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Abstract

Chronic rhinosinusitis (CRS) is the most com-

mon illness among chronic disorders that

remains poorly understood from a pathogenic

standpoint and has a significant impact on

patient quality of life, as well as healthcare

costs. Despite being widespread, little is

known about the etiology of the CRS. Recent

evidence, showing the presence of biofilms

within the paranasal sinuses, suggests a role

for biofilm in the pathogenesis. To elucidate

the role of biofilm in the pathogenesis of CRS,

we assessed the presence of biofilm at the

infection site and the ability of the aerobic

flora isolated from CRS patients to form

biofilm in vitro. For selected bacterial strains

the susceptibility profiles to antibiotics in bio-

film condition was also evaluated.

Staphylococci represented the majority of

the isolates obtained from the infection site,

with S. epidermidis being the most frequently

isolated species. Other isolates were

represented by Enterobacteriaceae or by spe-

cies present in the oral flora. Confocal laser

scanning microscopy (CLSM) of the mucosal

biopsies taken from patients with CRS

revealed the presence of biofilm in the major-

ity of the samples. Strains isolated from the

specific infection site of the CRS patients

were able to form biofilm in vitro at moderate
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or high levels, when tested in optimized

conditions. No biofilm was observed by

CLSM in the biopsies from control patients,

although the same biopsies were positive for

staphylococci in microbiological culture anal-

ysis. Drug-susceptibility tests demonstrated

that the susceptibility profile of planktonic

bacteria differs from that of sessile bacteria

in biofilms.

Keywords

Adherent bacteria � Antibiotic resistance �
Sinus infection � Isothermal

microcalorimetry � Confocal fluorescence
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1 Introduction

Rhinosinusitis (RS) comprises a group of

disorders characterized by inflammation of the

mucosa of the nose and the paranasal sinuses

(Lanza and Kennedy 1997). According to the

duration of the symptoms, RSs are sub-divided

into acute forms, in which symptoms last up to

12 weeks followed by complete resolution, and

chronic forms in which symptoms persist beyond

12 weeks. Chronic rhinosinusitis (CRS), whose

prevalence is estimated to be approximately 10%

of the population in the Western world, is con-

sidered a multifactorial disease in which both

host-related (e.g. anatomical features, immuno-

logical status, ciliary dysfunction, associated

co-morbidities) and non-host-related factors

(e.g. microbial agents, allergens) may play a

role (Fokkens et al. 2012; Lam et al. 2015). The

etiology and pathogenesis of CRS remain an area

of active research. In this respect, it is still

debated whether bacterial infections, in the

form of biofilms, might be involved in the patho-

genesis of CRS contributing to the inflammation,

persistence, and recurrent exacerbations of the

disease (Lam et al. 2015). Bacterial biofilms are

communities of sessile bacteria embedded in a

protective extracellular polymeric substance

(EPS) they have produced, and exhibiting a phe-

notype markedly different from the

corresponding planktonic cells concerning the

growth rate and gene expression (Donlan and

Costerton 2002). It is becoming increasingly evi-

dent that biofilms are involved in a large propor-

tion of infections of the human body and may

form on host tissues/mucosa or on the surface of

a variety of medical devices including central

vascular or urinary catheters, endotracheal

tubes, prosthetic cardiac valves, orthopedic or

dental implants (Lebeaux et al. 2014). Hallmark

of biofilm-associated infections is their dramati-

cally reduced susceptibility to antimicrobial

treatments that is considered a multifactorial pro-

cess (Lebeaux et al. 2014). In addition to the

classical mechanisms of resistance at the single

cell level (e.g. activation of efflux pumps, pro-

duction of enzymes that destroy antibiotics,

mutations that alter antibiotic target sites), multi-

ple biofilm-specific mechanisms operate simulta-

neously and make it difficult to completely kill

cells in a biofilm, especially those situated in the

deeper layers (Penesyan et al. 2015; Sun et al.

2013). Consequently, biofilm-associated

infections usually do not resolve easily, requiring

the mechanical or surgical removal of the

biofilm-infected tissue or colonized implant.

In addition to the tolerance to antimicrobial

treatments, biofilms also exhibit a high capacity

to resist the clearance by host innate and adaptive

immune responses (Lebeaux et al. 2014). Both of

these factors play a major role in treatment fail-

ure and persistence of biofilm-associated

infections.

