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Biofilm Formation in Periprosthetic Joint Infections
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Abstract
Formation of microbial biofilms has long been implicated in the occurrence of Periprosthetic Joint infections (PJIs). Despite the widespread acknowledgment of the severity of these infections, much is still unknown regarding the underlying mechanisms of biofilm establishment and proliferation in the joint space. The presence of these resilient, complex communities poses many clinical challenges with respect to prevention, diagnosis, and treatment practices. Mature biofilms are known to be highly recalcitrant to antibiotic therapeutics as well as host immune system mediated clearance. A comprehensive understanding of biofilms in the unique joint environment at the molecular level will provide clinicians valuable insight into how best to combat them. As each stage in the process of biofilm establishment has the potential for clinical intervention, this review will provide a sequential analysis of the existing literature, following each step in the formation cycle. New insights into bacterial survival mechanisms from antimicrobial challenge and host immune defenses will be discussed. These new observations in the field may shed light on the early protection conferred upon entry into the joint space ultimately leading to the establishment of a mature biofilm. Additionally, standards of clinical diagnosis as well as current measures of prevention and treatment will be briefly discussed.












Introduction
Total joint arthroplasty has been one of the most successful procedures in the past few decades, resulting in substantial improvement in quality of life. However, periprosthetic joint infection (PJI) is a devastating potential complication with significant associated morbidity and mortality. While the overall incidence of PJI is relatively low, at approximately 1-2%, those affected experience significant loss of function and mobility (1). Additionally, associated healthcare costs can reach upward of $60,000 for a single episode (2). Even with resolution, the likelihood of developing a recurrent infection is significantly increased (3). As the frequency of joint arthroplasties continue to rapidly increase with an increasingly aging population, the need for new mechanisms of prevention and treatment is becoming urgent.  
Diagnosis and treatment principles for PJI are remarkably challenging. Diagnosis of these infections is based upon a set of criteria, as no singular test is entirely sensitive and specific (4). Treatment principles are constantly evolving as the scientific community demonstrates a greater understanding of the mechanisms of pathogenesis. Approximately 65% of PJIs are thought to be related to the formation of bacterial biofilms in the joint space (5). A deeper understanding of this phenomenon will likely provide greater insight toward directing future diagnosis and treatment of these devastating infections. 
Biofilm Implication in Periprosthetic Joint Infections   
Most bacteria not only grow as free floating planktonic single cells, but rather as aggregates of cells in biofilms; this poses a significant clinical threat for many reasons (6). While planktonic bacteria may proliferate in body fluids and allow for seeding of distal sites, resulting in bacteremia and possibly sepsis (7) they are also relatively susceptible to host immune defenses and antibiotic therapy (8). In contrast, biofilm bacteria are limited in mobility and often tend to remain localized in an infection but have an arsenal of mechanisms of self-defenses: they coexist in a complex extracellular matrix that provides physical protection, allows the development of microenvironments, harbors slow growing and dormant sub-populations and facilitates intricate signaling between the cells within (9). The biofilm phenotype confers a characteristically high tolerance to antimicrobial challenge as well as resistance to host immune defenses, making clinical resolution of biofilm-associated infections uniquely taxing (8).
The majority of pathogens that cause PJIs have been shown to form biofilms in to some extent (10) through laboratory experiments and microscopic examination of explanted materials. These bacteria include both gram-positive and gram-negative organisms, slow and fast growing, and aerobic or anaerobic (ESKAPE) pathogens: (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species (11)). The most common pathogens, Staphylococcus aureus, Staphylococcus epidermidis and Pseudomonas aeruginosa collectively make up approximately 75% of all identified organisms in PJI (11). Biofilms may also be multispecies in nature, or as tightly linked as independent aggregates. 
The biofilm formation process may roughly be delineated into four steps (Figure 1), (12):
1. Initial surface attachment of planktonic cells onto implant surfaces
2. Early biofilm formation- transition from the planktonic to biofilm phenotype with scant bacterial aggregations and the production of extracellular polymeric substances (EPS) 
3. Mature biofilm formation- consolidation of bacterial clusters into distinct microenvironments with unique pH and nutrient gradients, quorum sensing signaling, and secretion of virulence factors
4. Dispersal- release of select cells and aggregates into adjacent environment while the biofilm itself remains adherent to the substrate.
