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ABSTRACT
Background: Conclusive evidence exists that biofilms are present on the mucosa of chronic rhinosinusitis (CRS) patients. Less is known about the species

constituting these biofilms. This study developed a fluorescence in situ hybridization (FISH) protocol for characterization of bacterial and fungal biofilms in
CRS.

Methods: Fifty CRS patients and 10 controls were recruited. Bacteria FISH probes for Staphylococcus aureus, Haemophilus influenzae, and
Pseudomonas aeruginosa and a universal probe for fungi were applied to sinus mucosal specimens and then analyzed using confocal scanning laser
microscopy.

Results: Thirty-six of 50 CRS patients had biofilms present in contrast to 0/10 controls, suggesting a role for biofilms in the pathogenesis of this disease.
S. aureus was the most common biofilm-forming organism. Eleven of 50 CRS patients had characteristic fungal biofilms present.

Conclusion: This is the largest study of biofilms in CRS. It has validated mucosal tissue cryopreservation for delayed biofilm analysis. Fungal biofilms have
been identified and the importance of S. aureus biofilms in the polymicrobial etiology of CRS is highlighted.

(Am J Rhinol Allergy 23, 556–561, 2009; doi: 10.2500/ajra.2009.23.3413)
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Although chronic rhinosinusitis (CRS) places a significant socio-
economic burden on the community,1 its etiopathogenesis re-

mains largely unknown. It is presumed to result from a complex
interaction between intrinsic host-related factors and extrinsic envi-
ronment-related factors. A role has been proposed for external etio-
logic agents such as chronic bacterial infection,2 chronic osteitis,3

fungi,4 and staphylococcal superantigens,5,6 among others. In the
recent literature, a potential role for bacterial biofilms in the etiology
of CRS has been suggested.7–11

A bacterial biofilm is defined as a microbially derived sessile com-
munity characterized by cells that are irreversibly attached to a sur-
face (live or inert), embedded in a self-produced extracellular poly-
meric substance matrix.12 In assuming the biofilm phenotype, bacteria
undergo a programmed switch in gene expression resulting in a
down-regulated metabolic state and suppressed growth rate. These
genotypic and phenotypic changes culminate in a range of features
that differentiate biofilm-mediated diseases from planktonically
driven acute infections. Biofilm-mediated diseases typically show a
relapsing and remitting course, have variable bacterial culture rates,
and show extreme antibiotic resistance.13 There is an expanding un-
derstanding of the role of biofilms in otolaryngologic diseases such as
otitis media with effusion,14 chronic tonsillitis,15 and tympanostomy
tube otorrhea.16 CRS has many features in common with other bio-
film-mediated diseases and therefore it is not surprising that the
biofilm paradigm has been applied to CRS and that a search for
biofilms in these patients has been undertaken.

Numerous detection methods have been used to identify biofilms
in CRS patients, including scanning electron microscopy,7,17 Trans-
mission electron microscopy,8 and fluorescence in situ hybridization

(FISH).18,19 The work from our department has shown that the use of
fluorescent nucleic acid probes, available in the BacLight staining kit
(Invitrogen Corp., Grand Island, NY), with confocal scanning laser
microscopy analysis is the most specific method for biofilm detection
on sinonasal mucosal specimens.11 However, an inherent limitation of
this technique is that it does not allow the identification of the
individual microbial species that comprise a biofilm in our CRS
patients. Therefore, we set out to reevaluate the usefulness of FISH in
the species documentation of CRS biofilms and to determine the most
common species isolated in this chronic disease.

