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Implications of Bacterial Biofilmsin Chronic Rhinosinusitis
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Therecognition of sessile form of bacteria with particular features, known as biofilm, has given new insightsto the
understanding of pathogenesis of several chronic diseases, including Chronic Rhinosinusitis (CRS). In this article
we review the main characteristics of biofilms, describe the current methods used to demonstrate biofilms in
chronic rhinosinusitis and discuss the future directions of research in the field.
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For decades, Koch'sfour postulateswere the paradigm to
explain most of infectious diseases currently known. However,
several recurrent and chronic infectious diseases could not
be explained by the free-floating bacteria model of Koch's
postulates. Thediscovery of asessile conformation of bacteria
known asbiofilmsin the 1980’s has brought much interest to
the study of the contribution of bacterial biofilmswith many
recurrent and chronic infectious diseases. A recent report by
the Center for Disease Control and Prevention estimated that
65% of all infectiousdiseasesin humansarerelated to biofilms
[1]. Because of theincreasing interest in biofilmsover thelast
decades, we review the basic concepts related to biofilm
microbiology and associated clinical implicationsand review
the current evidence supporting therole of biofilmsin chronic
rhinosinusitis as well as future directions in research.

What areBacterial Biofilms?

Bacteriacan befoundin natureintwo distinct forms: free-
floating cells denominated as planktonic or sessile forms
known ashiofilms. Biofilms are an adaptive phenotypic switch
of prokaryotic life that virtually can be found in al living
bacteria. Indeed, biofilms are the main mode of survival and
bacterial proliferation. Morphologically, biofilms are
characterized by a three dimensional complex of bacteria
enclosed in a self-produced extracellular matrix formed by
polysaccharides, nucleic acids, proteinsand extracellular DNA
(Figure 1). Approximately 90% of the biofilm massis water
with the remaining 10% of the mass being formed by
extracellular matrix (8.5%) and cells (1.5%) [2].

The pores and water channels integral to the biofilm
structure are the primary modes for nutrient and waste by
product exchange with the external environment and are
accomplished via both active and passive mechanisms. The
physicdl structure of the biofilm establishesadecreasing oxygen
and nutrient gradient from periphery to center which createsa
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bacterial metabolic gradient inthe samedirection, with different
susceptibility to antibiotics and to innate and adaptive host
defenses [3]. These characteristics, dlied to the ability of the
biofilm community to detach viable bacteriaand colonize distant
niches, have given an increasing interest in biofilms in the
understanding of persistent and recurrent infectious diseases.

How areBiofilmsFormed?

Based on proteomic studies of Pseudomonas aeruginosa,
five sequential and dynamic steps have been proposed to the
formation of biofilms[3]. Thefirst step startswith arandom
contact of bacteria with an inert or live surface. The initial
contact is influenced by some features of the environment,
such the presence of shearing forcesor an air-liquid interface.
Under certain environmental conditions, the bacteria use a
signaling cascade to evoke phenotypic changes through the
activation of selected genes involved in biofilm formation.
This processisinitiated with the production and secretion of
signaling molecules that, depending on the concentration
reached in the microenvironment, trigger the cascade
necessary for biofilm formation. Thistightly regulated process
of cell-to-cell communication to initiate the biofilm phenotype
is known as quorum-sensing.

Once the cascade is initiated, the second stage is the
production of extracellular matrix that adheres the bacterial
complex to the surface. The third stage is microcolony
formation, the two dimensional clustering of bacteria. Once
the microcolonies achieve a critical mass, vertical growth is
initiated resulting in towers with intervening water channels
andincrease of polymeric extracellular matrix. Tower formation,
however, is dependent of nutritional conditions of external
environment that can either influence clonal cell growth or
bacterial motility to form towers. In thisstep, colonizerslike
fungi and other bacteria can associate itself to the biofilm
structure. Inthelast step, shearing forces aswell asunknown
conditions can induce detachment of free living bacteria to
colonizefar nichesto maintain the bacterial cycle (Figure 2).

What aretheAdvantagestoBacteriato Form aBiofilm?
Froman evolutional point of view, bacterial growth attached
to a surface brings several advantages to survival and
prokaryotic perpetuation. The attachment to asurface creates
acertain degree of stability for survival, with apossibility to
interact and cooperate as well as share genetic material with
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other cells within the biofilm community thereby greatly
enhancing the gene pool. Another advantage is that bacteria
within the biofilm are physically less susceptible to
environmental factors, such as ultra-violet radiation,
dehydration, variations of pH and osmolarity [3].

