
Open camera or QR reader and
scan code to access this article

and other resources online.

Role of Resident Microbial Communities
in Biofilm-Related Implant Infections:
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Abstract

The use of medical implants continues to grow as the population ages. Biofilm-related implant infection is the
leading cause of medical implant failure and remains difficult to diagnose and treat. Recent technologies have
enhanced our understanding of the composition and complex functions of microbiota occupying various body
site niches. In this review, we leverage data from molecular sequencing technologies to explore how silent
changes in microbial communities from various sites can influence the development of biofilm-related infec-
tions. Specifically, we address biofilm formation and recent insights of the organisms involved in biofilm-
related implant infections; how composition of microbiomes from skin, nasopharyngeal, and nearby tissue can
impact biofilm-formation, and infection; the role of the gut microbiome in implant-related biofilm formation;
and therapeutic strategies to mitigate implant colonization.
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As medical and surgical techniques have evolved
over the last several decades, the use of implants has

increased in parallel. Medical implants can be used to restore
form and function to patients who would otherwise be crip-
pled by their disease process including but not limited to
ambulation-limiting knee osteoarthritis, debilitating ventral
hernia formation with loss of domain, or profound cardiac
failure requiring mechanical support device insertion. In-
fection remains the leading cause of medical implant failure,
and requires a wide range of therapy spanning prolonged
intravenous antibiotic therapy to device explantation; the
patient impact may be devastating.1

Biofilm-related infections are estimated to cause 80% to
100% of infections of surgically implanted devices, and ac-
count for more than 65% of human infections of any kind.2,3

Unfortunately, the presence of biofilm makes implant infec-
tions more difficult to both diagnose and treat. Although
newer molecular sequencing techniques are not yet routinely

incorporated in practice, their recent use in clinical studies
has significantly increased our appreciation of the complexity
and variability of the host–microbe interactions governing
biofilm formation. In this review, we focus on evidence from
recent clinical studies exploring the role of resident micro-
biota from various sites in development of biofilm-related
implant infections. A better understanding of these microbial
communities both informs current practices and may shape
the development of future therapeutic strategies for com-
bating biofilm-related implant infection.

Biofilm Formation, Clinical Implications,
and Recent Insights

Biofilm is a heterogeneous and cooperative community of
bacteria embedded in an extracellular matrix attached to a
surface.4 It comprises a sessile adherent community of cells, as
well as a free-floating planktonic segment, and essentially
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creates a protected niche to support growth and diversity
(Fig. 1). The bacteria appear to transition from free-living,
planktonic cells to sessile, surface-attached cells in response to
a nutrient-rich medium to which they attach.5 Organisms
within biofilm cooperatively maintain and strengthen the eco-
system via nutrient and metabolic regulation and production of
polysaccharides. This ecosystem further provides a protective
niche, guarding against innate host defense mechanisms such
as complement, white blood cells, and immunoglobulins,
thereby reducing the efficacy of antibiotic agents and making
biofilm-based bacterial eradication exceedingly difficult.6,7

Organisms responsible for biofilm-related implant infec-
tions are understood to enter the wound site and colonize the
implant during, or soon after implantation; hematogenous
spread from infection at a distal site is also described.8 Biofilm
formation is initiated by microbial adherence to a conditioning
film overlying the implant surface and is formed within min-
utes of device insertion. As early as two to four hours after
adherence, stable microcolonies of attached bacteria are ob-
served with biofilm maturation complete as early as two to four
days later.9,10 Importantly, although gram-positive aerobes are
often primary colonizers, the architecture of the biofilm fa-
cilitates engagement and proliferation of gram-positive bac-
teria, gram-negative bacteria, anaerobes, and yeasts as well.11

Development of biofilm-related infection is a function of the
structural properties of the implant material as well the inter-
play between the organism or organisms creating the biofilm
and the environment in which the implant is placed.

