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ABSTRACT
Background: Bacterial biofilms have been implicated in chronic rhinosinusitis (CRS). However, direct evidence in support of fungal biofilms in sinus

disease is lacking in the literature. This study was designed to develop and characterize an in vitro Aspergillus fumigatus biofilm model on primary human
sinonasal epithelial cell culture.

Methods: Sinonasal biopsy specimens harvested during endoscopic sinus surgery of six CRS patients and three pituitary tumor (control) patients were
cultured in Dulbecco’s modified Eagle media (DMEM; Invitrogen)/Hams F12 airway media to encourage epithelial cell proliferation. Epithelial cells separated
by immunomagnetic beads were seeded in tissue culture–treated Y-shaped microslides. At confluence the primary cultures were inoculated with A. fumigatus
spores. Fungus was allowed to germinate and form biofilms under two in vitro conditions: (1) static (no flow through of media) and (2) continuous flow
coculture (continuous flow movement of media). At regular intervals cocultures were stained with FUN-1, concanavalin A–alexa fluor 488, and examined by
confocal scanning laser microscopy. Comstat software was used to assess biomass and thickness.

Results: A. fumigatus formed three-dimensional biofilm structures with parallel-packed, cross-linked hyphae and channels/passages. Metabolically active
hyphae showed orange–red fluorescing intravacuolar structures. Extracellular matrix (ECM) between/around the hyphae fluoresced intense green. A.
fumigatus biofilms development occurred in five stages: (1) conidial attachment to epithelial cells, (2) hyphal proliferation, (3) ECM production, (4) hyphal
parallel packing and cross-linking, and (5) channel/pores formation. Mature biofilms showed basal conidial, middle hyphal, and superficial ECM layers.
Biofilms formed under flow conditions displayed more robust and faster growth kinetics when compared with that under static conditions, with a thick, stocky,
wrinkly/undulating hyphal growth and extensive ECM production. The differences in biomass and average thickness of the cocultures under static and flow
conditions were statistically significant after similar periods of incubation (p � 0.0002; p � 0.0001, respectively).

Conclusion: To our knowledge, this is the first article of an in vitro model characterizing A. fumigatus biofilm formation using primary human sinonasal
epithelium under different growth conditions.

(Am J Rhinol Allergy 25, 219–225, 2011; doi: 10.2500/ajra.2011.25.3622)

Over the past 5 years, mounting evidence has been presented to
implicate bacterial biofilms in propogating the recalcitrant

nature of chronic rhinosinusitis (CRS).1–5 However, direct evidence
for the existence of fungal biofilms and their role in the pathogenesis
of CRS has been lacking. While studying bacterial biofilms on sino-
nasal tissue, Healy et al. incidentally detected fungal elements within
bacterial biofilms but could not determine if these fungi produced
biofilms.6 Foreman et al., using a pan-fungal fluorescent in situ hy-
bridization probe to screen tissue biopsy specimens from CRS pa-
tients found nonspecific fungal elements showing biofilms-like struc-
tures in 11/50 (22%) patients.7

Fungi are now being increasingly recognized as able to adopt a
biofilm phenotype both on biotic and on abiotic surfaces. To date,
much of the work in fungal biofilm research has focused on Candida
species8–11 and these have been isolated from indwelling medical
devices such as stents, shunts, implants, endotracheal tubes, pace-
makers, and catheters. The fungi most commonly identified from CRS
patients belong to the Aspergillus, Alternaria, Bipolaris, Cuvularia, and
Rhizopus species. Villena and Gutierrez-Correa12 reported that Asper-
gillus niger biofilms grown adhering to a surface had orderly hyphal
distribution forming a surface and inner channeled structure with
evidence of extracellular matrix (ECM) production. In contrast, A.
niger pellets grown in a suspension form showed no such organiza-
tion and was composed of highly intertwined superficial hyphae and
densely packed deep mycelium.

