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Abstract The objectives of this study were to examine
middle ear biopsies from Greenlandic patients with chronic
otitis media (COM) for the presence of mucosal biofilms
and the bacteria within the biofilms. Thirty-five middle ear
biopsies were obtained from 32 Greenlandic COM patients
admitted to ear surgery. All biopsies were examined by
means of peptide nucleic acid-fluorescent in situ hybrid-
ization (PNA-FISH), and if possible culture and polymer-
ase chain reaction (PCR) of the 16s rDNA and sequencing.
Light microscopy and confocal laser scanning microscopy
were used. Skin biopsies from 23 of the patients served as
controls. PNA-FISH showed morphological signs of bio-
films in 15 out of 35 (43 %) middle ear biopsies. In the
control skin biopsies, there were signs of biofilms in eight
out of 23 biopsies (30 %), probably representing skin flora.
PCR and 16s sequencing detected bacteria in seven out of
20 (35 %) usable middle ear biopsies, and in two out of ten
(20 %) usable control samples. There was no association
between biofilm findings and PCR and 16s sequencing.
Staphylococci were the most common bacteria in bacterial
culture. We found evidence of bacterial biofilms in 43 % of
middle ear biopsies from patients COM. The findings may
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indicate that biofilms are a part of the pathogenesis in
recurrent episodes of ear discharge in COM, but further
investigations are necessary.
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Introduction

Biofilms can be defined as a coherent cluster of bacterial
cells imbedded in a biopolymer matrix, which, compared
with planktonic (free floating) cells, shows increased tol-
erance to antimicrobials and resists the antimicrobial
properties of the host defense [1]. Bacteria in biofilms are
thus difficult to eradicate, and have been increasingly
associated with chronic infections. In otorhinolaryngology,
biofilms have been associated with diseases such as chronic
sinusitis and otitis media with effusion (OME) [2]. Bio-
films have been linked to infections in the middle ear since
1998, when Rayner et al. [3] found bacterial mRNA in
patients with culture negative OME. Biofilms in the human
middle ear with chronic suppurative otitis media (CSOM),
were described in 2004 by Coates [4], and in 2006 Hall-
Stoodley et al [5] detected biofilms in middle ear mucosa in
children with OME and recurrent acute otitis media. Bio-
films and OME have since been further investigated. A
possible link between chronic otitis media (COM) and
bacteria in biofilms has been less studied. We have previ-
ously found morphological evidence of biofilms in CSOM
[6]. In addition to our results, Lee et al. [7] also detected
biofilms in the middle ear in patients with CSOM. In
contrast, Saunders et al. [8] found evidence of biofilms in
only 1 out of 10 middle ear biopsies of patients with
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CSOM, while biofilms were detected
cholesteatomas.

The prevalence of COM and CSOM among the Green-
landic population is high [9], and as a consequence hearing
impairment is common. A biofilm infection in the middle
ear could explain recurrent and recalcitrant episodes of
otorrhea in COM, a disease otherwise characterized by a
dry tympanic membrane perforation. At present, the most
predominant explanations for acute exacerbation in COM
are retrograde bacterial invasion from the nasopharynx or
infection with entrance via the external ear canal. Thus,
this study aims to examine middle ear biopsies from
Greenlandic COM patients with dry perforations for the
existence of mucosal biofilms and the bacteria within them.
A better understanding of the disease is crucial for future
treatment [10].

in 60 % of

Material

Patients eligible for the study included 75 longitudinally
enrolled Greenlandic COM patients admitted for ear sur-
gery at the Department of Otolaryngology, Head and Neck
Surgery, Rigshospitalet, Copenhagen, Denmark in the
years 1993-1995. In this study, COM was defined as a dry
permanent perforation of the tympanic membrane without
active otorrhea or a healed tympanic membrane with evi-
dence of recent perforation, e.g., severe atrophy. All
patients had been on a waiting list for ear surgery due to
COM for at least 5 years prior to ear surgery. Furthermore,
all patients had been examined annually in Greenland, by a
travelling otolaryngologist, confirming the chronic disease.
Sixteen patients were excluded, since the biopsies had been
used in other studies. In 18 patients no biopsies were taken,
two patients did not undergo surgery and seven biopsies
were too small for analysis. These patients were excluded
as well. Thus, a total of 32 patients with available middle
ear biopsies were included.

The study was approved by the local ethical committee
(KF 01-060/93) and informed consent was obtained from
all participants.