In the United States, the most common medical implants
aside from catheters are fracture fixation devices, joint
prostheses, dental implants, vascular grafts, cardiac pace-

makers, mechanical heart valves, and ventricular assist de-
vices (VADs).12 Although substantial variability exists,
clinical studies using culture-based techniques most fre-
quently implicate Staphylococcus and Streptococcus species,
followed by other common skin commensals including
Corynebacterium and Cutibacterium acnes (formerly Pro-
pionibacterium acnes), in addition to Enterococci, En-
terobacteriaceae, and Pseudomonas spp.11,13 However,
conventional diagnostic modalities used in clinical practice
rely on the presence of free-floating cells and growth in
culture media and therefore often lack the sensitivity to detect
organisms resident within a biofilm. As such, the diagnosis of
biofilm-related implant infection remains a challenge. No
standardized diagnostic methodology exists, and current
guidelines are based on clinical and laboratory signs of in-
fection coupled with recognition of antibiotic therapy failure
in the setting of a recent implant.14

The increasing use of techniques such as sequencing of the
16S rRNA subunit and metagenomic analysis in clinical
settings has both highlighted the insensitivity of culture-
based methods and underscored the variability in biofilm
microbial communities. It is likely that the incidence of im-
plant infections is much higher than reported, and that an-
aerobes and atypical organisms are under-diagnosed
contributors. For example, in the largest study exploring di-
agnostic utility of metagenomic sequencing in prosthetic
joint infections (PJIs), investigators identified pathogenic
organisms in synovial fluid sonicate in 43% of 190 culture-
negative PJIs, with sensitivities as high as 80% in similar
smaller studies.15,16 Organisms that were identified by se-
quencing but not culture included Staphylococcus,

FIG. 1. Stages of biofilm formation. This schematic depicts the five stages of the classic model of biofilm formation
starting with attachment and developing through dispersion. Continued maturation forms a three-dimensional structure
providing protection against host defense mechanisms and antibiotic agents. Reproduced with permission under the Creative
Commons Attribution (CC BY) license from: Bakar MA, McKimm J, Haque SZ, et al. Chronic tonsillitis and biofilms: a
brief overview of treatment modalities. J Inflamm Res 2018;11:329.
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Streptococcus, and Enterococcus spp., as well as more un-
usual species such as Clostridium, Anaerococcucus, Pas-
teurella, and Candida spp.15 Nonetheless, these techniques
are not without limitations, and time and cost remain major
barriers to their use in clinical practice.

As with culture, low quantities of planktonic bacterial
DNA in fluid render samples more susceptible to contami-
nation and false-positive results. However, several studies
have been able to incorporate mechanical or enzymatic di-
gestion of the implant to facilitate recovery of biofilm. Al-
though currently limited to investigations of indwelling
catheters, they suggest that multispecies biofilms may be
more prevalent in clinical practice than previously recog-
nized. In a study of biofilm-related infection in patients with
central venous catheters (CVCs), investigators identified
more than 30 bacterial species in catheters from patients with
and without signs of clinical infection, although biofilm ar-
chitecture and dominant species were specific to the infected
group.17 Metagenomic sequencing of endotracheal tubes
from patients with ventilator-associated pneumonia (VAP)
further demonstrated that all assessed biofilms comprised
multispecies consortia. Importantly, specific biofilm com-
munity structures were strongly associated with clinical
outcomes.18 Specifically, a low abundance of Pseudomona-
ceae and a high abundance of Staphylococcus epidermis
favored lower mortality, while co-occurrence of Staphylo-
coccus epidermis, Serratia marcescens, and Klebsiella
spp. were predictive of VAP development.18

Can the Composition of the Resident Microbial
Communities Predict Biofilm Formation?

Although our knowledge of key contributors to biofilm-
related infections has increased, our understanding of how
compositional changes in resident microbiota influence sus-
ceptibility to infection remains far from complete. Certain
microbiome features, namely nasopharyngeal carriage of
Staphylococcus aureus increase the risk of biofilm-related
infections. Particularly in orthopedic and cardiac surgery,
nasal colonization by Staphylococcus aureus has been iden-
tified as a pre-operative risk factor for post-operative infec-
tion with methicillin-sensitive and methicillin-resistant
strains.19 In a study of surgical site infections, investigators
demonstrated that 80% of staphylococcal strains causing
infection were concomitantly detectable in the nares of af-
fected patients.20 However, not all organisms demonstrate
the same predictive potential. The previously noted investi-
gation of CVCs did not identify any differences in the mi-
crobial communities from skin samples taken from patients
with and without CVC infection.17 Similarly, comparison of
79 Cutibacterium acnes strains recovered from PJIs versus
samples collected from the skin of healthy controls demon-
strated that strains isolated from healthy controls were similar
in distribution and just as capable of forming biofilm as the
strains involved in PJIs.21