METHODS

Study Design and Population
This prospective, controlled, blinded study was undertaken in the

tertiary referral rhinology practice of the senior author (P.J.W.) based
in Adelaide, South Australia, Australia. The institution’s Human
Ethics Committee approved the study and all patients provided their
consent to participate in the study. The disease group consisted of 50
consecutive patients with CRS, as diagnosed using the criteria out-
lined by the Rhinosinusitis Task Force in 2003,20 undergoing endo-
scopic sinus surgery. Ten patients with no clinical or radiological
evidence of sinus disease, undergoing endoscopic procedures such as
transsphenoidal hypophysectomy, optic nerve decompression, and
cerebrospinal fluid leak repair were recruited for the control group.
Posterior ethmoid and sphenoid sinus tissue normally harvested and
discarded as part of the surgical approach for these procedures was
used. Exclusion criteria consisted of age �18 years, pregnancy, im-
mune-compromised patients, and impairment in mucociliary func-
tion (e.g., cystic fibrosis or Kartagener’s syndrome).

Preoperative data collection included symptom scores, allergy sta-
tus, paranasal sinus CT scores, medical history, presence of specific
allergies, smoking status, and nasal endoscopy findings. A standard
symptom scoring system was used, whereby the treating surgeon
would record the severity of the patient’s sinonasal symptoms, as
described by the patient (i.e., patient generated and surgeon re-
corded). Specifically, nasal obstruction, rhinorrhea, headache/facial
pain, altered smell, and postnasal drip was assessed on a scale of 1–5
(absent, mild, moderate, severe, or extreme), giving a total symptom
score out of 25. Allergy status was determined using a modified
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radioallergosorbent test (RAST) for common environmental allergens
and total serum IgE level. No patients had taken antibiotics, antifun-
gals, or steroids in the 3 weeks before their surgery. Intraoperative
data, such as presence of polyps, pus, or eosinophilic mucus (EM),
was recorded. All patients had tissue sent for histological analysis to
facilitate subclassification into CRS and EM-CRS and when clinically
indicated, patients had microbiology swabs sent for bacterial and
fungal cultures.

Tissue Collection and Transport
All CRS patients had sinus mucosal tissue harvested from the

maxillary sinus or ethmoid cavity during their procedure. In control
patients, sinus tissue was harvested from the posterior ethmoid and
sphenoid sinuses. Tissue was immediately stored in Dulbecco’s mod-
ified Eagle medium (Gibco, Invitrogen Corp., Grand Island, NY),
without antibiotics or amphotericin B, and transported on ice for FISH
analysis. Tissue was washed thoroughly in three separate beakers of
MilliQ water (Millipore, Billerica, MA) to remove any planktonic
bacteria and frozen to �80°C for FISH analysis at a later time. All
samples were deidentified by the person collecting the specimens and
labeled numerically from 1 to 60 to ensure observers assessing the
FISH-stained mucosa were blinded to the clinical status of the patient.

FISH Protocol
The selection of our four FISH probes (Staphylococcus aureus, Pseudo-

monas aeruginosa, Haemophilus influenza, and universal fungal probe)
was based on a literature review of the most important pathogenic
bacteria in CRS and our own anecdotal evidence of the importance of
S. aureus. Probes for S. aureus and P. aeruginosa, as well as a universal
fungal probe, were commercially available (AdvanDx, Woburn, MA).
No H. influenza was commercially available and therefore a novel
probe was developed in our laboratory from published sequences.21

Positive and negative control slides, using plated bacteria, were also
analyzed.

The AdvanDx FISH protocol was followed as per the manufactur-
er’s instructions. Briefly, single 5 � 5-mm pieces of sinus mucosal
tissue for each of the four probes were heat fixed to individual glass
slides, dehydrated in 90% alcohol, and air-dried. The probe was
applied to the tissue and hybridization at 55°C occurred for 90 min-
utes. In addition, the H. influenza tissue was prehybridized with
BET-42 (Sigma-Aldrich, St. Louis, MO) for 30 minutes to reduce
nonspecific binding of the H. influenza probe. Slides were then
washed in the manufacturer’s wash solution for 30 minutes at 55°C
and air-dried before analysis.

Tissue Cryopreservation Validation
The previous biofilm analysis in our department has been per-

formed on fresh sinus mucosal tissue specimens. However, in con-

trast to the BacLight protocol, FISH is time-consuming. Therefore, we
have investigated the possibility of cryopreservation of mucosal tis-
sue for biofilm analysis at a later time. To do this, we parallel pro-
cessed the first 15 patients; i.e., the FISH protocol was performed on
fresh tissue as well as performed at a later time using tissue that had
been frozen at �80°C. We found that cryopreservation of tissue did
not distort the biofilm architecture and it did not result in bacterial
contamination of the tissue. The results of the fresh and frozen tissue
analysis were identical.