Mowat et al.13 standardized the first in vitro model of Aspergillus
fumigatus biofilms and using LIVE/DEAD fluorescent stain with con-
focal scanning laser microscopy (CSLM) showed that A. fumigatus
formed coherent filamentous multicellular structures exhibiting acute
angled dichotomous branching, with parallel-packed and cross-link-
ing hyphae. They also found antifungal agents were at least 1000
times less effective at reducing the metabolic activity of cells in
biofilms when compared with the planktonic form. Seidler et al.14

applied some of Mowat’s techniques and grew A. fumigatus biofilm
on human bronchial epithelial cell lines. Via scanning electron mi-
croscopy and CSLM they described the biofilm as consisting of fila-
mentous multicellular structures exhibiting parallel-packed and
cross-linked hyphae with exopolysaccharide (EPS) matrix in between.

So far, most of the published research in the field of sinusitis has
centered on bacterial biofilms. The aim of this study was (1) to
characterize A. fumigatus biofilms grown on primary cell cultures
from CRS patients using the aforementioned staining and imaging
techniques13,14 and (2) develop an in vitro model to better understand
the role that fungi play in CRS pathogenesis.

METHODS

Primary Sinonasal Epithelial Cell Cultures
After obtaining ethics approval from the hospital Institutional Re-

view Board and appropriate consents from patients, sinonasal tissue
samples were collected from nine patients undergoing endoscopic
sinus surgery (ESS) between April and June 2009. Six of the patients
underwent ESS as a part of the surgical management for CRS, diag-
nosed based on criteria set by the Rhinosinusitis Task Force,15 and
tissue was harvested from their osteomeatal regions or their ethmoid
sinuses. Three of the patients underwent ESS as a part of the approach
during transsphenoidal hypophysectomy and their posterior ethmoid
tissue was collected. All tissue specimens were transported on ice in
Dulbecco’s modified Eagle media (DMEM; Gibco products, Invitro-
gen Corp., Grand Island, NY). Tissue was dissected into 5 � 5 mm
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and grown in a nontreated 6-well dish (Nordic Cell; NUNC, Den-
mark) as explants, in airway media (DMEM/F12 with 10% fetal calf
serum [FCS]). Primary epithelial cells derived from these explants
were isolated using Dynabeads Epithelial Enrich (Invitrogen). These
sinonasal epithelial cells were grown to 90% confluence on ibiTreat
(tissue culture–treated y-shaped microslides; Ibidi GmbH, Munich,
Germany).

Organisms
A. fumigatus ATCC 204305 strain (source: Mycology unit, The

Women’s and Children’s Hospital, Adelaide, Australia) was grown
on Sabouraud Dextrose Agar at 37°C for 72 hours. Conidia were
harvested by flooding the surface of the agar plates with 5 mL of
phosphate buffer saline (PBS) on a rocking platform. The conidia in
the suspension were counted using Neubauer hemocytometer and
adjusted to a concentration of 1 � 106/mL in DMEM (with 10% FCS).

In Vitro Fungal Coculture on Sinonasal Epithelial
Cells

Two hundred microliters of the fungal-conidial solution was used
to inoculate the primary cell cultures grown on the ibiTreat y-slides.
These were incubated at 37°C and 5% CO2 for 24 hours to allow
adhesion of fungal elements to the cell surface. Each of the slides was
then washed with PBS to remove nonadherent conidia, and fresh
DMEM with 10% FCS was added. The slides were then incubated at
37°C to allow fungal biofilm formation, under two different in vitro
conditions: (1) static coculture (StC; no surrounding media move-
ment) and (2) CFC (continuous flow of media through the Y-shaped
channels of the ibidi slides).

Static Coculture
For the static in vitro model, nine fungal-epithelial cocultures (six

using epithelial cells from CRS patients and three from non-CRS
patients) were incubated without any flow movement of the media
through the slide chambers. Two control experiments consisted of
one with only fungal spores and the other with epithelial cell
culture were included. Media was changed every 24 hours, the
slides stained with fluorescent dyes and biofilm formation exam-
ined by CSLM.