One of the most important features of biofilmsisthe high
resistanceto antibioticsand to host immune mechanisms such
as less susceptibility to opsonization and phagocytosis[4,5].
Invitrotestshave demonstrated that certain strains of bacteria
in abiofilm state can be morethan 1000 times moreresistant to
antibi otics compared to the minimum inhibitory concentrations
levels of their planktonic counterparts [6]. One of the
mechanismsof resistanceisdueto the physical barrier exerted
by the polyssacharide matrix that blocks the diffusion of the
compounds or inactivates the biocide activity of some agents.
Thisismainly important for reactive agents (i.e. superoxides)
and immunoglobulins [7,8]. However, some studies have
shown that many antibiotics are able to cross the
exopolyssacaride matrix but do not have the expected
antimicrobial activity [9]. Thisin part can be explained by the
reduced metabolic activity found in the core of the biofilm
resulting from lower concentrations of nutrients and oxygen.
As most antibiotic act on active metabolic bacteria, like B-
lactams, they would be expected not to have the highest effect
inthecorezonesor “dormant” areas of thebiofilm. Thiscould
explain the persistence of hiofilm even after higher doses of
appropriate antibiotic [10]. Other hypotheses to explain
antibiotic resistance is that the water channels could pump
the antibiotic out in an active manner [11].

Diseases that present with high resistance to conventional
antibiotic therapy, with intermittent periods of acute
exacerbations, difficult toidentify and culturethe microorganism,
arethetypical paradigm of biofilm-related diseases. Because of
thelong timeadherenceto asurfacein addition to the ability to
spread viable planktonic bacteriatofar sites, biofilmscanfit the
pathophysiological model of severa chronic and recurrent
diseases. In thisway, many studies have shown the relation of
bacterial biofilms to dental plagues, urinary infections,
prostatitis, pneumoniain cystic fibrosis patients, otitis media
and, morerecently, in chronic rhinosinusitis[12].

M ethodsof Sudy and Evidenceof Biofilmsin Rhinosinusitis

The understanding of biofilms has gained momentum as
the methods of study have evolved. Currently, the main
methods used to evaluate biofilm in rhinosinusitis are based
on imaging studies (scanning electron microscopy,
transmission electron microscopy, confocal scanning laser
microscopy) and on methods that evaluate in vitro the
formation and/or susceptibility of biofilmsin 96-well plates
assays[12], such asthe Calgary Biofilm assay.

Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM)

Much of the current knowledge about biofilmsis due to
the advances in imaging studies, especialy the SEM. The

ability to acquireimagesin high magnification, with structural
microscopic details, isthe main advantage of SEM. TEM, in
turn, can elucidate ultrastructural details of biofilms, likethe
composition and the interaction of extracellular matrix with
the surface and cellsin the vicinity.

However, both SEM and TEM have the disadvantage of
artifacts inherent to the processing of the samples, which
include dehydration and distortion of the surface. Another
drawback isthat SEM and TEM require very small piecesto
be analyzed, which could add a sampling error bias.

Thefirst study of biofilmsin rhinosinusitiswas published
by Cryer et al. [13] in 2004, which identified bacteria biofilmin
4 of 16 patientswith CRS by SEM. In another study fromthe
samelaboratory, Perloff and Palmer [14] eval uated the presence
of biofilmsin silastic stents removed from the frontal sinus
recess after endoscopic sinussurgery (Figure 3). In thisstudy,
all 6 patients presented with biofilm on these sinus stents.
Using TEM, Ferguson and Stolz [15] demonstrated the
presence of bacterial biofilmsin 2 of 4 patientswith CRS. Also
using SEM and TEM, Sanclement et al. [16] in 2005
demonstrated a prevalence of 80% (24/30) of biofilms in
mucosal biopsies of CRS patients. None of the 4 control
patients was found to be biofilm positive. Although potential
artifacts can arise from the fixation and dehydration inherent
to SEM processing, these authors claim that the conventional
SEM processing does not change significantly the biofilm
architecture and keep possible the recognition of biofilm on
mucosal samples.

In children, Zuliani et al. [17] compared the presence of
biofilmsby SEM in adenoidsin CRS versus Obstructive Sleep
Apnea. CRS samples had 94.9% of the adenoid surface
occupied by biofilm, in contrast to 1.9% in cases of obstructive
sleep apnea. In this study they concluded that biofilmsin the
nasopharynx can be areservoir for resistant bacteria and the
elimination of thisresource by adenoidectomy could explain
the clinical improvement seen inthese children.

Confocal Scanning L aser Microscopy (CSLM)

Another method that has gained interest in biofilm
identification is the CSLM. Although the CSLM does not
provide high imaging magnifications like SEM, its main
advantage over the other methodsisthe possibility to visualize
a specimen without fixation or dehydration of the sample,
thereby minimizing possible architecture alterations of the
biofilms. Another advantageisthe possibility to stain bacterial
cells or fungi selectively with fluorescent markers, such the
probesused inin situ hybridization or nucleic acid markersto
distinguish viablefrom non-viablecells.