Methods

Middle ear biopsies were obtained during surgery and
placed on a non-fluorescent sheet. Biopsies from the mid-
dle ear were obtained with cup forceps and skin biopsies
with a scalpel. The biopsies were immediately frozen and
stored at —80 °C in a folio bag. Thirty-one patients had
biopsies taken from the middle ear mucosa (MEM) and in
one patient a biopsy was taken from the tympanic mem-
brane. Furthermore, additional biopsies from the mastoid
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of two patients were obtained, and from one cholesteatoma
found during surgery. Thus, a total of 35 middle ear
biopsies were investigated. Control specimen biopsies from
retro auricular skin, the skin of the auricle or the external
auditory canal, were taken in 23 patients to examine for
potential contamination between the skin and the middle
ear biopsies during surgery. To remove the transient bac-
terial flora and reduce the resident bacterial flora, surgical
disinfection was performed. This included cleaning the
skin twice with 0.5 % chlorhexidine digluconate around
and behind the ear, in the auricle and the entrance to the
external auditory canal. The control biopsies were exam-
ined blinded to the investigators. Biofilm detection by
means of peptide nucleic acid-fluorescent in situ hybrid-
ization (PNA-FISH) had the highest priority and all sam-
ples were investigated by this method. The biopsies were
cut in half and further examined for bacterial DNA by
polymerase chain reaction (PCR) of the 16s rDNA and
sequenced. Twenty middle ear biopsies and 10 control
biopsies were large enough for PCR analysis and
sequencing. In addition to this, tissue samples from 23
middle ear biopsies and 8 control biopsies were subjected
to bacterial culturing.

PNA-FISH

The biopsies were examined using a universal bacterial
probe (16S rRNA sequence coupled to Texas red) and a
species-specific Staphylococcus aureus probe (S. aureus
specific 16s rRNA sequence coupled to fluorescein isothi-
ocyanate—FITC) (AdvanDx Inc.) [11, 12]. The biopsies
were fixed in 4 % paraformaldehyde, embedded in paraffin
and sliced into 3—4 pm specimens before being mounted
on slides. The biopsies were then deparaffinized with
xylene, 2 x 5 min and rehydrated with a gradient of eth-
anol and water, 99 % for 2 x 3 min, 96 % for 2 x 3 min,
and finally Milli-Q water for 3 x 3 min. Once dry, the
samples were hybridized with fluorescently labeled PNA-
FISH probes at 55 °C for 90 min followed by wash with a
1x solution of the supplied washing buffer for 30 min at
56 °C. Mounting media containing 4’°,6-diamidino-2-phe-
nylindole (DAPI) (Vector Laboratories) was used to stain
DNA. Biopsies were examined with a Zeiss LSM 710
microscope at 630-1,000x magnification using 1, 4
numerical aperture objectives. Photos of fluorescent areas
in tissue, including biofilms, artifacts, and autofluorescence
were taken and examined unblinded. The photos were then
evaluated blinded by a biofilm expert (Fig. 1a—c). Biofilms
were defined by the identification of physical aggregated
bacteria in clusters [13]. Inconsistencies in the results
between the two evaluators were found in 14 biopsies.
Twelve of these were rehybridized and examined blinded
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Fig. 1 a Monospecies S. aureus biofilms (arrows) in a biopsy from
the middle ear mucosa of a patient with COM. Biofilms were
visualized with species-specific PNA-FISH and examination with
immersion microscopy. The S. aureus PNA probe was coupled to
fluorescein isothiocyanate (FITC). b Multispecies biofilms (arrows)
in the middle ear mucosa of a patient with COM. Biofilms containing
both S. aureus and other cocci were demonstrated by PNA-FISH and
immersion microscopy. The eubacterial PNA probe was coupled to
Texas red. ¢ Small biofilm colony of S. aureus (arrow) in a skin
biopsy. Both species-specific and universal bacterial PNA-FISH

by means of confocal laser scanning microscopy (CLSM)
(Fig. 1d). Rehybridization was not possible in two cases.