The significance of microbial composition is better es-
tablished for communities within sites adjacent to a colonized
or infected implant. Peri-implantitis and mucositis are
biofilm-associated infections of the oral cavity affecting an
estimated 20% to 40% of dental implants.22 Metagenomic
sequencing of tissue affected by peri-implantitis and healthy
oral tissue from the same individuals revealed that the pres-

ence of several bacteria including Fusobacterium nucleatum
was specific to tissue surrounding dental implant (Fig. 2). The
investigators further showed that identification of this con-
sortia was able to predict periimplantitis as well as mucosi-
tis.23 Importantly, this finding suggests that infection arises
when certain disease-associated organisms are present amid
other host and implant-related factors.

Furthermore, this observation establishes the importance
of multispecies interactions in biofilm generation and implant
infection. Cross-kingdom interactions in the surrounding
environment clearly influence biofilm infections. For exam-
ple, Candida albicans augments Staphylococcus aureus ad-
hesion and colonization with a resultant increase in biofilm
formation. In a murine model of oral candidiasis, bacterial–
fungal interactions were found to increase susceptibility to
both oral and systemic bacterial infection by Staphylococcus
aureus—findings that were prevented if Candida albicans was
eradicated.24 Together, these studies indicate that the presence
of certain cooperative relations adjacent to the implant con-
tribute to the clinical course but also suggest potential alter-
ations of surgical site infection prophylaxis agents.

The microbial communities residing in tissues adject to an
implant have additional implications in infection recurrence.
Preclinical studies demonstrate that Staphylococcus aureus
and Staphylococcus epidermidis colonize and replicate in
peri-implant tissue even after implant removal.25,26 In pa-
tients, bacteria responsible for infection have been identified
in breast tissue surrounding implants, and fibroblasts in bone
adjacent to infected hip prostheses.27 These findings further
emphasize the difficulty in treating biofilm-related infection,
and the importance of adequate tissue debridement upon
device explant for to achieve adequate source control. De-
fining the limits of adequate tissue debridement remains
problematic during the intra-operative segment of care and
may ultimately rely on techniques that detect the presence (or
absence) of bacterial or fungal DNA at the resection margin.

Composition of the Gut Microbiota Influences
Biofilm-Related Infection and the Case
for (Against) Dysbiosis?

Increasing evidence suggests that the composition of the
gut microbiota may also influence the development of remote
biofilm-related infection. The gut microbiota plays a central
role in intestinal and systemic immune responses in three
inter-related ways.28–30 First, the gut microbiome promotes
mucin production and enhances the gut barrier integrity.
Second, during periods of homeostasis, gut commensals
prevent overgrowth and dissemination of enteric pathogens.
Third, certain taxa utilize direct signaling pathways as well as
the production of metabolites like short-chain fatty acids to
govern T-cell responses, neutrophil activation, and cytokine
secretion. In preclinical studies, derangements in gut micro-
bial community structure or function—or dysbiosis—render
the host more susceptible to infections including enteritis,
bacteremia, pneumonia, and sepsis.31,32

Although causative associations are more difficult to es-
tablish in clinical studies, similar complications are observed
in patients with dysbiosis and immunosuppression or increased
gut barrier permeability, the latter event is well-characterized
as a result of sepsis and shock. In patients undergoing hema-
topoietic stem cell transplantation (HCT), Taur et al.34
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demonstrated that patients with peri-operative gut microbial
excess proportion of Enterococcus had a nine-fold increased
risk of developing vancomycin-resistant Enterococcus (VRE)
bacteremia after transplantation, and that a predominance of
Proteobacteria conferred a five-fold increased risk of gram-
negative bacteremia.33 Another study in this population used a
novel platform to demonstrate that in patients with blood
stream infections after HCT, the majority of pathogens de-
tected in the blood were present in stool samples collected in
the weeks preceding bacteremia. In critically ill patients cer-
tain organisms recovered from intensive care unit (ICU) ad-
mission fecal swabs (Escherichia coli, Pseudomonas spp.,
Klebsiella spp., Clostridium difficile, and VRE) correlate with
subsequent infection by the same organisms but at remote sites
during the index episode of critical care.35

