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Summary

  Bacteria have been found to grow predominantly in biofilms. The initial stage includes the attach-
ment of bacteria to the substratum. Bacterial growth and division then leads to the colonization of 
the surrounding area and the formation of the biofilm. The environment in a biofilm is not ho-
mogeneous; the bacteria in a multispecies biofilm are not randomly distributed, but rather are or-
ganized to best meet their needs.

  Although there is an initial understanding on the mechanisms of biofilm-associated antimicrobi-
al resistance, this topic is still under investigation. A variety of approaches are being explored to 
overcome biofilm-associated antimicrobial resistance. A greater understanding of biofilm process-
es should lead to novel, effective control strategies for biofilm control and a resulting improve-
ment in patient management.
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Background

Microorganisms have primarily been characterized as plank-
tonic, freely suspended cells and described on the basis of 
their growth characteristics in nutritionally rich culture 
media [1]. Van Leeuwenhoek first described that microor-
ganisms attach to and grow universally on exposed surfac-
es, which led to studies that revealed surface-associated mi-
croorganisms (biofilms) exhibited a distinct phenotype with 
respect to gene transcription and growth rate [2].

In biofilms, bacteria adopt a different phenotype [3], and 
the component cells of biofilms have been shown to com-
municate by intercellular signals [4]. The pathogenesis of 
many orthopaedic infections is related to the presence of 
microorganisms in biofilms [5–7].

Biofilm development on surfaces is a dynamic stepwise pro-
cess involving adhesion, growth, motility and extracellular 
polysaccharide production. On every biomaterial surface 
there is as a “race for the surface”, involving extracellular 
matrix (ECM) proteins, host cells (fibroblasts, osteoblasts, 
endothelial cells), and bacteria [6,8]. The ECM is a biolog-
ically active layer composed of a complex mixture of mac-
romolecules such as fibronectin, fibrinogen, albumin, vit-
ronectin, and collagen [6]. Host cell adhesion, migration, 
proliferation, and differentiation are all influenced by the 
composition and structural organization of the surround-
ing ECM [9]. However, the ECM not only serves as a sub-
strate for host cells, but also for colonizing bacteria. If host 
cells such as fibroblasts arrive at the biomaterial surface and 
establish secure bonds, bacteria are confronted with a liv-
ing, integrated cellular surface. Such integrated viable cell 
layers with functional host defense mechanisms can resist 
bacterial attachment and colonization [8]. However, it has 
been found that bacteria (eg, Staphylococcus aureus) express 
many surface adhesion molecules that promote attachment 
to plasma and ECM proteins of host cells, or those ECM 
proteins anchored onto metal or polymer surfaces [10,11].

Although biofilms that colonize orthopaedic devices have 
been studied extensively, there are many areas that need 
further clarification regarding biofilm structure, cell com-
munity composition and pathophysiologic activity.

Historical overview

Van Leeuwenhoek first observed microorganisms on tooth 
surfaces and can be credited with the discovery of micro-
bial biofilms [2].

Jones et al. [12] used scanning and transmission electron mi-
croscopy to examine biofilms on trickling filters in a waste-
water treatment plant, showing them to be composed of a 
variety of organisms (based on cell morphology). By using a 
specific polysaccharide-stain called Ruthenium red and cou-
pling this with osmium tetroxide fixative, these researchers 
were also able to show that the matrix material surround-
ing and enclosing cells in these biofilms is polysaccharide.

Prior to 1978, biofilms had been described in aquatic sys-
tems [13–15] without determination of the proportion of 
bacteria in a given ecosystem. In 1978 Geesey et al. [16] 
adapted recovery methods for quantitative determination 

of biofilm bacteria in a pristine mountain stream. These 
methods allowed direct comparison, in number and activi-
ty, between planktonic (free-living) and biofilm bacteria of 
the same aquatic system. This study demonstrated that bac-
teria in the biofilm clearly predominate in numbers and in 
metabolic activity, leading to widespread application of the 
same methods in natural [17], industrial [18], and medi-
cal [19,20] ecosystems. These biofilm populations have a 
very significant metabolic activity and predominate in vir-
tually all nutrient-sufficient aquatic systems irrespective of 
system geometry and type of ecosystem involved [21–23].