Biofilm-associated infections are not only dif-

ficult to treat, but also to diagnose by routine,

culture-based, microbiological techniques

(Trampuz et al. 2007). Indeed, methods tradition-

ally used in clinical microbiology laboratories

are optimized for detecting and culturing infec-

tious microorganisms growing in planktonic

(free floating) forms and to test their susceptibil-

ity under planktonic growth conditions (Hoiby

et al. 2015). Due to the marked ability of biofilm

cells to adhere to the substrate and/or to each

other via the EPS, biofilm-embedded

microorganisms might be much more difficult

to recover from clinical samples than planktonic

ones. Hence, the culture of biofilm cells from
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infected tissues is often negative, despite the

presence of large aggregates of bacteria

surrounded by an extracellular matrix can be

demonstrated on tissues or medical devices by

microscopic techniques (Hoiby et al. 2015;

Batoni et al. 2016). Failure to isolate microbial

strain(s) possibly involved in the pathogenic pro-

cess, in turn, further affects the outcome of the

antimicrobial therapy, in that the clinicians lack a

rational basis for antibiotic selection (Hall-

Stoodley et al. 2012).

In order to gain further insights on the possi-

ble role of biofilm-infections in CRS and diag-

nostic procedures suitable to aid laboratory

diagnosis of such infections (e.g. type and mode

of sampling, sample processing procedures, cul-

ture conditions etc.), the purposes of the present

study were: (i) evaluate the presence of bacterial

aggregates resembling biofilm structures in

biopsies from CRS patients selected according

to stringent clinical criteria (Benninger et al.

2003; Rosenfeld et al. 2015); (ii) isolate and

identify aerobic bacterial strains from biopsies

and other clinical samples collected from dis-

eased and non-diseased areas by microbiological

diagnostic techniques; (iii) assess the in vitro

biofilm-forming ability of bacteria isolated from

infection sites in different experimental

conditions; (iv) compare the antibiotic suscepti-

bility profile of the isolated strains in planktonic

form versus that obtained in biofilm state.

The consistent demonstration of structured

sessile bacteria on biopsies from CRS patients,

and their marked ability to form biofilms in vitro,

when tested in optimized experimental

conditions, corroborates the hypothesis that

biofilms may play a role in the pathogenesis/

chronicity of the disease. The results obtained

also suggest that modifications of routine

microbiological procedures might be necessary

to increase the rate of culture positivity. Finally,

the choice of an eventual antimicrobial therapy

to treat/prevent CRS could benefit from evalua-

tion of the antibiotic sensitivity profiles of sessile

bacteria.

2 Materials and Methods

2.1 Study Group and Sample
Collection

The study group consisted of 12 patients with

CRS, undergoing functional endoscopic sinus

surgery (FESS). In addition, 5 patients

undergoing septoplasty surgery for a surgical

correction of a deviated nasal septum and reduc-

tion of the volume of the inferior turbinate with

no clinical or radiological evidence of sinus dis-

ease or allergic rhinitis were selected as negative

controls (1C-5C, Table S1). CRS patients were

recruited after an accurate medical examination,

according to the guidelines of the Rhinosinusitis

task force (Benninger et al. 2003; Rosenfeld et al.

2015). In particular, medical examination was

aimed at verifying the inflammation status of

the nose and of the paranasal sinuses and its

duration (minimum 12 weeks), and the presence

of at least two of the following symptoms: nasal

blockage/obstruction/congestion, nasal dis-

charge (anterior/posterior nasal drip), facial

pain/pressure, reduction or loss of smell, endo-

scopic signs of the disease. Clinical diagnosis of

CRS was confirmed by using computerized

tomography (CT) allowing a differential diagno-

sis with other diseases with similar symptoms

such as upper respiratory tract infections or aller-

gic rhinitis (Desrosiers et al. 2011).

Exclusion criteria included pregnancy, immu-

nodeficiency, and impairment of muco-ciliary

function. Preoperative data collection included

symptom scores, allergy status, paranasal sinus

computed tomography (CT) scores, past medical

history, smoking status, and nasal endoscopy

findings. No patients had taken antibiotics,

antifungals, or steroids in the 4 weeks prior to

surgery.

Samples were collected at the Otorhinolaryn-

gology Unit of the Department of Surgery and

Medicine, at the Pisa University Hospital, Pisa,

Italy.

Detection of Biofilms in Chronic Rhinosinusitis 3



Table S1 Demographic, clinical and collected sample data

Patients Gender Age Diagnosis Polyposis

Nasal

swab

Specific Sinus

swab

Sinus

aspirate Sinus Biopsy

#1 M 74 Left maxillary

sinusitis

NO ND Left maxillary

sinus mucosa

ND Left Maxillary

sinus mucosa

#2 F 40 Left spheno-

ethmoidal sinusitis

YES ND Left spheno-

ethmoidal

sinus mucosa

Left

spheno-

ethmoidal

sinus

Left spheno.

