. Unfortunately, AMPs currently lack long-
term efficacy which limits their utility for penile prostheses,
but their unique effects on the biomass component are
promising for future therapies or techniques.

Bacteriophages

The use of bacteriophages is another potential bactericidal
treatment. These phages are selective for bacteria and
are able to kill persister cells (67). One such use of
bacteriophages is the phage lysin PlySs2 which was recently
demonstrated to have greater antibiotic effect and biofilm
reduction against S. aureus than vancomycin on the surface
of murine knee implants (68). Notably, there was the
greatest effect when PlySs2 and vancomycin were combined,
suggesting the possibility of combining bacteriophages
and antibiotics for greater synergistic effects. Compared to
antibiotics, bacteriophages are less likely to cause resistance
in the bacterial population. Despite this advantage, the
prospect of virus implantation in humans remains untested
and its practicality uncertain.

Extracorporeal methods to reduce and control
biofilms

Ultrasounds present a promising intervention for biofilm
reduction. Ultrasounds can be used as pure sonication
therapy or used in conjunction with microbubbles, which
are polymer, protein, or lipid shells encasing a gas core (69).
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Ultrasound waves can cause the microbubbles to
expand and contract until they implode. Ultrasound and
ultrasound-targeted microbubble destruction (UTMD)
can cause cavitations in the EPS which may lead to loss of
structural integrity, increased antibiotic penetrance, direct
cellular damage, and increased metabolic activity of cells by
decreasing bacterial aggregation and quorum sensing (70).
Ultrasound therapy is currently limited by biofilm thickness
and concerns for local tissue damage or displacement of
bacteria with the potential to seed in new locations (11).
While sonication alone has not demonstrated antibiofilm
activity in vivo, Zhao et al. recently demonstrated that
UTMD in conjunction with an antibiotic, amikacin, could
reduce the bacterial load in septic arthritis in porcine
models (69). Ultrasound therapy, while promising, has yet
to be widely tested in vivo but could provide an external
mechanism to prevent biofilms.

“Smart” technology for biofilm detection

A “smart” orthopedic implant studied by Erlich er al.
involves a biosensor that can detect bacterial quorum
sensing and trigger antibiotic release (71). The biosensor is
built into the implant and senses levels of ribonucleic acid
(RNA)III-activating protein (RAP), which usually binds to a
bacterial cell surface receptor as part of quorum sensing and
ultimately upregulates virulence gene expression. When the
biosensor detects high levels of RAP, high concentrations
of inhibitory compounds to prevent biofilm formation
and antibiotics are released. Additionally, the implant
would have the ability to report all bacterial detections and
treatments to both the patient and physician. This implant
still requires prototype testing and clinical trial testing.

Refillable antibiotic coatings

Researchers have also examined refillable polymers that
can be placed during implantation and refilled later with
antibiotics if needed. Cyphert ez /. developed a polymerized
cyclodextrin with “affinity pockets” that utilize the affinity
binding interaction between a drug and cyclodextrin to
fill the pockets and allow for prolonged drug release (72).
This polymer could be used as an implant coating and filled
with antibiotics after implantation. The ability to refill
antibiotics could address the short duration limitation of
many antibiotic coatings. This technology could potentially
enable device rescue instead of removal for infections.
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The future for biofilm testing

The wide variety of antibiofilm therapies and strategies
demonstrates that the current research landscape is not
lacking. NGS is another addition to the research toolkit.
NGS was able to detect multiple species of microbes
when compared to a standard culture which was often
monomicrobial (23). In a study looking at 83 implants, NGS
detected microorganisms on 56% of devices compared to
only 29% by standard culture (23). These advancements in
microbial identification may aid surgeons in selecting the
most efficacious antibiotics for each revision.

Limitations

New biofilm treatments are promising; however, they
are still in the experimental phase. These would require
stringent clinical trials before application in routine patient
care. Many of the methods outlined here remain hypothetical
in nature and may not demonstrate efficacy i vivo.

Clinical utility

Understanding the dynamics of biofilm formation and
subsequent infection after penile prosthesis implantation
presents promising improvements to clinical practice.
Clinicians may adopt a more targeted approach to antibiotic
treatments by considering the different bacterial profiles
observed in infected versus non-infected IPPs. Additionally,
the implementation of next-generation sequencing
may enhance diagnostic accuracy and guide tailored
antibiotic therapies. Although the majority of prostheses
harbor biofilms, a significant proportion of them remain
asymptomatic. Thus, there is need for proactive measures,
such as preventing disruption of the biofilm or performing
rigorous antibiotic washouts, during revision surgeries
even in clinically non-infected cases. Finally, the resistance
to conventional antibiotics demonstrated by biofilms
underscores the importance of exploring novel therapeutic
avenues. While many of these methods are experimental,
future investigations and clinical trials present opportunities
for clinicians to investigate novel treatments.

Conclusions

Biofilms present a difficult infectious challenge for
penile prostheses due to their resistance to conventional
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antibiotics. However, as our understanding of biofilms
continues to evolve, new treatment approaches are being
investigated to help prosthetic urologists tackle these
microbial communities. These treatments include methods
to reduce bacterial adhesion and biofilm formation through
surface modifications, biosurfactants, and disruption
of fibrin binding. Novel antibiotic strategies under
investigation also include AMPs, bacteriophages, and
refillable antibiotic coatings. The treatments discussed in
this paper offer a promising outlook for the battle against
biofilms and it is likely that a combination of these strategies
will be integral to further reducing the infection rate after
penile prosthesis implantation.
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