The above methods of quantitative analysis allowed Lappin-
Scott and Costerton [23] to predict the extent of biofilm 
formation in a particular aquatic system, based on the fol-
lowing principles: 1. Metabolically active (vegetative) bacte-
ria show a remarkable avidity for adhesion to surfaces, and 
this tendency is especially pronounced in wild-type cells in 
natural environments. 2. The extent of biofilm accretion on 
surfaces in any aquatic system is controlled by the amount 
of nutrients available for cell replication and for exopoly-
saccharide production. 3. In extremely oligotrophic envi-
ronments, organic nutrients tend to associate with available 
surfaces and to trigger local biofilm development; howev-
er, bacteria in general do not adhere on surfaces in nutri-
ent-deficient environments.

Biofilm – definition and formation Procedure

A biofilm can be defined as a layer-like aggregation of cells 
and cellular products attached to a solid surface or substra-
tum [2,24,25]. An established biofilm structure comprises 
microbial cells and extracellular polymeric substances and 
provides an environment for the exchange of genetic ma-
terial between cells [25] (Figure 1).

The biofilm architecture is spatially heterogeneous, con-
stantly changing through external and internal processes. 
Although macroscopically an idealized biofilm is a thin ho-
mogeneous layer, microscopically it is a nonuniform struc-
ture characterized by variable thickness and polymer den-
sities. This heterogeneity may play an important role in 
hydrodynamic fouling, microbially influenced corrosion, 
substrate conversion and biocide efficacy. Furthermore, 
owing to their irregular surface, biofilms increase a fluid’s 
functional resistance and shear stress. These effects, in turn, 
influence the effective diffusion coefficient in aerobic bio-
films, where the oxygen distribution strongly depends on 
flow conditions and on the biofilm’s structure.

A large portion of biofilm matrix, depending on the specif-
ic system under investigation, is actually water (up to 97%) 
[26,27]. The water can be bound within the capsules of mi-
crobial cells or can exist as a solvent with physical proper-
ties such as viscosity determined by the solutes dissolved in 
it. Viscosity within the biofilm matrix is integral to the dif-
fusion processes that occur [28]. Apart from water and mi-
crobial cells, the biofilm matrix includes secreted polymers, 
absorbed nutrients and metabolites, products from cell ly-
sis, and particulate material and detritus from the imme-
diate surrounding environment. All major classes of mac-
romolecules – proteins, polysaccharides, DNA and RNA 
– can be present, in addition to peptidoglycans, lipids, and 
phospholipids.
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Within biofilms, microorganisms organize communities with 
structural and functional heterogeneity similar to that of a 
multicellular organism; interstitial voids between microcol-
onies can be considered to serve as a rudimentary circula-
tory system [7]. Cell-to-cell signaling (eg, quorum-sensing) 
induces biofilm microorganisms to change patterns of gene 
expression. Quorum sensing is the ability of a bacterial col-
ony to sense its size and, in response, to regulate its activi-
ty. At certain population densities, intercellular signals ac-
tivate genes involved in biofilm differentiation.

Living within a biofilm represents a basic survival mech-
anism against environmental influences, including host 
immune responses (eg, opsonization, phagocytosis, and 
complement-mediated lysis) and antimicrobial agents. 
Polymorphonuclear neutrophils can attach to, pene-
trate, and produce cytokines in, maturing and fully ma-
tured Staphylococcus aureus biofilm [29]; nevertheless, 
these efforts are usually insufficient to clear the bacte-
ria [30]. Furthermore, ineffective attempts to engage in 
phagocytosis may result in release of cytotoxic and pro-
teolytic substances contributing to tissue injury and ulti-
mately to periprosthetic osteolysis in cases of orthopae-
dic implants [30].

The genetic basis of biofilm formation has been investigat-
ed for a number of bacterial species, including Escherichia 
coli [31], Pseudomonas aeruginosa [32] and Vibrio cholera 
[33]. These studies used randomly generated mutant spe-
cies grown on plates [34–36]. After removal of planktonic 
forms and staining with crystal violet, cells with no staining 
correspond to mutants that are defective for mature bio-
film formation. These genetic screens for biofilm-defective 
mutants have shown that the initial interaction with the sur-
face is accelerated by force-generating organelles such as 
type IV pili and flagella. Once temporary contact with the 
surface is made, bacteria use either flagella or type IV pili 
to move along the surface until other bacteria are encoun-
tered and microcolonies are formed or enlarged [31–33]. 
Finally, exopolysaccharide production is necessary to stabi-
lize the pillars of the biofilm [33].

wHy do Bacteria form Biofilms?