In the peri-operative period, numerous factors reduce mi-
crobial diversity and alter the community landscape. Anti-
microbials represent the most pervasive culprit but
supplemental oxygen (hyperoxia), general anesthesia, nothing
by mouth status, and multiple other routinely used therapies
also reduce the abundance of certain beneficial commen-
sals.36–39 In this sense, surgical patients may be considered an
at-risk group with impaired mucosal defenses allowing for
enhanced entry of enteric pathogens into the systemic circu-
lation.40 In the setting of recent device implantation, could
these translocated opportunists find refuge by forming biofilms

on newly implanted material, ultimately accounting for sub-
sequent development of overt as well as subclinical infection?
Although a compelling theory, it remains uncertain if this
mechanism contributes to biofilm formation. Nonetheless,
recent data suggest that this hypothesis is quite plausible.

In a retrospective study of more than 100,000 primary total
hip arthroplasty patients, Moran et al.41 assessed the root
cause underpinning the need for revision surgery between
healthy controls and those with inflammatory bowel disease
(IBD; n = 20,000). Patients with IBD are characterized by gut
dysbiosis and decreased barrier function, conditions that
could reasonably influence PJI. The investigators found that
patients with IBD had a higher risk of peri-prosthetic infec-
tion requiring revision (p = 0.004), compared with disease-
free controls who primarily underwent revision for aseptic
causes. A separate study of PJIs revealed that a number of
organisms identified from affected tissue adjacent to the in-
fected implant were gut commensals, and that increased in-
testinal barrier permeability correlated with the likelihood of
identifying a gut-derived organism.42 Rather than direct
translocation, gut-derived Staphylococcus aureus may seed
distal sites via carriage by neutrophils (i.e., the Trojan horse
theory).43 Pre-clinical models of surgical site infection and
PJIs have validated this mechanism, demonstrating that lysis
of neutrophils and release of pathogenic Staphylococcus
aureus results in development of remote site infection.44

FIG. 2. Biofilm formation in the oral cavity. The relation of the oral microbiome, a dental implant, and peri-implantitis is
depicted. (A) In a symbiotic relation, the oral bacteria coupled to deposited proteins from oral fluids (i.e., saliva and plasma)
bind through adhesin receptor interactions. Through co-aggregation between different species biofilm accumulation is
promoted on dental implants and teeth. A disruption of the symbiotic state in the mouth leads to a dysbiotic environment in
which pathogenic bacteria can overgrow and trigger periimplantitis. (B) In the wake of dysbiosis, polymicrobial films can
accumulate and induce oral disease in the peri-oral niches of the native dentition, the mucosa, and the dental implant.
Reproduced with permission under the Creative Commons Attribution (CC BY) license from: Bertolini M, Costa RC, Barão
VA, et al. Oral microorganisms and biofilms: New insights to defeat the main etiologic factor of oral diseases. Micro-
organisms 2022;10(12):2413.
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Finally, specific alterations in the gut microbiota may in-
fluence biofilm infections in more indirect ways. Specific
taxonomic alterations in the gut microbiota can modify innate
and adaptive immune responses to infectious and inflam-
matory stimuli.39,45 A pre-clinical study evaluating host re-
sponses to various implanted materials demonstrated that
antibiotic-treated and germ-free mice exhibit maladaptive
responses to implant placement including reduced macro-
phage and myofibroblast recruitment to the fibrous capsule,
and differential expression of angiogenic and inflammatory
markers.46 Importantly, fecal microbial transplantation prior
to implantation was able to reverse these findings. In-
flammatory responses were also associated with changes in
the gut microbiota in an extensive study of pre-operative
characteristics and infectious complications in patients with
heart failure undergoing left ventricular assist device
(LVAD) implantation.47 Investigators discovered that the
presence of certain gut commensals (including Veillonella
and Phascolarctobacterium) was associated with distinct
inflammatory phenotypes, as well as a significantly greater
risk of post-LVAD infection by any organism. Moreover,
identification of these microbes also demonstrated superior
predictive power for patients at-risk for infection than clinical
decision making alone. Thus, an abnormal microbiome may
derail adaptive aspects of wound repair as well as invasive
pathogen detection and management.