Biofilm Establishment Confers Protection 
Planktonic bacteria must overcome many challenges in order to survive long enough to form mature biofilms in the body. The process of survival, attachment, and subsequent proliferation requires mechanisms of self-preservation to be employed early on. Despite the heterogeneous nature of bacterial biofilms in respect to size, composition, and properties, there are consistent characteristics which contribute to increased resilience. 
To initiate infection, bacterial cells must first bypass natural protective layers such as the dermis in order to seed at a favorable site (13). These bacteria that enter transcutaneously are believed to be in the planktonic state (13). Susceptible single cells must resist physical shear stress associated with synovial fluid flow in the joint, in addition to host immune defenses and antibiotic administration (14). It has recently been proposed that the ability to form bacterial aggregates upon entry into the joint cavity may confer protection from such volatile conditions (15). In the past few years, multiple groups have shown that exposure to synovial fluid stimulates the formation of macroscopic bacterial aggregates (Figure 2) (15), (16). Early on, these synovial-fluid induced aggregates show recalcitrance to antibiotic challenge and neutrophil-mediated killing. Just 3 hours after exposure to synovial fluid, otherwise susceptible S. aureus as single cells when in aggregates display resistance to 100x the minimum inhibitory concentration of Vancomycin (17).
Protection from Host Immune Response 
The presence of a bacterial invader, whether planktonic or biofilm, is expected to trigger the activation of the host immune system (18). Neutrophils will rapidly migrate to the site of infection and engage in phagocytosis, production of reactive oxygen species,  and generation of neutrophil extracellular traps (NETs) to trap invading bacteria (19). These first responders are  essential agents of infection control, and highly effective when combatting cells in a planktonic state (20) .  After the establishment of a mature biofilm has occurred, the physical size of the structure impedes the ability of the neutrophils to carry out successful phagocytosis (21). Recent findings suggest that conference of protection against phagocytic activity likely occurs early on in the process of biofilm formation. It has been shown that just 3 hours of seeded bacterial growth on a surface is sufficient to confer recalcitrance to neutrophil engulfment (22). 
Another mechanism of protection employed by most bacterial invaders is the secretion of toxins, such as leucocidins (23). New evidence suggests that the production of these toxins could be advantageously stimulating leukocytes (which are unable to effectively phagocytose the biofilm aggregates due to their size and strength), to undergo extracellular trap formation (23). While originally thought of as an effective host defense, the formation of neutrophil extracellular traps (NETs) by extracellular DNA released by neutrophils, is now being investigated as a mechanism which may actually increase biofilm proliferation by providing additional biomaterial (23).
Adherence and Proliferation
Should the bacteria survive these initial challenges, they may proceed to adherence to the periprosthetic tissue or implant surfaces themselves. There are a variety of mechanisms of bacterial adherence- one of the more well studied mechanisms in S. aureus species involves adhesins of the MSCRAMM (microbial surface components recognizing adhesive matrix molecules) protein family (24), (13). These proteins facilitate the binding of bacteria to an array of extracellular matrix proteins, including fibronectin (24). Adhesins also facilitate non-specific attachment on other orthopaedic components including polymers, metals, ceramics, sutures, and bone cement (25). 
After adhesion, the planktonic bacteria undergo a replication phase resulting in proliferation and increasing colonization. The bacteria undergo a well-coordinated process in which specific genes are activated or deactivated in response to environmental stressors (26). Inter-bacterial communication, or quorum sensing, also occurs and  regulates biofilm production (26). However, it is not known how long the proliferation process takes to initiate or its rate of growth in vivo and empirical evidence suggests that a quiescent biofilm may persist asymptomatically for months or years.
Producing an EPS Matrix: Creating a Controlled Microenvironment 
Once attached, bacteria begin encapsulating themselves in a complex hydrogel EPS matrix predominantly composed of polysaccharides, glycoproteins, lipids, and extracellular DNA (9). These polymers interact uniquely through a variety of mechanisms including electrostatic interactions and cross-linking to develop interwoven complexes (27), (28). The chemical composition of the EPS matrix can be highly variable, even between strains of the same bacteria, and it can change over time. In addition to bacterial produced polymers the biofilm EPS can incorporate host derived polymers. Bacteria in biofilms are fundamentally distinct phenotype from their planktonic counterparts, even though they share the same genotype. Certain bacterial cells in the biofilm may also undergo autolysis, resulting in free (extracellular) DNA that serves to maintain biofilm structural integrity (27). As the cells divide further with continued EPS formation, the biofilm structures coalesce together to form a more organized architecture. 