Continuous Flow Coculture
Seven pairs of fungal–epithelial cocultures (four primary epithelial

cultures from CRS patients and three from non-CRS patients) were set
up under continuous media flow conditions. One slide of each pair
was incubated as an StC and the other was connected to a Continuous
Flow Cell Apparatus (Stovall Life Science, Inc., Greensboro, NC) set to
a flow rate of 10 mm/min. These flow conditions were maintained
over 24 hours except for the brief period of time daily when the
formation of biofilm was examined by CSLM. Two control ibidi slides
were set up under similar flow conditions: one with fungal spores
only and another with epithelial cell culture only.

Confocal Scanning Laser Scanning Microscopy
At selected time periods, the cocultures were washed with PBS and

incubated in dark for 60 minutes with 300 �L of PBS containing the
fluorescent stains: 10 �M of FUN-1 (Live/Dead Yeast Viability Kit;
Molecular Probes, Inc., Eugene, OR) and 25 �g/mL of concanavalin
A–alexa fluor 488 conjugate (ConA; Molecular Probes; Invitrogen).
Excess stain was removed by washing in PBS before image capture
and analysis using the Leica TCS SP5 (Leica Microsystems, Wetzlar,
Germany).

When excited with the argon laser (excitation wavelength, 488 nm),
FUN-1 stain fluoresces orange–red as a result of formation of cylin-
drical intravacuolar structures (CIVSc) inside metabolically active

cells. ConA binds to the fungal cell wall polysaccharides and pro-
duces intense green fluorescence. Stacked images at 20�, 63�, and
200� magnification were obtained. Sections of the xy-plane were
taken at 0.5-mm intervals along the z-axis to determine the depth of
the biofilms and overall physical ultrastructure. Three-dimensional
images were obtained using computer software. COMSTAT software
(DTU Systems Biology, Lyngby, Denmark) was used to calculate the
biomass and thickness of the cocultures.16–18 Comstat software was
preferred over other methods such as dry weight measurements
because it allowed for a repeated temporal qualitative and quantita-
tive assessment of the developing biofilm over a period of days,
without removing it from the microslides. Such a removal of biofilms
grown on cultured monolayer epithelium from within the channeled
microslides was technically challenging, without a possible loss of
some of the biofilm components. Statistical analysis was performed
using GraphPad Prism 5.0 software (GraphPad Software, Inc., San
Diego, CA). A value of p � 0.05 was considered significant. Differ-
ences were analyzed using the Mann-Whitney U test.

RESULTS

Static Cocultures
A. fumigatus conidia incubated with no epithelial cell monolayer to

adhere to (control) showed no hyphal packing or ECM production
(Fig. 1 B). Almost all of the conidia were washed away with the first
PBS flush after 24-hour incubation. Some residual conidia at the
periphery of the slide channels produced the typical blue–green cot-
ton–wool growth made up of a dense clump of conidiophores. Figure
1 B displays the hyphal clump of A. fumigatus ATCC 204305 produced
under static nonbiofilm conditions after 48 hours at 37°C.

In contrast, all nine A. fumigatus–epithelial cell cocultures showed a
different form of fungal growth when compared with the fungal only
control slides and were similar to the A. fumigatus biofilms described
in literature.13,14 These biofilm structures of A. fumigatus ATCC 20305
on the primary sinonasal epithelial culture displayed a highly coor-
dinated network of hyphae (Fig. 1, C and D), spreading in all direc-
tions, cross-linking each other and arranging in a parallel-packed
manner. This led to the formation of an intricate network of channels
and passages and represented a structure of high stability and pro-
tection. By running parallel as threads and crossing, the structure is
known to form a meshlike arrangement and hence strengthens itself.
The FUN-1 stain formed orange–red fluorescing CIVSs inside meta-
bolically active fungal conidia and hyphae (Fig. 1, C and D). ECM was
present between and surrounding the hyphae (Fig. 1, C and D). The
polysaccharides of the ECM stained intense green by ConA (ConA–
alexa fluor 488 conjugate).