PCR and 16s sequencing

DNA from the biopsies was purified using the DNeasy
Blood and Tissue kit (Qiagen GmbH). The manufacturer’s
instructions were followed, but with the addition of bovine
serum albumin (BSA) and lysozyme for enhanced DNA
yield. This procedure included lysis of tissue for 4 h using
proteinase K and the supplied chemicals followed by
centrifugation through a spin column with changing buffers
as described and supplied by the manufacturer. Bacterial

analysis was performed. The universal bacterial PNA probe was
coupled to Texas red. d 3D micrograph of a combined FITC-labeled
species-specific and Texas Red-labeled universal bacterial PNA-FISH
probe showing a biofilm containing bacteria other than S. aureus
(arrow). The micrograph was 10.83 pm deep in total and consists of
22 stacks with a step size of 0.5 pm. Photos a—¢ were processed for
display using AxioVision LE (Carl Zeiss Microlmaging GmbH)
software and Paint.NET software. Photo D was processed using
ImageJ. The scale bar represents 10 pm. All micrographs were
obtained using a 63 x 1.4 numerical aperture oil immersion objective

identification was performed using a MicroSeq 500 16s
rDNA bacterial identification kits (Perkin-Elmer Applied
Biosystems) according to the manufacturer’s instructions.
In short, once DNA had been purified, PCR was used to
amplify the first 500 base pairs of the 16s rRNA on a Veriti
96-well fast thermal cycler (Applied Biosystems) accord-
ing to the manufacturer’s instructions. The PCR product
was purified using ExoSap-it (Affymetrix) followed by the
sequencing reaction as supplied in the 16s rDNA bacterial
identification kit. The samples were then purified using
DTR gel filtration cartridges (EdgeBio) spin columns and
subsequently sequenced using the 3130 x 1 Genetic Ana-
lyzer from applied biosystems. The sequence was analyzed
using microseq software (Applied Biosystems).
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Bacterial culture

After collection, the biopsies were placed on a sterile sheet.
This sheet and the tissue attached to it were cultured for
bacteria using routine microbiological culture methods and
identification techniques as previously described [14].

Results

The patient population consisted of patients from towns
and settlements all over Greenland. All were born and
raised in Greenland. Three patients had one parent born in

Denmark and one in Greenland, while the remaining had
parents of Greenlandic origin. The median age was
31 years (range 17-48 years). There were 12 females and
20 males.

When answering a questionnaire, most patients declared
that the ear disease started in their childhood, predomi-
nantly under the age of seven, between the ages 4-6 years
(12 patients) and 1-3 years (9 patients). Two patients
debuted in infancy. Three patients debuted in the school
years, between 7-16 years and only four patients debuted
above the age of 16. Seventeen had bilateral disease and 15
had unilateral disease. Three patients had traumatic onset
of the disease; one of these was >16 years at debut.

Table 1 Schematic view of biofilm and bacterial findings by means of PNA-FISH, PCR, and 16s sequencing and culture in 33 middle ear
biopsies (biopsy from cholesteatoma to tympanic membrane not included in table) and in 23 skin biopsies in 32 patients with chronic otitis media

with dry perforations

PNA-FISH MEM and mastoid Control biopsies Correlation between “MEM and mastoid” and “control
(n = 33) (n =23) biopsies” (n = 23)
Biofilm positive 15 8 2
S. aureus 6 6 1
Bacteria other than S. aureus 6 1 -
S. aureus and other bacteria 3 1 1
Biofilm negative 15 12 4
Uncertain 3 3 1

MEM and mastoid
(n = 20)

PCR and 16s sequencing

Correlation between
“MEM and mastoid” and
“control biopsies” (n = 5)

Control biopsies
(n = 10)

Bacterial detection

1Y

S. aureus
T. otitidis

B. mcbrellneri

~o~ N N

P.acnes

S.lugdunensis
UBS 2
No bacteria detected 13

8 2

MEM and mastoid
(n = 23)

Culturing

Correlation between
“MEM and mastoid” and
“control biopsies” (n = 4)

Control biopsies
(n=29

Bacterial growth 1
S. aureus
CNST
S.aureus and CNST
S. aureus and other bacteria
CNST and other bacteria
Other bacteria

whm W N~ N Ay

No bacterial growth

1
1

~ A~ 2
|

1 1

MEM middle ear mucosa, CNST Coagulase negative staphylococci, S. aureus Staphylococcus aureus, 7. otitidis Turicella otitidis, B. mcbrellneri
Brevibacterium mcbrellneri, P. acnes Propionibacterium acnes, S. lugdunensis Staphylococcus lugdunensis, UBS Unidentified bacterial sequence

* Both B. mcbrellneri and UBS in one biopsy
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No patients had active suppuration at the time of sur-
gery, but 18 patients had experienced discharge within the
last 6 months prior to the operation. Twenty-seven patients
had central perforations, of which 22 were subtotal pars
tensa perforations, four total pars tensa perforations and
one total perforation including both pars tensa and pars
flaccida. Three had peripheral perforations, of which one
was a subtotal pars tensa perforation and two total pars
tensa perforations. In two patients, the perforation could
not be identified the day before surgery, but both retraction
and atrophy of the tympanic membrane were present. Both
had experienced periodic discharge since childhood.