Jefferson suggested 4 promoting aspects for biofilm forma-
tion during infection: (1) protection from harmful condi-
tions in the host (defense), (2) sequestration in a nutri-
ent-rich area (colonization), (3) utilization of cooperative 
benefits (community), and (4) bacteria normally grow as 
biofilms and planktonic cultures are an in vitro artifact (bio-
films are the default mode of growth) [37].

According to others, there are 5 stages in the growth cycle 
of a biofilm, with common characteristics independent of 
the phenotype of the organisms [38]. Stage I is the attach-
ment phase, which can take only seconds to activate and is 
likely induced by environmental signals. These signals vary 
by organisms, but they include changes in nutrients and nu-
trient concentrations, pH, temperature, oxygen concentra-
tion, osmolality and iron.

Rough surfaces are more susceptible to biofilm formation, 
likely due to reduction of shear forces and increased surface 
area. Studies indicate that biofilms also tend to form more 
readily on hydrophobic materials like Teflon and other plas-
tics than on glass and metal. The initial binding in stage I is 
reversible, as some cells detach. During this stage, bacterial 
cells exhibit a logarithmic growth rate. Stage II is character-
ized as irreversible binding and begins minutes after stage I. 
After adhering to the epithelial surface, the bacteria begin 
to multiply while emitting chemical signals that “inter-com-
municate” between bacterial cells. Once the signal intensity 
exceeds a certain threshold level, the genetic mechanisms 
underlying exopolysaccharide (EPS) production are activat-
ed, which is able to trap nutrients and planktonic bacteria 
[4]. During stage II, cell aggregates are formed and motil-
ity is decreased when cell aggregates become progressively 
layered to a thickness greater than 10 µm; the biofilm stage 
III also known as maturation I. When biofilms reach their 
ultimate thickness, generally greater than 100 mm, this is 
called stage IV or maturation II. During stage V, cell disper-
sion is noted. Some of the bacteria develop the planktonic 
phenotype and leave the biofilm. This begins several days 
after stage IV [39].

Biofilms are also resistant to phagocytosis, and the phago-
cytes that attempt an assault on the biofilm may actually do 
more harm to surrounding tissues than to the biofilm itself. 
The chronic nature of certain infections is usually due to 
the development of a resilient biofilm. The invulnerability 
of biofilms is not completely understood, but is likely de-
pendent upon a number of biofilm-specific characteristics, 
including slow growth and physiologic heterogeneity of the 
inhabitants. Another important aspect that fortifies biofilm 
resistance is the sticky matrix, which may contain DNA and 
other polymers, but in general is predominantly composed 
of exopolysaccharides [40,41].

Bacteria have a number of strategies to ensure their viability 
in the human host. Overall, bacteria produce an impressive 

Figure 1.  Diagram showing the development of a 
biofilm as a five-stage process. Stage 1: 
initial attachment of cells to the surface. 
Stage 2: production of extracellular 
polymeric substance. Stage 3: early 
development of biofilm architecture 
(colonization). Stage 4: maturation of 
biofilm architecture. Stage 5: dispersion 
of single cells from the biofilm. In 
the final stage, when environmental 
conditions become unfavorable, some of 
the bacteria may detach and swim away 
to find a surface in a more favorable 
environment.
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array of autolysin – adhesins that appear to have evolved as 
a means to inhabit the human host. The finding that car-
bon catabolite-induced gene regulation plays a critical role 
in biofilm formation [42] also supports the hypothesis that 
biofilm formation is a mechanism for organisms to remain 
viable in the favorable environment of the human host.

Bacterial cells do not differentiate, but rather respond to the 
environment by adapting their gene expression to meet oc-
casional needs. Thus, it is more accurate to refer to biofilms 
as interactive communities rather than comparing them to 
multicellular organisms. Nonetheless, living in a commu-
nity provides its members a number of benefits such as re-
sistance to environmental changes, distribution of the met-
abolic burden, gene transfer, and selfless behavior [30].

PatHogenesis of imPlant-associated infections

Biofilms may form on a wide variety of surfaces, including 
living tissues, indwelling medical devices, industrial or po-
table water system piping, or natural aquatic systems.