The StCs were monitored over a period of 4 weeks and the forma-
tion of the A. fumigatus biofilm was observed to occur in stages. After
inoculation of the A. fumigatus conidia to the primary culture on the
ibidi slides, the spores were seen to attach to the epithelial monolayer
within 24 hours, because they were not flushed away by subsequent
daily media changes. The conidia then produced horizontal hyphae
along the surface of the epithelial cells and in between the cells. The
hyphae also grew vertically over the monolayer of cells and prolifer-
ated rapidly over the next 10 days until they formed a dense network
of cross-linked and parallel-packed hyphae. There was evidence of
ECM production at days 3 and 4 in between the hyphae and it
appeared to ensheath the hyphae and at the same time bound the
hyphal network in an organized manner. By days 6 and 7, a well-
organized hyphal network with channels and pores in between them
was observed. During this time, the epithelial cells slowly began to
disintegrate and were undetectable in this fungal mesh by 20th–25th
day. By days 25–28, this mesh of hyphae and cellular debris com-
pletely filled and blocked the Y channels. This thick mat of hyphae
and cells appeared to be encased within a thick gel-like substance that
became gradually very difficult to wash with media or stain with the
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dyes. Staining and changing media beyond this time period was not
possible and additional experiments were stopped after 4 weeks of
incubation. A fully formed biofilm on the monolayer of epithelial cells
showed well-defined structure (Fig. 1 E), composed of basal conidial and
epithelial layers, and then a hyphal layer, and the superficial ECM.

On quantitative assessment, the biomass of the control cultures
(epithelial cells) increased marginally from 4.8 � 2.2 �m3/�m2 at day
2 to 13 � 1.1 �m3/�m2 at day 13, after which the biomass began
declining as these sinonasal epithelial cells were only viable for 14–19
days. The biomass of the StCs continued to increase from 7.5 � 2.1
�m3/�m2 at day 2 to 46.4 � 3.1 �m3/�m2 at day 25 in a fully formed
biofilm (Table 1). This increase in biomass of the cocultures was thus
the cumulative effect of both the epithelial cells and the fungal ele-
ments in the initial 5–7 days. Subsequently, the epithelial cells ap-
peared to disintegrate within the fungal mesh as their viability de-

clined. Thus, the increase in biomass of the cocultures after the initial
7–10 days was predominantly as a result of the hyphal proliferation
and ECM matrix production in the biofilm. The average thickness of
the cocultures also increased fourfold from 13.3 � 1.5 �m at day 2 to
52.2 � 3.8 �m in a fully formed A. fumigatus biofilm (Table 1; Fig. 2).
The roughness coefficient (Ra) provided a measure of biofilm thick-
ness variability, and a defacto indicator of biofilm heterogeneity. This
decreased over the observation period from an average value of 0.36
to 0.04 for the StCs and indicated the formation of the uniformly
dense mass of fungal biofilm with the ECM.

Continuous Flow Coculture
After understanding, defining, and reproducing the experimental

conditions required for biofilms to form under static conditions, only

Figure 1. (A and B) Confocal scanning laser microscopy
(CSLM) images using fluorescent stains FUN-1 and conca-
navalin A (ConA) of (A) monolayer of cells on ibidi slides
(60� magnification) and (B) Aspergillus fumigatus only
on ibidi slides (20� magnification). (C and D) A. fumigatus
biofilm structure on a monolayer of sinonasal epithelial cells
on CSLM (panel C, 60� magnification; panel D, 200�
magnification). Red arrows indicate orange–red fluorescence
due to FUN-1 staining of cytoplasmic intravacuolar struc-
tures in metabolically active fungal cells. Yellow arrows in-
dicate intense green fluorescence from ConA stain binding to
fungal cell wall polysaccharides and extracellular matrix
(ECM). (E) Side (xz) view on CSLM showing the structure of
a fully formed A. fumigatus biofilm at 200� magnification
on day 25 of coculturing showing the basal conidial layer,
middle hyphal layer, and superficial polysaccharide matrix.