Therapeutic Strategies to Mitigate Biofilm-Related
Infection Risk

Although more precise characterizations of biofilm com-
munities provide insights into their structure, function, and
management, that knowledge also raises additional ques-
tions. Findings from recent studies underscore the impor-
tance of fundamental infection control strategies and can
inform development of new therapeutic interventions. First
and foremost, proper sterile technique and decontamination
strategies continue to be the mainstay of prevention. In cases

of implant infection requiring removal, concern for ongoing
reservoirs of infection may influence intra-operative tech-
niques, or the timing of surgery if re-implantation is neces-
sary. In certain settings, modifications of implants that reduce
bacterial adherence are commercially available. For exam-
ple, antibiotic coatings for endotracheal tubes, urinary cath-
eters, and CVCs are increasingly utilized but are not yet
standard practice. Although most permanent implants have
lagged in the commercial translation of specific drug–device
combinations, antimicrobial-coated biologic and synthetic
hernia repair meshes are readily available.48 When selecting
a specific mesh, one must consider the hydrophobicity or
hydrophilicity of the implant given that hydrophobic poly-
mers such as polypropylene demonstrate less bacterial ad-
herence compared with polytetrafluoroethylene or polyester
(Fig. 3). When considering orthopedic implants, surface to-
pography and roughness plays a role in cell or bacterial at-
tachment as does surface charge, thereby advocating for
adaptive surface design as an effective means of reducing
implant infection susceptibility. In particular, deliberate na-
nodesign may shape how both durable implanted devices
(i.e., artificial joints) as well as temporary percutaneous de-
vices (i.e., CVC) surfaces are designed to reduce biofilm
formation and infection risk.

Outside of the operating room, decisions regarding anti-
biotic agents should be made thoughtfully. Many commonly
prescribed antibiotic agents are unable to reach bacteria in
protected spaces such as biofilm or an intracellular site.
Moreover, if an antibiotic is able to penetrate into a space
characterized by a low partition coefficient, metabolically
quiescent bacteria demonstrate reduced susceptibility. Cer-
tain antibiotic agents demonstrate enhanced cellular pene-
trance and offer a selective advantage when used in
combination with a related agent. For example, combination
therapy that includes rifampicin appears to be more effective
for intracellularly resident bacteria as well as multi-drug–
resistant organisms such as Cutibacterium acnes.9,49 Al-
though antibiotic agents are essential in managing implant

FIG. 3. Surface nanometric elements that promote biofilm formation. This illustration depicts the surface elements that
govern bacterial adhesion to implant surfaces. Surface charge, charge density, wettability, roughness, topography, and
stiffness all play substantial roles in cellular and bacterial adhesion. This schematic illustrates conditions under which
material adhesion is enhanced or diminished. Reproduced with permission under the Creative Commons Attribution (CC
BY) license from: Zheng S, Bawazir M, Dhall A, et al. Implication of surface properties, bacterial motility, and hydro-
dynamic conditions on bacterial surface sensing and their initial adhesion. Front Bioeng Biotechnol 2021;9:643722.
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infection, with or without device explantation, treatment
should be narrowed and stopped as early as possible to pre-
vent prolonged periods of antibiotic-driven dysbiosis.50 Al-
though intuitively attractive, there is insufficient data to
recommend the routine use of pre-, pro-, or synbiotics to
modulate the gut microbiome to help abrogate biofilm related
infection.

Conclusions

Implant-related infection is largely linked to biofilm for-
mation. Biofilm formation is a rapid event that is influenced
by both the local microbiota as well as remote microbiota
such as those in the gut. Specific conditions increase the
likelihood of gut dysbiosis and appear to influence implant
infection from remote organisms unrelated to the surgical
site. Specific microbiome elements also appear to shape
implant as well as other infection risk, especially during an
episode of critical care. These observations offer the potential
for deliberate microbiome preservation or therapeutic alter-
ation to reduce implant infection risk in particular, and in-
fection risk in general. Device design alterations that impede
bacterial attachment offer promise as a mechanism to reduce
biofilm formation that may be particularly useful for patients
whose underlying conditions (e.g., inflammatory bowel dis-
ease) are difficult to alter to adjust their impact on the mi-
crobiome. Such design modifications may extend to
temporary devices such as transcutaneous catheters that are
widely used in the operating room, the interventional radi-
ology suite, the ICU, and other complex care environments.
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