The water system biofilm is highly complex, containing cor-
rosion products, clay material, freshwater diatoms, and fil-
amentous bacteria. The biofilm on a medical device, on 
the other hand, appears to be composed of a single coc-
coid organism and the associated extracellular polymeric 
substance matrix.

Implant-associated infections microorganisms live clus-
tered together in a highly hydrated extracellular matrix 
attached to a surface [43]. Depletion of nutrients and/or 
waste product accumulation in biofilms causes microor-
ganisms to enter a slow-growing or non-growing (station-
ary) state, rendering them up to 1000 times more resistant 
to most antimicrobial agents than their planktonic (free-
living) counterparts [1,44].

Adherence of microorganisms to the surface of the implant 
involves rapid attachment by specific factors (eg, adhesins) 
or nonspecific factors (eg, surface tension, hydrophobicity, 
and electrostatic forces) [45]. This initial phase is followed 
by an accumulative phase during which bacterial cells ad-
here to each other and form a biofilm. The presence of a 
foreign body has been shown to significantly increase sus-
ceptibility to infection. This increased susceptibility to in-
fection is at least partially due to a locally acquired granu-
locyte defect [46].

Infections associated with fracture fixation can occur exog-
enously in cases of open trauma (pre-operatively), during 
insertion of the fixation device (intra-operatively), or dur-
ing disturbed wound healing (post-operatively) [47–49]. 
Hematogenous infection is less frequent and is commonly 
associated with bacteraemia originating from skin, respira-
tory, dental, or urinary tract infections [50]. Stainless steel, 
titanium and titanium alloys are the most commonly used 
materials for orthopaedic implants, but biodegradable poly-
mers such as poly -L-lactide are also utilized in orthopaedic 
and maxillofacial surgery.

The differences between stainless steel and titanium are well 
documented [51-54], with stainless steel implants being as-
sociated with significantly greater infection rates than tita-
nium implants [52,53]. A possible reason for this could be 
that soft tissue adheres firmly on titanium-implant surfac-
es [10,54] but a known reaction to steel implants is the for-
mation of a fibrous capsule, enclosing a liquid-filled void 
[8,52]. Bacteria can spread and multiply freely in this un-
vascularized space, which is also less accessible to the host 
defense mechanisms. Adhesion and proliferation of fibro-
blasts is inhibited on titanium alloy surfaces [56]. In vitro 
studies of the reaction of bacteria to titanium alloys have 
yielded contradictory results. Delmi et al. [57] and Ha et 
al. [58] reported extensive S. aureus and S. epidermidis adhe-
sion and biofilm formation on titanium alloys as opposed to 
stainless steel, whereas Gracia et al. [59] found no significant 
differences for S. aureus between titanium alloy and stainless 
steel surfaces. From a clinical point of view, the prevention 
of initial bacterial adhesion is of utmost importance, since 
mature biofilms are very difficult to treat. Possible solutions 
include implant surface modifications by altering the to-
pography and/or surface chemistry of the biomaterial, or 
by using an antimicrobial or protein-resistant coating [7].

mecHanisms of tHe antimicroBial resistance

The production of an exopolysaccharide matrix, or glycoc-
alyx, is one of the distinguishing characteristics of biofilms. 
It has been suggested that this matrix, among other func-
tions, prevents the entry of antibiotics into the community 
(Figure 2) [60]. This extracellular matrix may physically re-
strict the diffusion of antimicrobial agents. Nutrient and/
or oxygen depletion and waste product accumulation may 
cause bacteria to enter a non-growing (stationary) state, pro-
viding protection from growth-dependent antimicrobial ac-
tion. A subpopulation of bacteria may differentiate into a 

Figure 2.  Schematic representation of planktonic 
bacterial cells, killed by antibiotics 
and the immune system, and biofilm 
microorganisms, attached to a surface 
and protected in an extracellular matrix.
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phenotypically resistant state. Furthermore, organisms may 
express biofilm-specific antimicrobial resistance genes that 
are not required for biofilm formation [7].