Table 1 Biomass, mean thickness, and roughness coefficient of the fungal-epithelial cocultures grown under static conditions over a
25-day incubation period

Days of Incubation

D2 D4 D6 D8 D 10 D 15 D 20 D 25

Biomass (�m3/�m2) 7.5 � 2.1 10.3 � 0.1 12.9 � 0.7 24.9 � 1.1 20.7 � 0.8 24.4 � 1.4 27.8 � 1.7 46.4 � 3.1
Average thickness (�m) 13.3 � 1.5 13.6 � 0.9 16.3 � 0.9 27.9 � 1.1 23.9 � 0.3 26.4 � 1.6 32.8 � 1.1 52.2 � 3.8
Roughness coefficient 0.36 � 0.02 0.36 � 0.01 0.32 � 0.01 0.17 � 0.01 0.19 � 0.01 0.15 � 0.004 0.11 � 0.01 0.04 � 0.02

Each of the values is means of data calculated from 32 z-stacks (4 random image stacks recorded from 8 cocultures).
D � day.
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seven of the nine collected samples were found suitable for study
under continuous flow conditions. The nine samples initially col-
lected from the patients were frozen and stored in liquid nitrogen to
be retrieved for each set of the static and continuous flow experi-
ments. Two of the frozen and stored samples did not produce confluent
epithelial cultures after 3–4 months of the storage period and hence
could not be used for the flow culture experiments set up.

The seven cocultures inoculated under continuous flow conditions
also formed A. fumigatus biofilms on the monolayer of sinonasal
epithelial cells. These fungal biofilms formed under flow conditions
underwent the same stages in formation of the biofilm as seen in the
StCs and showed the same structural organization, i.e., they had
cross-linked and parallel-packed hyphae, with surrounding ECM,
and formation of internal pores and channels (Fig. 3, A–C). The A.
fumigatus hyphae that proliferated under flow conditions were wrin-
kly and undulating in appearance, which was possibly a result of the
continuous flow motion of the surrounding media. As seen in Fig. 3,
D–G, hyphae that proliferated under flow conditions measured 3–5
mm thick when compared with 1–2 mm when formed under static
conditions. These undulating, thicker, stockier hyphae with intensely
green fluorescing walls showed structural organization by cross-
linking and arranging in parallel manner. There was more extensive
and intense green fluorescence seen in these cocultures, as early as 24
hours after culturing in the flow model, indicating more ECM pro-
duction under flow conditions.

The biofilms grown using the continuous coculture also dis-
played more robust and faster growth kinetics. The growth and
structure of a flow biofilm at day 2 of incubation was comparable
with a static biofilm at 5–6 days of incubation. The biomass of the
flow cocultures increased very rapidly to an average of 18.09 � 0.6
�m3/�m2 on the 2nd day of incubation, which was more than
double the biomass of a StC at the same time. Subsequent quanti-
tative assessments also showed that the biomass in the flow cocul-
tures on 3rd and 5th days of incubation was comparable with the
biomass of an 11- and 15-day StC, respectively (Fig. 4 A). The
thickness of the flow coculture also rapidly increased two to three-
folds in the first 48–72 hours of incubation under flow when
compared with static conditions (Fig. 4 B). The differences in biomass
and average thickness of the cocultures under static and flow conditions
were statistically significant (p � 0.0002; p � 0.0001, respectively). This
increased biomass and thickness of the flow cocultures was the cumu-
lative effect of more numerous, rapidly proliferating fungal hyphae and
increased EPS seen surrounding these hyphae as evident by the in-
creased green fluorescence on CSLM.

Thus, the biofilm developed much more rapidly under flow
conditions when compared with the StCs, and the stage of the thick

mat of fungal hyphae and cells bound together by the matrix,
impermeable to the media or fluorescent dyes, was reached within
5 days under flow conditions when compared with 3–4 weeks in an
StC. The epithelial cells were viable until the �3rd and 4th day of
the coculture under flow conditions after which they also started
disintegrating and appearing less viable. There was no difference
in the type of A. fumigatus biofilm formation seen on either the CRS
or the non-CRS primary epithelial cell cultures, under both static
and continuous flow cocultures (CFC).

DISCUSSION
To our knowledge, this is the first report of an in vitro model of A.

fumigatus biofilms on primary culture of sinonasal epithelial cells. Our
model provides evidence that A. fumigatus can develop biofilms as a
defense mechanism against host immune responses and topical anti-
fungal therapy on sinonasal epithelial surfaces.