Tissue Analysis and Biofilm Determination
The posthybridization slides were transported to Adelaide Micros-

copy for analysis using the Leica TCS SP5 Confocal Scanning Laser
Microscope (Leica Microsystems, Wetzlar, Germany). Using the Leica
Application Suite Advanced Fluorescence (Leica Microsystems), the
entire tissue area and depth were scanned by an investigator blinded
to the disease status of the patient. Imaging was performed at various
magnifications (�20–80), to appreciate the overall structure of the
biofilm as well as to accurately determine the size of the brightly
fluorescing areas. Axial stacks taken in the Z plane, with a slice
thickness of 0.5 �m, were taken through areas representative of
biofilm. Bacterial biofilms were defined as areas of clustered fluores-
cence with elements of bacterial size (0.5–3 �m) and shape, arranged
in a characteristic three-dimensional structure. A less intense “blush”
surrounding the areas of discrete brightly fluorescing areas (i.e., the
bacteria) was deemed to represent the exopolysaccharide matrix of
the biofilm. Fungal biofilms were declared present when brightly
fluorescing areas were contained within a typical fungal biofilm
structure consisting of hyphae, with or without surrounding areas of
fluorescence. Fluorescence not consistent with this definition was not
recorded in this study, but may represent other fungal elements. After
acquisition of this data, two independent, blinded observers then
analyzed all of the images using the guidelines set out previously.

Statistical Analysis
The results of this study were analyzed using GraphPad Prism 5.0

software (GraphPad Software, San Diego, CA). For our analysis,
median and interquartile ranges were used because of the nonpara-
metric nature of the data. Values of � � 5%, � � 20%, and p values
were considered significant for p � 0.05. Fisher’s exact test was used
for dichotomous data and the Mann-Whitney U test was used for
ordinal data. To assess interrater variability between the two image
observers, Cohen’s �-statistic was calculated using Minitab 15 Statis-
tical Software (Minitab, Inc., State College, PA).

RESULTS
A total of 60 patients, 50 CRS and 10 controls, were recruited for

this study. A summary of the relevant results is contained in Table 1.

Table 1. Results summary comparing chronic rhinosinusitis (CRS) subgroups with controls

Biofilm positive CRS Biofilm negative CRS Control

Number 36 14 10
Age (median and IQR) 48 (37–56) 53 (38–59) 44 (32.75–62.75)
Gender (M:F) 21:14 7:7 2:8
Revision surgery 21/36 9/14 0/10
Symptom scores 18 (16–20) 16 (14.75–18.25) 0
L-M score 16 (10–21.5) 13.5 (9.75–18) 0
Presence of polyps 17/36 (47%) 5/14 (36%) N/A
Presence of EM 23/36 (64%) 6/14 (43%) N/A
Positive bacterial culture 19/36 (53%) 11/14 (79%) N/A

IQR � Inter-quartile range; L-M � Lund-MacKay; EM � Eosinophilic mucus.
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Demographic Data
The CRS group comprised 29 men and 21 women, with a mean age

of 47.62 � 12.74 years. The control group was made up of two men
and eight women with a mean age of 44.70 � 16.16 years. Of the 10
control patients, 8 were undergoing transsphenoidal hypophysec-
tomy, 1 was undergoing optic nerve decompression, and 1 was un-
dergoing a cerebrospinal fluid leak repair.

Preoperative Data
Of the CRS group, 22 had a history of asthma and 6 were regular

cigarette smokers at the time of their surgery. In this group, 17 had
reported drug allergies and 23 tested positive to at least one allergen,
as assessed using a modified RAST. Of the environmental allergens
tested, allergy to molds was the most common among this group. The
mean symptom score for the CRS patients was 17.41 � 2.63. Nasal
obstruction was the most troubling symptom for these patients with
a mean score of 3.77 � 0.82. Most patients had pansinusitis on CT
scanning. Thirty of 50 (66%) of the CRS patients were undergoing
revision surgery, reflecting the tertiary nature of this practice.