Utilizing 4 different markers for fluorescent in situ
hybridization (FISH), Sanderson et al. [ 18] demonstrated the
presence of biofilmsin 14 of 18 patientswith CRS, including
some samples with polymicrobial staining. However, 2 of 5
control samples showed positive staining for biofilms. Because
the biofilmsfound in these control sampleswere significantly
smaller than the CRS group, the authors suggest they might
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Figure 1. Scanning Electron Microphotograph. Pseudomonas
aeruginosa (PAO-1) biofilm obtained after 24 hours of
incubation over a polystyrene membrane. Note the bacilli
(whitearrow) enclosed inan extracellular matrix (black arrow)
with water channels.

Figure2. Biofilm formation cycle. (I) Planktonic bacterig; (11)
Random contact of free-floating bacteria on a surface; (111)
Formation of bacterial anchoring to the surface (1V); Growth
of microcolonies; (V) Biofilm maturation and detachment of
planktonic bacteria.
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beonly colonizers. Psaltiset al. [19], using CSL M associated
withthe Baclight L1VVE/DEAD®kit staining, demonstrated that
17 of 38 patients (44.7%) with CRSwere biofilm positive and
none of the 9 control patients showed evidence for biofilm.

Proliferation

M odified Calgary Biofilm Assay

The modified Calgary Biofilm Assay isa96-well plate test
evaluates the ahility of bacteriato form biofilm on round pegs
positioned over theplate. Originaly describeto evauateantibiotic

Figure 3. Scanning Electron Microphotograph. Silastic stent
removed from the frontal sinus recess after the 7th post
operative day, with biofilms on the surface.

susceptibility and to compare the resistance to their planktonic
counterparts| 6], the modification described by Stepanovicet al.
[20] consstinasemi-quantitativeandysisof theamount of crystal
violet absorbed by thebiofilmsgrown onthe pegs. Theadvantage
of thismethod istheeasy applicability and low cost. However, as
aninvitrotest, the biofilm formation eval uated on the pegs may
not reflect the same behavior in vivo.

Besides the evidencesin sinonasal mucosa, astudy using
the Calgary BiofilmAssay demonstrated aprevalence of 28.6%
of bacterial biofilm formersin swabs collected from patients
with CRS[21]. Using asimilar method, Bendouah et al. [22]
demonstrated that when Staphylococcus aureus or
Pseudomonas aeruginosa recovered from CRS patients are
ableto form biofilm, they are associated with an unfavorable
post operative evolution based on nasal endoscopy and on
quality of life scores. In the same way, Psdltis et al. [23]
demonstrated that the presence of biofilms on sinus mucosa
of CRS patients were associated with worse symptoms and
mucosal inflammation in the post-operative follow up.

FuturePer spectivesin Research and Clinical Applications

Although there is much evidence suggesting a link
between biofilmsand CRSin humans, thereislittle knowledge
about its real contribution in the pathophysiology of CRS.
There are no studies that clearly demonstrate which factors
determine the persistence and growth of biofilm on the
sinonasal mucosa of the host.

Dueto thedifficulty of studying biofilmsonaviabletissue
cultureor evenin animalsfew investigationshave been ableto
successfully delve into evaluating the interactions between
host and biofilms. Starner et a. [24] using broncho-epithelial
human cells, demonstrated that H. influenza biofilmsgrown on
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these cell cultures evoked an inflammatory response with an
increase of NF-kB, IL-8, TNF-c, and MIP-3a. (macrophage
inflammeatory protein). Therefore, many studiesaretill required
to understand the different mechanisms of interaction between
host and biofilms, what drivestheformation of biofilmsinthese
patients, and devel opment of an understanding of the humoral
and cellular defense responses involved.

To better understand the behavior of biofilms in sinonasa
mucosa, few studies using anima models have been published.
Perloff and Palmer [25], demonstrated that maxillary sinusitis
induced by P. aeruginosain rabbitsin different endpaints, until
the 20™ day of infection, were associated with biofilm formation
onsinusmucosa. Recently, Haet d. [ 26] using asheep model for
sinusitis demonstrated that sinus ostium occlusion substantially
promoted biofilm formationin theinocul ated sinus.

Broadly, therapeutic intervention can be divided into: (1)
possible mannersto inhibit biofilm formation and (2) methods
to eradicate biofilm aready formed. Chiu et al. [27,28] and
Antuneset al. [29] have devel oped an animal biofilm sinusitis
model with an indwelling irrigation catheter for screening
antibiofilm activity of different topical agents, likeantibiotics
and/or surfactants. Thismodel may develop into theworkhorse
for futuretopical drug development asit can beeasily used to
assessthe efficacy and safety of anti-biofilm agents, like anti-
guorum sensing drugs [30].

Finally, the development of more feasible methods for
biofilm detection could contribute with new perspectives and
direction of therapies in patients that present with chronic
and recurrent infectious diseases, such as CRS.
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