The spectrum of fungal disease in the sinuses (fungal rhinosinusitis
[FRS]) extends from benign colonization (fungal ball), allergic FRS, to
potentially life-threatening invasive disease.19 Despite these recog-
nized forms of FRS, the role of fungus in CRS20–22 has been ques-
tioned, because different studies have shown similar fungal preva-
lence rates in diseased and control groups, with similar types of
species isolated, and similar fungal load in the two groups. The fungal
yield results in those studies were based on standard microbiology
collection and culture techniques that possibly identify only the ubiq-
uitous nonbiofilm forms of the fungi isolated from nasal swabs,
secretions, and lavages. In our study we found that the appearance of
A. fumigatus attached to the epithelial cell monolayer differed mark-
edly from the smoky gray–green woolly–cottony textured colonies
described when grown on potato dextrose agar. On microscopy the
“cottony” foci of growth from agar slopes displayed a dense clump of
branching hyphae radiating from a central clump of spores with no
matrix produced around them. In contrast, the biofilm form of growth
described in the aformentioned study was a coordinated network of
hyphae spreading in all directions, in between the host cells, cross-
linking with each other to form a parallel-packed matrix. This led to
the formation of a structure of high stability and protection with an
intricate network of channels and passages. ECM was observed be-
tween and surrounding the hyphae and stained intense green by
ConA. To date, evidence supporting the presence of such fungal
biofilms in CRS patients is lacking. Universal fluorescent in situ
hybridization probes6,7 are sensitive tools in identifying nonspecific
attached fungal elements rather than embedded biofilms containing
the possible pathogenic fungi. We have been able to apply the afore-
mentioned in vitro model to the standardized sheep model for CRS in

Figure 2. Development of the Aspergillus fumigatus bio-
film on the epithelial monolayer over a period of 25 days,
under static conditions showing the increasing thickness and
biomass of the coculture. The top line shows side views of
sections taken on confocal scanning laser microscopy (CSLM)
and the bottom line shows xy images of those sections on
CSLM.
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our department and shown the formation of A. fumigatus biofilms in
sheep frontal sinuses.23 We are presently conducting studies to iden-
tify similar A. fumigatus biofilms in CRS patients to better understand
the role of fungi in CRS.

A. fumigatus biofilm on the monolayer of sinonasal epithelial
cells was seen to form structurally and developmentally similar to
those described in other Aspergillus biofilm models.12–14 The spores
of A. fumigatus first attached to the surface of the cells followed
sequentially by colonization via hyphal proliferation, ECM produc-
tion, and parallel and cross-linked hyphal arrangement, finally
forming pores and internal channels. As described by Mowat13 the
seeding density of the fungal spores on the primary cell culture
was the critical factor in defining the form of growth, with the
biofilm forming by overlaying the cells with conidia at a concen-
tration of 1 � 105/mL of PBS. The mature multilayered A. fumiga-
tus biofilm formed a thick mat of hyphae and cells, which appeared
to be bound by a thick gel-like substance that became gradually
very impermeable to culture media and staining agents. In vivo this
ECM may act as a physical barrier between the fungal cells and
clinically used antifungal agents, thus leading to the ongoing
colonization of fungi in the sinuses despite maximal treatment.

Loussert et al.24 have recently described galactosaminogalactan and
galactomannan as the major polysaccharides forming the ECM in
A. fumigatus biofilms, which may be a possible target for antifungal
treatments directed at Aspergillus biofilms.