In contrast to these, the control group consisted of only one patient
who had asthma, one patient who was a smoker, and one patient with
a drug allergy. None of the control group had positive modified
RAST testing. As per the inclusion and exclusion criteria, none of the
control group reported any symptoms or radiological evidence of
sinus disease.

Intraoperative Data
Twenty-two of 50 (44%) of the patients enrolled in this study had

CRS with nasal polyposis. The remaining 28 patients had no evidence
of polyposis at the time of surgery. On histological examination,
28/50 (56%) of the CRS patients could be classified as EM-CRS.
Results of allergy testing and fungal culture allowed further subclas-
sification of the EM-CRS group as follows: allergic fungal sinusitis, 3
patients; allergic fungal sinusitis–like, 7 patients, nonallergic fungal
eosinophilic sinusitis, 1 patient; and the remaining 17 patients had
chronic eosinophilic sinusitis. Four patients had positive fungal cul-
tures at the time of surgery with two culturing Aspergillus fumigatus,
one Bipolaris australiensis, and one Penicillium species.

Forty-two of 50 (84%) CRS patients had evidence of mucosal infec-
tion and microbiology swabs sent from the site. Thirty of 42 (71%)
CRS patients had positive microbiology swabs, with 3 of these pa-
tients growing more than one organism on culture (Table 2). The
multiple organism combinations were S. aureus–Prevotella oris, S. au-
reus–Enterobacter aerogenes, and Klebsiella pneumonia–group G Strepto-
coccus. S. aureus was the most commonly isolated organism at the time

of surgery and was seen in 12/30 (40%) positive swabs. P. aeruginosa,
H. influenza, Moraxella catarrhalis, Streptococcus pneumonia, and coagu-
lase-negative Staphylococcus were other species that were cultured in
more than one patient.

Biofilm Data
Of the patients in the control group, 0/10 had biofilms present on

the surface of their sinonasal mucosa. In contrast to this, 36/50 (72%)
of the CRS patients had biofilms present. Representative examples of
all four probes are shown in Fig. 1. These images show the charac-
teristic biofilm morphology of brightly fluorescing organisms (bacte-
rial and fungal) surrounded by a less intense matrix haze. Of the 36
biofilm-positive CRS patients, 17 patients had a single bacterial or
fungal species present, 15 had two species present, and 4 patients had
three species present (Table 3). S. aureus was the most frequently
identified biofilm-forming organism, shown in 50% of the CRS group.
Subgroup analysis investigating prevalence of biofilms in CRS with
and without nasal polyposis, CRS with and without EM, and primary
versus revision surgery did not yield statistically significant results.
This is probably related to the small numbers in each subgroup.

In terms of interrater variability, a direct correlation was seen in
97.5% of the images between the two observers. Obviously, when
analyzing images and producing dichotomous data, there is a 50%
chance of achieving the same result by chance. Thus, Cohen’s �-sta-
tistic was calculated to correct for this possibility. Using that test, the
interrater variability was 0.9292. This is �0.81 and therefore is con-
sidered to be in almost perfect agreement.22

DISCUSSION
This study represents the largest study to date investigating the role

of biofilms in CRS. Using a validated FISH protocol, we have identi-
fied biofilms in 36/50 (72%) CRS patients compared with 0/10 control
subjects. Although our study design can not exclude biofilms formed
by other bacterial species in these control patients, at the very least,
we have shown that the biofilm-forming organisms in disease are
different from those in health. The absence of biofilms in our control
patients is consistent with previous work from our department, using
the nonspecific BacLight probe.11 Using FISH, we have identified S.
aureus as the most common biofilm-forming organism in our CRS
patients—present in 50% of this study group. Furthermore, we have
highlighted the polymicrobial nature of CRS by showing that over
one-half of our CRS patients had biofilms formed by more than one
organism (Table 3). Given the nature of FISH and the limited number
of species probes used, this figure may actually be an underestimation
of the true extent of polymicrobial disease in CRS.