Anderl et al. [61] cultured Clebsiella pneumoniae colony bio-
films on agar plates with and without antibiotics. By plac-
ing a filter on top of the colony, they were able to directly 
search for antibiotic diffusion through the colony by per-
forming a standard zone of inhibition assay with the filter. 
This breakthrough study showed that ampicillin was un-
able to penetrate the biofilm, irrespective of the presence 
of ampicillin-degrading enzyme b-lactamase. Ampicillin was 
unable to diffuse in mutant colonies that lack the ability to 
produce b-lactamase, suggesting that other mechanisms 
contribute to the resistance of these colonies.

Pseudomonas aeruginosa biofilms formed by an alginate-over-
producing strain show a highly structured architecture and 
are more resistant to tobramycin than are biofilms formed 
by an isogenic non-mucoid strain [62]. Mah et al. [63] re-
cently identified a gene (ndvB), the absence of which re-
sults in the formation of P. aeruginosa colonies without bio-
film-specific resistance to antimicrobial agents. The ndvB 
locus is required for the synthesis of periplasmic glucose 
polymers that interact with tobramycin, apparently prevent-
ing the drug from reaching its site of action. Whether such 
a process occurs in staphylococci as well is not known, but 
could explain the poor activity of glycopeptides against S. 
epidermidis biofilms [64].

Fux et al. [65] studied oxacillin resistance of detached S. 
aureus biofilm particles that formed emboli. These embo-
li can explain the high rate of symptomatic metastatic in-
fections of S. aureus. Cells within emboli are at a stationary 
state of growth and their formation is possibly promoted in 
nutrient deficient environments.

diagnosis of ortHoPaedic Biofilm infections

Diagnosis of biofilm infections is always complicated by the 
fact that matrix-enclosed sessile bacteria are less immuno-
genic and elicit a reduced inflammatory response, as op-
posed to the response elicited by an analogous amount of 
planktonic free-living bacterial cells [4,66].

Because of the lack of sensitivity of conventional microbio-
logic methods, molecular methods (eg, polymerase chain re-
action [PCR] and fluorescence in situ hybridization [FISH]) 
are more suitable for detection of biofilm infections. The 
humoral and cellular responses of patients are very useful 
for detection of developing biofilms in cases of implanted 
orthopaedic materials [67]. The humoral system reacts to 
immunogenic epitopes on the surface of bacteria by pro-
ducing specific antibodies. These antibodies are not useful 
against biofilms because bacteria in biofilms produce sur-
face proteins that are very distinct from those on the sur-
face of planktonic cells of the same species [5].

Several tests based on molecular and immunologic methods 
are currently available for the diagnosis of biofilm infections 
of bones and joints. These new methods can be combined 
with imaging modalities, allowing bacterial communities to 
be located with some degree of accuracy. Anti-biofilm an-
tibodies can be tagged with specific “opacity markers” for 

various types of scans. Positive enzyme-linked immunosor-
bent assay (ELISA) tests could be informative as a diagnos-
tic tool, whereas antibody-based imaging could help local-
ization and clinical treatment [66].

The difficulty of identifying biofilm infections in vivo has 
led to the outline of specific criteria for diagnosing biofilm 
infections from clinical specimens by Parsek et al. [67]: a) 
pathogenic bacteria are associated with a surface; b) direct 
examination of infected tissue demonstrates aggregated cells 
in cell clusters encased in a matrix, which may be of bacte-
rial and host origin; c) infection is confined to a particular 
site in the host; d) recalcitrance to antibiotic treatment de-
spite demonstrated susceptibility of planktonic bacteria; e) 
culture-negative result in spite of clinically documented high 
suspicion of infection (since localized bacteria in a biofilm 
may be missed in a conventional blood sample or aspirate); 
and f) ineffective host clearance evidenced by the location 
of bacterial cell clusters (macrocolonies) in discrete areas 
in the host tissue associated with host inflammatory cells.

can we Prevent colonization and formation of 
Biofilm?

Any plastic or metal biomaterial that is placed into the body 
should, ideally, be perfectly innocuous [66]. Research in the 
water industry has shown that surfaces are very similar in their 
tendency to attract planktonic cells, and that the contamina-
tion of surfaces by organic materials (especially residual bio-
film matrices) accelerates this process by at least 10-fold [1].

In the process of manufacturing orthopaedic implants, ma-
chining techniques (especially those that use a wet interface 
between the tool assembly and the implant) can lead to bio-
film development. Sterilization (eg, with ethylene oxide) kills 
the bacteria in these biofilms, but fails to remove the resi-
due of their matrices. These deposits must be removed be-
fore the devices can be implanted. Techniques with enzyme 
treatments are available for the removal of biofilm residues.