Woodworth et al.25 grew Pseudomonas aeruginosa biofilms sup-
ported on mouse nasal septal epithelium in air–liquid interfaces, to
develop an in vitro model for trialing novel antibiofilm treatments
for CRS. In the aforementioned study, we used primary cultures of
sinonasal epithelial tissue taken from patients undergoing ESS, so
that the substratum on which the biofilms grew was as similar as
possible to those in vivo conditions in CRS patients. The CFCs were
set up to mimic mucociliary clearance and to evaluate the forma-
tion of the fungal biofilm in conditions similar to the sinonasal
physiology. As described in the results, not only was it possible for
the A. fumigatus to grow in biofilm form in the dynamic environ-
ment, the fungal biofilms displayed much more robust and faster
growth kinetics, as a result of continued replenishment of nutrients
and waste removal. The hyphal complexity and thickness under
the dynamic flow culture conditions is a possible response of the
fungal biofilm to the shear stresses that it has to withstand as a
result of the continuous surrounding fluid media movement. Can-

Figure 3. (A–C) Aspergillus fumigatus biofilm on a mono-
layer of sinonasal epithelial cells formed under continuous
flow conditions (panel A, 20� magnification; panels B and C,
200� magnification). Orange-red fluorescence is caused by
FUN-1 stain forming cylindrical intravacuolar structure
(CIVS) in metabolically active fungal cells. Intense green
fluorescence is caused by ConA stain binding to fungal cell
wall polysaccharides and extracellular matrix (ECM). (D–G)
Comparison of an A. fumigatus biofilm formed under (D and
E) flow conditions and (F and G) static conditions, after (D
and F) 2 days of incubation, after (E and G) 4 days of
incubation.
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didiasis albicans biofilm formed in a simple flow biofilm model has
also been shown to grow rapidly, form twofold thicker biofilms
with extremely compact and wrinkled surfaces, and increased
architectural complexity compared with statically grown bio-
films.26

It has been suggested that the symbiotic interactions of bacteria
and fungi augment biofilm survival by assisting surface adherence
and improving the protection provided by the EPS matrix.27,28

Some researchers have described the coexistence of fungal ele-
ments and bacterial biofilms in CRS patients6,7 and in the sheep
model for CRS23 we have found a synergism between Staphylococ-
cus aureus infection and A. fumigatus biofilm formation. Thus, the
possible existence of bacteria and fungi in biofilm form in CRS
patients would also indicate a symbiotic coexistence, better pro-
tected from the host defenses and antimicrobial therapies, thus
playing a key role in CRS pathogenesis. Villena et al.12 found that
A. niger biofilm forms were more productive and metabolically
efficient entities as their specific lignocellulolytic enzyme activities
(endoglucanase, glucosidase, etc.) were fivefold higher than sub-
merged cultures, showing highly coordinated enzyme synthesis. In
vitro studies have shown A. fumigatus cultures can release gliotoxin
and other uncharacterized high-molecular weight factors, which if
produced in a sufficient quantity in vivo, can contribute to airway
pathology by damaging epithelial cells and reducing ciliary beat
frequency.29 The biofilm form of A. fumigatus can be a possible
efficient source of these factors in the sinonasal tissues contributing
toward pathogenesis of CRS.

A. fumigatus secretes proteins after conidia have germinated into
hyphae, which function as antigens, evoking both a protective (TH1–
TH17) or a destructive allergic (TH2) immune response.30 How these
currently identified Aspergillus allergens (Asp f proteins) participate
in the development of the differential immune processes remains
unknown. Studies on antigenic and protein expression of fungi-like
Candida31,32 have shown differential protein expression in fungal bio-
film forms when compared with planktonic forms. The biofilm form
of A. fumigatus may thus prove to be the still unidentified source of
the differential antigen expression favoring the initiation of protec-
tive/allergic immune processes. A. fumigatus biofilms were formed
both on CRS and on non-CRS primary epithelial cell cultures under in
vitro conditions, indicating that the immune system may possibly
play a significant role in vivo in determining whether the ubiquitous
spores are eliminated or established as biofilms within the sinuses via
its still unclear interplay between the preferentially expressed anti-
gens.

CONCLUSION
The present study shows that A. fumigatus can form biofilms on

primary of sinonasal epithelial cells, with highly organized three-
dimensional hyphal structures with a more robust biofilm growth
under continually replenishing media conditions. additional studies
are required to establish the in vivo growth of A. fumigatus in biofilm
form and to investigate its possible role in sinonasal inflammation,
allergy, and infection in CRS patients.

Figure 4. Biomass and average thickness of static and flow
cocultures.
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