Using a variety of imaging techniques, biofilms have been identi-
fied on the sinonasal mucosa of CRS patients.8,11,18,19,23 Furthernore,
the presence of biofilms has been associated with clinically more
severe sinus disease.11,24,25 These findings are replicated in the current
study in which we found that biofilm-positive CRS patients had
significantly worse symptom scores than the nonbiofilm cohort
(Mann Whitney U test, p � 0.0202). However, there was no difference
between Lund-MacKay CT scores (Mann Whitney U test, p � 0.3518),
again reinforcing the lack of correlation between symptom scores and
radiological assessment of disease severity.26,27

Studies using the BacLight protocol have identified biofilms in 44
and 48% of CRS patients, respectively.11,25 There may be a number of
reasons for the difference between these previous studies and the
results of our current study. First, these two studies have investigated
bacterial biofilms only and therefore patients with fungal biofilms
would not have been included in the data analysis. Second, the
burden of disease may differ. Finally, the sensitivity and specificity of
the two techniques—FISH and BacLight—may be different. This is
currently unknown and warrants additional research to confirm or
refute this hypothesis.

The results of this study have confirmed our own empiric obser-

Table 2. Intraoperative bacterial culture results

Species Number of patients

Swab not sent 8
No growth on swab 12
S. aureus 12
P. aeruginosa 4
H. influenza 3
Coagulase-negative Staphylococcus 3
S. pneumonia 2
M. catarrhalis 2
K. pneumonia 1
Group G Streptococcus 1
P. oris 1
A. baumannii 1
E. coli 1
P. mirabilis 1
Enterobacter 1
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Figure 1. (a) Pseudomonas. aeruginosa fluorescence in situ hybridization (FISH) probe tagged with Texas red, analyzed with confocal scanning laser
microscopy at 20� magnification. Brightly fluorescing dots (representing bacteria) surrounded by a less intense exopolysaccharide blush (representing the
matrix). Both components of the biofilm are easily differentiated from the surrounding tissue. (b) Universal fungal FISH probe tagged with Alexa 488 at 80�
magnification. Characteristic densely matted hyphae irreversibly attached to the mucosal surface with surrounding exopolysaccharide substance forming a
fungal biofilm. (c) Staphylococcus aureus FISH probe tagged with Alexa 488, analyzed with confocal scanning laser microscopy at 80� magnification. (d)
Haemophilus influenza FISH probe tagged with Cy3 analyzed at 80� magnification.
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vations about the importance of S. aureus in the pathogenesis of CRS
and that from other CRS studies.28,29 S. aureus was frequently seen in
polymicrobial biofilm formation patterns. Seven of nine P. aeruginosa
biofilm–positive patients also had S. aureus biofilms. This association
has also been suggested by observations of biofilm-forming capacity
of bacteria recovered from CRS patients.30 S. aureus was also fre-
quently seen colocalized with fungal biofilms (see later in text). The
relative abundance of S. aureus biofilms is in contrast to previous
studies that have used FISH to identify biofilms in CRS patients. Two
studies from the same group have identified H. influenza as their most
common biofilm-forming organism.18,19 These studies found H. influ-
enza biofilms in 14/18 (78%) and in 9/11 (81%) CRS patients. Inter-
estingly, they also identified H. influenza biofilms in 2/5 and 3/3
control patients. The possible explanations for this difference include
geographical as well as methodological differences (i.e., specimen
washing and preparation, probe design, microscopy technique, and
biofilm definition).