One of the most practical strategies for the prevention of 
colonization and consequent biofilm formation is the use 
of materials and coatings that release antibiotics into the 
surrounding tissues and fluids. Ideally, these materials will 
release antibiotics in concentrations lethal to any plank-
tonic cell in the area to prevent biofilm formation [8,66].

Topography and chemical properties of biomaterials sur-
face could be modified to alter the propensity for bacteria 
adhesion and subsequent biofilm formation [69–71]. Using 
electro-polished titanium and titanium alloy (Ti-6Al-7Nb) 
could be a solution for avoiding infections associated with 
intramedullary nailing systems, as there are indications that 
staphylococci adhere more to standard titanium alloy nails 
in vitro [57] and in vivo [58]. Another possibility is to coat 
titanium or stainless steel with nitrogen ions, which affects 
the resistivity and chemical topography of the surface [72]. 
Titanium nitride coatings are known to induce fibroblast at-
tachment and growth [73,74], minimizing the adhesion of 
S. aureus [75], S. epidermis [72,76], Streptococcus mutans and 
Pseudomonas aeruginosa [72].

Approaches to reduce protein absorption, bacterial attach-
ment and biofilm formation on biomaterial surfaces include 
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protein coatings such as heparin [70] or albumin [77,78], 
surface modification by hydrophilic chains [79], phosphor-
ylcholine-modified polymer coatings [80] and poly(ethylene 
glycol)-based coatings [81,82].

Use of local antibiotics to supplement systemic therapy has 
been proven effective in controlling orthopaedic infections 
[83,84]; thus there has been an interest in coating implants 
(stainless steel, titanium, or titanium alloy) with a thin lay-
er of antibiotic-loaded biocompatible, biodegradable poly-
mer such as polylactic-co-glycolic acid (PLGA) [85,86] and 
poly(D,L-lactide) (PDLLA) [83,87]. Various antibiotics have 
been studied, including gentamicin [83,86], ciprofloxacin 
[85] and vancomycin [83,87]. However, the main concern 
is the development of resistant bacteria [87], which is more 
likely if a combination of antibiotics is used [88]. To prevent 
this, the concentration of the antibiotic eluted from the im-
plant must remain above the minimal inhibitory concentra-
tion (MIC) value for a sufficient amount of time.

A novel idea to prevent bacterial colonization on external fix-
ation pins and wires was described by Forster et al. [89], who 
fitted gentamicin-coated polyurethane sleeves over the pins 
and wires of the external fixation device. The sleeves substan-
tially reduced the incidence of pin tract infections caused by 
S. epidermidis, and elution tests revealed that the concentration 
of gentamicin in the pin tract remained above the 4 µg/ml 
MIC value recommended for gentamicin for up to 26 weeks.

A new approach to the prevention of the colonization of 
prostheses is under investigation, as intercellular com-
munication in the biofilm can be altered or interrupted. 
Intercellular communication is vital for biofilm formation 
and maturation. Intercellular signals are simple acyl homo-
serine lactones (AHLs), in the case of gram-negative bacte-
ria [90], and gram-positive bacteria use equally simple cy-
clic octapeptides for the same purpose [91].

conclusions

Bacterial cells grow in the biofilm phenotype as a part of 
their successful strategy to colonize most of this planet and 
most of its life forms. We have only recognized this distinct 
phenotype as the predominant mode of bacterial growth 
for the last 2 decades. Understanding how microbes gath-
er into biofilm communities and maintain diversity remains 
one of the central questions of microbiology, requiring an 
understanding of microbes as communal rather then indi-
vidual organisms. Biofilm formation is a crucial step in the 
pathogenesis of many subacute and chronic bacterial infec-
tions, including foreign body-related infections. Biofilms 
are difficult to eradicate with conventional antimicrobial 
agents. Bacterial biofilms have several potential antimicro-
bial resistance mechanisms. Antimicrobial resistance mech-
anisms may act concurrently, and in some cases, synergis-
tically. Persisting cells play a major role in the tolerance of 
biofilm bacteria to antimicrobial agents. Understanding the 
mechanisms involved in biofilm-associated antimicrobial re-
sistance is key to development of new therapeutic strategies.
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