The appearance of the MEM was described as normal in
14 patients. Seven patients had granulation tissue and four
had tympanosclerosis. The combination of the two was
seen in two patients. One patient had both granulation
tissue and metaplasia. Unspecified inflammation was found
in three patients and the mucosa was not described in one
case.

Hearing impairment in the study group varied between
the speech reception threshold (SRT) 10 dB and >105
(deaf) dB with a median SRT of 35 dB.

A schematic overview of the bacterial findings is shown
in Table 1.

PNA-FISH analysis showed morphological signs of
biofilms in 15 out of 35 (43 %) middle ear biopsies, all
originating from the MEM. In three cases, the results
remained uncertain after re-evaluation. There was no sign
of biofilm formation in the biopsy from the tympanic
membrane or the additional biopsies from the mastoid, and
the cholesteatoma. Monospecies biofilm with S. aureus was
observed in six middle ear biopsies. Biofilms consisting of
an unknown bacterial species, i.e., visible bacteria (Texas
red filter), but not S. aureus (bacteria not visible with the
FITC filter) were also seen in six biopsies. Confirmed
polymicrobial biofilms, i.e., S. aureus and bacteria other
than S. aureus were observed in three middle ear biopsies.
Nine patients with biofilm in the MEM biopsies had
experienced discharge within the last 6 months, while six
patients had not. In five biopsies, the mucosa was described
as normal and with granulation tissue in three cases.
Tympanosclerosis was seen in four cases and the combi-
nation in one patient. Unspecific inflammation was found
in two patients with biofilms.

In the control biopsies, there were signs of biofilms in 8
out of 23 biopsies (35 %). Monospecies S. aureus biofilms
were the most frequently detected bacteria in the control
biopsies (see Table 1). In six of the biofilm positive control
specimens, the corresponding middle ear biopsy showed no
sign of biofilm, an uncertain result or biofilms with dif-
ferent bacteria. For the remaining two positive control
specimens, the corresponding middle ear biopsies showed
biofilms containing the same bacterial species.

By means of PCR and 16s sequencing, we detected
bacteria in 7 out of 20 (35 %) available middle ear biop-
sies, while bacteria were detected in 2 out of 10 (20 %)
control samples. The seven positive biopsies in the middle
ear originated from the MEM. In four of the middle ear
biopsies, known otopathogenic bacteria, such as Turicella
otidis and S. aureus were detected. Of these nine positive
biopsies, representing both the MEM and controls, biofilms
were demonstrated in only four by means of PNA-FISH.

Conventional culture showed bacterial growth in 18 out
of 23 middle ear biopsies. Of these, S. aureus was found in
nine samples and coagulase negative staphylococci
(CNST) in eight. No association was found between culture
and biofilm detection. The culture from the single choles-
teatoma showed bacterial growth with S. aureus, but no
biofilm was found. In the control material, bacterial growth
was seen in seven of eight samples. The most common
finding was CNST, which were found in six biopsies, while
S. aureus was seen in two biopsies. Bacterial culture of
both the middle ear and the control sample from the same
patient was only possible in four patients, hence the cor-
relation between control biopsies and middle ear biopsies
could not be analyzed by culture.

Discussion

We hypothesize that mucosal biofilms in the middle ear can
explain the recurrent and recalcitrant episodes of otorrhea
in COM patients and thereby maintain the dry tympanic
membrane perforation. The middle ear is considered a
sterile compartment. Therefore, a chronic perforation of the
tympanic membrane may serve as an entrance for bacteria.
Bacterial biofilms in the middle ear in patients with dry
tympanic membrane perforations are detectable by means
of PCR and PNA-FISH techniques, while bacterial culture
within biofilms is more uncertain. Almost all bacteria can
be found as part of a biofilm. Some bacteria, like S. aureus,
Pseudomonas aeruginosa, and Escherichia coli are more
likely to be found in a biofilm community than others [15].
We consider PNA-FISH analysis to be the most accurate
method for biofilm detection, where bacterial clusters can
be demonstrated by microscopy using species-specific or
universal eubacterial PNA-FISH probes. Furthermore,
verification of the PNA-FISH results with PCR and 16s
sequencing or culture are desirable to confirm the micro-
scopic findings.