Multi-dimensional layering of bacterial cells on a surface confers physical protection to bacteria residing within the interior of the biofilm. The complex EPS matrix creates a semi-enclosed microenvironment which acts as a protective barrier against both antimicrobials and the immune system defenses (29). As with any infection, the efficacy of an antimicrobial therapy is not based necessarily on completely eliminating the pathogen by itself, but to lower the burden enough to facilitate the hosts’ own immune system in clearing the infection. Depending on the composition and thickness of the biofilm, the diffusion of antimicrobials through a mature biofilm can be limited to the top layers (30). The ability of biofilms to tolerate high concentrations of antimicrobials, often orders of magnitude greater than that required to eradicate their planktonic counterparts, has been displayed across bacterial species and anatomical locations (8). During an immune response, the production of reactive oxygen species and other toxic mediators by leukocytes has little effect on the viability of an established biofilm (31). 
Bacterial Dormancy Complicates Therapeutic Efficacy  
It has been shown that diffusion through a mature biofilm is limited, which results in increasing nutritional and waste gradients as the biofilm grows (30). Bacteria on the periphery stay in a physiologic environment readily consuming glucose and oxygen, while cells in the interior become nutrient-deprived (32). Limited oxygen and nutrient availability, in conjunction with diffusion-limited buildup of metabolites and waste products, stimulate bacteria within the biofilm to enter a state of dormancy (32). A dormant bacterial cell will slow down processes deemed non-essential for its immediate survival, such as cell division and metabolic pathways (33). This contributes to the lack of susceptibility to systemically tolerated levels of antimicrobials, most of which function by disrupting these processes. 
The presence of persister cells within a biofilm community can complicate the resolution of an infection even further. These phenotypically distinct, highly resilient cells reside in a state of dormancy regardless of oxygen and/or nutrient availability. Although persisters only account for about 1% of the biofilm community, it has been shown that they cannot be killed by even high concentrations of antibiotics (8). During the administration of antibiotic therapy, these cells are essentially capable of “waiting out the storm” to eventually re-populate, often resulting in recurrent infections (34). Furthermore, persister cells still evoke a significant host inflammatory response that results in tissue destruction, osteolysis, and pain, as noted in chronic PJI (4). It is also thought that biofilms may persist insidiously for many months, even years, without overt clinical signs or symptoms of infection (35). Patients who had appeared asymptomatic for a considerable time after a previous revision for PJI, have been known to culture positive for the same infecting organism as prior to said revision. 
 Another survival mechanism is that some bacterial species have the capacity to develop resilient small-colony variant (SCV) phenotypes in biofilm populations. This genetic switch confers increased recalcitrance to antibiotic therapy as well as immune defenses (36).  While the underlying molecular mechanisms of this switch are not entirely clear, recent works suggest that they are a manifestation of point mutations (37). Additionally, it has been shown that the number of SCVs present in a biofilm increase with the age of that biofilm and observed resilience (37). These highly resistant cells likely play a role in biofilm persistence and contribute to the frequency of recurrent infections. 
Biofilm Dispersal
As biofilms become nutrient starved, specific cell signaling pathways induce the production of hydrolases and surfactants that degrade the EPS polysaccharide pseudo capsule. Of note, the demolition of the EPS matrix can vary between bacterial species. For example, pseudomonas species initially dissolve the EPS polysaccharides via the release of hydrolases. Following this dissolution, newly released cells will transition into a planktonic phenotype expressing flagella used for motility out of the biofilm. In contrast, staphylococcal species engage in two distinct phases during biofilm dispersal (38). The “exodus” phase of dispersal is characterized by nuclease production in order to degrade the early biofilm, which is predominantly composed of eDNA (38). The secondary phase of dispersal is characterized by protease production in order to degrade a matured biofilm, which is predominantly proteinaceous.  Staphylococcal species are also known to produce phenol soluble modulins and detergents to further facilitate dispersion (38). 