Fungi are increasingly recognized as able to adopt a biofilm phe-
notype both on live and abiotic surfaces. Much of the work in fungal
biofilm research has focused on Candida species involved in indwell-
ing medical device infection.31,32 Although vast ranges of fungal spe-
cies are isolated from CRS patients, Candida species are rarely seen.33

A. fumigatus, however, is a frequent sinonasal pathogen and is known
to form biofilms on bronchial epithelium.34 In models of Candida
biofilms, yeast cells adhere to a live or inert surface and initially
maintain a yeast-like morphological form. As the fungal biofilm ma-
tures, yeast-like growth is repressed and hyphal growth expands.35

As the hyphae spread across the surface, an extracellular matrix is
secreted and surrounds the fungal biofilm, thereby gluing the hyphae
together.36 The expanded hyphal growth and surrounding matrix can
therefore be considered characteristic features of fungal biofilms.

Using these previous findings, we have confidently shown the
characteristic morphology of fungal biofilms in 11/50 patients. The
predominantly unidirectional orientation of the hyphae shown in Fig.
1 b is characteristic of fungal biofilm growth and is said to increase the
strength of the biofilm.36 The only other description of fungi and
biofilms in rhinology-specific literature is by Healy et al.18 They iden-
tified fungal elements associated with bacterial biofilms in 7/7 EM-
CRS patients and 4/5 CRS patients. However, they note that the
characteristic morphology of fungus (and therefore fungal biofilm)
was not identified in any of their specimens. The difference between
the reporting of these two studies may be merely definition. Certainly
in the current study, we excluded any fungal elements that did not
exist in the biofilm form previously described. Nevertheless, how
fungi, either in robust biofilm form or otherwise, contribute to the
pathogenesis of CRS remains unknown but certainly warrants further
investigation.

An interesting finding of this study is the symbiosis of fungal and
bacterial biofilms in CRS patients, predominantly S. aureus. This may
represent a similar phenomenon to that described by Healy et al.18 Of
the 11 patients in whom we identified robust fungal biofilms, 7 also
demonstrated S. aureus biofilms. Two patients had fungal–H. influenza
biofilms present and the remaining two were solely fungal. This

phenomenon is not new with mixed species bacterial–fungal biofilms
previously reported in device-related infections37,38 and specifically
with S. aureus in atrophic denture stomatitis.39 It has been suggested
that the symbiotic interactions of bacterial and fungal cohabitation,
such as that seen in our patients, augments biofilm survival by
enhancing interspecies transfer of antimicrobial resistance traits, as-
sisting surface adherence and improving the protection provided by
the exopolysaccharide matrix.40

Finally, there has been some concern raised regarding the possibil-
ity of FISH probes binding nonspecifically to mast cell degranulation
products in CRS patients. It is thought that these probed mast cell
products may appear as clustered fluorescing areas of bacterial size
and then be confused with bacterial biofilms. Although this may be a
possibility, for a number of reasons we feel this is unlikely, given the
results we have observed in our study. First, no control patients had
areas of fluorescence suggesting biofilm or indeed mast cell products.
However, given they are control patients, they may not have de-
granulated mast cells that typically accompany the inflammatory
milieu of CRS. Equally, not all CRS patients may have mast cell
activation and degranulation, therefore potentially explaining the
negative results in a subset of CRS patients. However, in those CRS
patients in whom mast cells were activated and had degranulated, we
would expect these products to bind all probes applied to the same
tissue. This was not the case in any patient and therefore we conclude
this is indeed a true result with the areas of fluorescence representing
bacteria within biofilms rather than host mast cell products.

CONCLUSION
This study is the largest of its kind and has used an FISH protocol

combined with confocal scanning laser microscopy to show biofilms
on the sinus mucosa of CRS patients. We have validated the cryo-
preservation of sinus mucosal tissue for delayed biofilm analysis. Our
protocol has identified S. aureus as the most common biofilm-forming
organism and highlighted the polymicrobial nature of this disease.
We have also shown a symbiosis between S. aureus and fungi in CRS
that may be relevant to unlocking the pathogenesis of this poorly
understood disease. Fungal biofilms are poorly understood compared
with their bacterial counterparts and represent an expanding area of
research, both within otorhinolaryngology and the wider microbio-
logical community. As we further our understanding of bacterial and
fungal biofilms, so too our understanding of the etiopathogenesis of
CRS will improve.
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