In this study, the PNA-FISH analysis showed morpho-
logical evidence of bacterial biofilms in 43 % of the middle
ear biopsies. Both monospecies S. aureus biofilms and
biofilms containing other bacteria were seen. All biopsies
were obtained in a surgical setting, minimizing the risk of
contamination. Since biofilms were found in dry ears
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without suppuration, this indicates that biofilms may be
part of the pathogenesis in COM with recurrent episodes of
CSOM.

Evidence of biofilms was also found in eight (35 %) of
the control biopsies. The skin is not a sterile compartment of
the body and the bacterial flora on the skin also may exist in
biofilm communities [16]. S. aureus is a common pathogen
in CSOM [17], but can also be found as a part of the normal
flora on the skin. The skin (retroauricular, auricle, and
entrance to the external auditory canal) was disinfected prior
to surgery. Only a few studies exist on the effect of
chlorhexidine and biofilms, and we do not know if the
biofilms represent living bacteria [18]. We found no corre-
lation between biofilms in the control specimen and biofilms
in the middle ear biopsies. This indicates that biofilm find-
ings in the control specimen and in the MEM are indepen-
dent of each other and not a consequence of contamination.
All biopsies were analyzed by means of PNA-FISH, since
this method had the highest priority. Due to small biopsies,
PCR and 16s sequencing was not possible in all samples. 16s
sequencing detected bacteria in 7 out of 20 (35 %) middle
ear biopsies, even though some of the biopsies weighed less
than one milligram. There was no association between the
bacterial findings in the PCR analysis and in the PNA-FISH
analysis. Furthermore, the PCR analysis may be compro-
mised by the low bacterial load in the biopsies.

Staphylococci were the most frequently cultured bacte-
ria in both the middle ear biopsies and in the control
samples, with S. aureus the most frequently seen in middle
ear biopsies. Disinfection with chlorhexidine is considered
as the state of the art, but cannot be used near the middle
ear due to ototoxicity. Also, it does not always remove the
resident bacterial flora of the skin, and disinfecting the
external auditory canal is even more difficult [19, 20]. The
existence of living bacteria in control specimens is possible
and could explain our findings with bacterial culture.
Culturing the correlating middle ear biopsy and control
biopsy could only be performed in four patients. In these
patients, no pattern was seen between the bacterial findings
in the middle ear and the control sample, and as a conse-
quence, we did not find any sign of contamination. Also, no
convincing association was found between biofilms with
PNA-FISH and bacterial culture. These results point
towards real findings, even though the relatively low
number of correlating samples does not completely rule out
the possibility of contamination.

Previous studies have found evidence of bacterial bio-
films in the middle ear of patients with CSOM [6, 7]. We
therefore, hypothesize that bacterial colonization of the
middle ear in COM patients may result in chronic recurrent
episodes with otorrhea in these patients. This study pre-
sents evidence of biofilms in the middle ear, but where the
bacteria originally migrated from is not known. However,

@ Springer

migration through the external auditory canal or naso-
pharynx is the most plausible route. Another hypothesis is
that other compartments in the upper airways, e.g., the
adenoids, could serve as a reservoir for sessile bacteria
causing otorrhea, as suggested for recurrent acute otitis
media [21]. Bacteria causing recurrent suppuration in COM
patients may therefore, also derive from biofilms at other
locations.

The biopsies were collected almost 15 years before the
present examinations and were stored at —80 °C. It is not
currently described how bacterial biofilms survive or react
under such storage conditions. The weaknesses of the
present study are that the biopsies obtained represent a
small random sample of a part of the MEM.

A novel study of experimental OME in a chinchilla
model showed that biofilms in the middle ear are present
together with normal mucosa [22]. We do not know how
biofilms are distributed in the middle ear of humans and the
possibility of biofilm formation in other parts of the MEM
may also be expected. The small sample size and the het-
erogenic distribution of biofilms in chronic infections [23],
may explain the relatively low correlation between PNA-
FISH, 16s sequencing, and culture in this study. However,
we demonstrate findings of bacteria in mucosal biofilms in
not actively suppurating COM without evidence of any
kind of contamination. We believe this is the first study to
demonstrate this.

Conclusion

To our knowledge, this study is the first to demonstrate the
presence of mucosal biofilms in middle ear biopsies from
patients with COM with dry perforations by means of
PNA-FISH. Although, the results could not be uniformly
confirmed by PCR and 16s sequencing, the findings may
indicate that biofilms are a part of the pathogenesis in
recurrent episodes of ear discharge in COM. However,
further investigations are necessary to understand the
potential pathogenic mechanisms of biofilm presence in
COM.
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