 This degradation is essential for dispersal of planktonic bacteria or biofilm fragments into the local environment (27). It is unclear how this dispersal translates into pathogenicity or clinical relevance. It is important to note that cells may be continually shed from biofilms at a background level, however a dispersal event occurs when many cells are released in a coordinated manner. Also, even though many cells may leave the biofilm in a dispersal event, many cells remain behind in the attached biofilm and PJI biofilm infections tend to remain localized in association with the implant surface. However, dissemination events may contribute to bacteremia and ultimately sepsis; furthermore, it may explain dissemination to other implants within the body (either a different prosthetic joint, or a device such as a pacemaker) (39). 
Diagnostics 
           Both the Musculoskeletal Infection Society (MSIS) and the American Academy of Orthopaedic Surgeons have developed a united set of guidelines in diagnosing PJI, which are shown in the Table 1 (4). Often times these diagnostic criteria identify the presence of infection via proxy, since biofilm bacteria can be difficult to culture by standard clinical methods (40), and the criteria measure the host immune response to infection rather than directly distinguishing the pathogenic organism  (41). However, in the absence of culture it can be difficult to distinguish an inflammatory response due to foreign body reaction from infection. Synovial fluid aspirate cultures, as well as intra-operative tissue cultures, are noted for a high rate of high negative results, especially as patients have often been put on a course of antibiotics prior to obtaining cultures (42). Alpha defensin, an antimicrobial peptide component of innate immunity thought only to be elevated in the presence of infection has shown promise as a diagnostic for PJI (4).  Furthermore, bacteria from biofilm are inherently difficult to culture for diagnosis. As attached biofilms they can be difficult to remove from the surface of tissue and implant materials (42). Sequencing molecular techniques, such as polymerase chain reaction, are currently being developed to detect bacterial ribosomal DNA and RNA (43). Still, these novel methodologies are imperfect as contaminant DNA can provide false positives. With the absence of culture it is not possible to phenotypically verify an antibiogram against the infecting strain, or strains in the case of polymicrobial infections.
Treatment
The effect of biofilms has significant implications with regard to the treatment of infection. There are two traditional paradigms in which PJI are grouped, which ultimately determine  treatment: acute and chronic PJI (41). Broadly speaking, an acute infection occurs in one of two situations: either within 3-6 weeks of the index procedure or this “late acute PJI” may occur suddenly after the prosthesis has been functioning properly and is thought to be due to hematogenous seeding from a different site in the body. Late, or ‘chronic’ infection occurs more than 6 weeks beyond the initial surgery (or hematogenous seeding event). The timeline that differentiates an acute from chronic PJI is rather arbitrary and thus controversial. Acute infections  are often initially treated with debridement, antibiotics, and implant retention (DAIR), consisting of irrigation and debridement along with a polyethylene exchange (44). Chronic infections are often treated with either a single-stage revision or a two-stage exchange(41). 
The difference in management may be explained in the context of biofilm formation. Ostensibly, as long as the biofilm remains in the joint or on the implant, the infection will likely not be eradicated, and any surgical treatment that does not remove the affected portion of  implant and tissue may ultimately be rendered futile. It is thought that with an acute infection, whether it be shortly (3-6 weeks) after the initial surgery, or seeding event in late acute PJI, the biofilm has not significantly established itself and thus a less involved procedure such as an irrigation and debridement with poly-exchange (DAIR) can be performed. However, in vitro studies show that biofilms can fully mature within just a matter of days (45). Thus, the time scales required to form a mature and protected biofilm is not well understood and largely assumed through anecdotal experience. Conversely with a chronic infection, the biofilm is thought to have fully matured in either the local tissue or the implant itself, and a more radical procedure is typically thought necessary to eradicate infection (41). 
A single stage revision procedure generally involves irrigation and debridement with full removal of existing hardware, followed by immediate re-implantation of new hardware in the same procedure (46), (47). A two-stage revision is characterized by a similar first stage step including irrigation and debridement with hardware removal. However, in lieu of a definitive implantation, an interim antibiotic cement spacer, formed  from antibiotic-loaded methyl methacrylate bone cement (ALBC) and temporary components, can be placed (47), (46). ALBC and bone graft substitutes such as calcium sulphate and calcium phosphate as antibiotic carriers have been used in treating PJI, as they can provide high local concentrations of the antibiotic unattainable by systemic administration (48).  ALBCs can be used to cement implants definitively, or be placed temporarily, as in the form of a bead (bead chain) and spacer. ALBCs offer the distinct advantage of eluting antibiotics directly into the local joint space. However, the presence of antibiotics also compromises the mechanical strength of the cement, though this is less of a concern with beads and spacers, as they are meant to be provisional in nature. Furthermore, there are only certain antibiotics that are compatible with PMMA as the thermal curing process of PMMA can render heat-sensitive antibiotics non-functional. The efficacy of these carrier mediums is limited by surface-area and elution kinetics, as there is an initial burst release from the antibiotics located at the cements’ periphery (10). Antibiotic concentrations peak approximately three days after surgery, and sharply decline thereafter. Unfortunately, a substantial amount of antibiotics remain “locked” within the spacer as diffusion through PMMA is exceptionally slow. Calcium phosphate and sulfate do not have the mechanical strength of PMMA, but they are able to provide more consistent and prolonged release of antibiotics as they completely dissolve and release their antibiotic cargo (30) Furthermore, they also have a lower setting temperature than PMMA and are therefore compatible with many classes of antibiotics and antimicrobial agents (49). After the patient undergoes a prolonged (~6 weeks) course of antibiotics, they wait for a variable “cooling off period without antibiotics, to determine if infective symptoms and signs return, and then if no signs of infection are noted, undergo the second stage procedure with removal of the temporary antibiotic spacers and placement of  definitive implants. (46), (47). 
Both methods of treating chronic infection have merit and ultimately the same goal: to conclusively eradicate the infection by means of purging the biofilm in order to prevent reinfection. DAIR has been shown to have unacceptable failure rates in the treatment of chronic infection, presumably due to inability to fully expunge all remaining bacteria. As both single and two-stage procedures involve removal of implant components, and thus any potential biofilm present on their surface, as well as being able to access deeper osseous infected tissue around the removed components, this allows for better opportunity in removing all sites of potential infection. There is controversy surrounding whether a single-stage or a two-stage exchange is most appropriate. Intuitively, a two-stage exchange provides greater opportunities in eliminating biofilm bacteria as there are essentially two irrigation and debridement procedures, along with elution of local antibiotic loaded cement. The two-stage exchange is considered the gold standard of care in the United States, while data from Europe suggests equivocal outcomes with less morbidity in one-stage revisions. 
Summary 
The presence of biofilm in the joint space is now accepted as a serious clinical complication. Biofilm affects both diagnosis and treatment of PJI. Diagnosis of PJI remains a challenge in the absence of one singular testing modality with complete accuracy. Great efforts have been made by the MSIS (Musculoskeletal Infection Society), IDSA, and ICM (International Consensus Meeting) committees in recent years in optimizing diagnostic parameters for PJI. Nonetheless, biofilm formation decreases the yield from fluid or tissue culture, thus creating a significant obstacle to definitive microbial identification and treatment.
PJI treatment depends on several factors including the onset of symptoms, the specific pathogen suspected, and host health. Patients that present acutely (within 3-6 weeks) from the index procure or symptom onset are typically treated with DAIR, while chronic (>3-6 weeks) infections are treated with either a single-stage vs two-stage exchange arthroplasty. The treatment options are thought to differ because in the acute phase, biofilm has not sufficiently formed, and bacterial burden may be offloaded by a less invasive procedure. In contrast, a more comprehensive procedure is required to fully remove biofilm once it has already established itself in the local microenvironment. 
In order to prevent and treat these devastating infections, it is imperative that the mechanism of biofilm establishment and subsequent immune response is understood. Most of the current methods for studying biofilm-associated joint infections are restricted to in vitro work, of which extrapolation to the clinic is limited. Over the past few years many groups in the field have introduced novel animal models in pursuit of replicating the complex patient system. In the future, a PJI-specific animal model will allow for a far more in-depth study of biofilm formation in the joint space. A thorough comprehension of the mechanism of biofilm formation at the microscopic level will better inform clinicians as to how to best combat them. Through this review the current understanding of establishment and proliferation in the joint space is discussed. 
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Figure 1. General stages in device-associated biofilm formation. In vitro this process can take as short as 24 to 48, depending on species and nutrient and environmental conditions. It is not known how long this process takes in an infection, largely because symptoms often only present in the latter stages of biofilm formation.

Figure 2. Confocal Microscopy of GFP-tagged Staphylococcal aureus synovial fluid-induced aggregates 1 hr post exposure. Strain kindly provided by Dr. Alexander Horswill, University of Colorado School of Medicine.