-ethmoidal

sinus,

sinonasal

polyps

#3 M 47 Right maxillo-

ethmoidal sinusitis

NO ND ND Maxillary

sinus

Maxillo-

ethmoidal

sinus

#4 M 78 Sinonasal

polyposis, bilateral

maxillo-ethmoidal

sinusitis

YES ND Sinonasal

polyps,

maxillo-

ethmoidal

sinus

ND Sinonasal

polyps,

maxilla-

ethmoidal

sinus

#5 F 62 Sinonasal

polyposis, bilateral

maxillo-ethmoidal

sinusitis

YES ND Maxillo-

ethmoidal

sinus

ND Maxillary

sinus,

sinonasal

polyps

#6 F 65 Left maxillary

sinusitis

NO YES

(L)

Left maxillo-

ethmoidal

sinus

ND Left maxillo-

ethmoidal

sinus

#7 F 75 Pansinusitis NO ND Maxillo-

ethmoidal

sinus mucosa

Ethmoido-

maxillary

sinus

Maxillo-

ethmoidal

sinus mucosa

#8 M 31 Right maxillo-

ethmoidal sinusitis

NO YES

(L/R)

YES ND Right maxillo-

ethmoidal

sinus

#9 F 28 Pansinusitis NO YES Maxillo-

ethmoidal

sinus mucosa

ND Maxillo-

ethmoidal

sinus

#10 M 41 Pansinusitis NO YES Maxillo-

ethmoidal

sinus

ND Maxillo-

ethmoidal

sinus

#11 F 40 Right maxillo-

ethmoidal sinusitis

NO YES

(R)

Right maxillo-

ethmoidal

sinus

Right

middle

meatus

Right maxillo-

ethmoidal

sinus

#12 M 59 Left maxillo-

ethmoidal sinusitis

NO YES

(L/R)

Left maxillo-

ethmoidal

sinus

ND Left maxillo-

ethmoidal

sinus

#1C F 41 Nasal septum

deviation

NO YES ND ND Inferior nasal

turbinate

#2C F 40 Nasal septum

deviation

NO YES ND ND Left maxillary

sinus

#3C M 25 Nasal septum

deviation

NO YES ND ND Inferior nasal

turbinate

#4C F 55 Nasal septum

deviation

NO YES ND ND Inferior nasal

turbinate

#5C M 22 Nasal septum

deviation

NO YES ND ND Inferior nasal

turbinate

ND: not-determined
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Nasal mucosa biopsies were harvested from

CRS and control patients at the time of FESS and

nasal septoplasty, respectively, and were placed

in a sterile container. One to five pieces (size: �
5 � 5 mm) were taken from each patient for

confocal laser scanning microscopy (CLSM)

and microbiological examination. Only the

biopsy of the patient #9, was analysed by

microbiological examination and not by CLSM

due to its small size. In addition, sinus swabs

from the site of the surgery and/or sinus aspirates

were collected for bacterial and fungal cultures/

identifications. Extreme attention was paid to

avoid contamination with normal flora during

sample collection. For some patients a nasal

swab was also collected to evaluate the nose

normal flora.

The Human Ethics Committee of the Pisa

University Hospital approved the study and all

patients provided their informed consent to par-

ticipate in the study.

2.2 Detection of Biofilm-Like
Structures in Biopsies from CRS
and Control Patients by CLSM

The presence of bacterial aggregates resembling

bacterial biofilms on biopsy samples (processed

as described in paragraph 2.3) was evaluated by

CLSM analysis as previously described

(Foreman et al. 2009, 2010; Psaltis et al. 2007).

Briefly, fresh specimens were immersed in 1 ml

of sterile MilliQ water (Millipore), within 3 h

from collection and added with 1.5 μl of Syto9
(Thermo Fisher Scientific). After incubation in

the dark at room temperature for 15 min, each

biopsy was rinsed in sterile MilliQ water to

remove the excess of stain and placed on glass

bottom dishes (Willco Wells) for microscopy

imaging. In the case it was not possible to per-

form the analysis immediately, biopsy samples

were fixed with 4% PFA for 4 h at 4 �C, washed
three times with PBS, and stored at 4 �C in PBS

added with 0.05% (w/v) NaN3 to prevent

microbial contamination, until staining and

imaging. Stained specimens were observed

under TCS SP5 II (Leica) confocal microscope

(interfaced with a 488 nm Argon laser), using a

63 � 1.25 NA water immersion objective. For

each biopsy the entire tissue surface and depth

were scanned during three independent

observations for a total of 45 min. 10 μm Axial

stacks in the Z plane, with a slice thickness of

1 μm, were taken through representative areas of

biofilm. The analysis was not performed blind.

2.3 Isolation, Identification
and Planktonic Drug
Susceptibility Testing of Clinical
Isolates

Biopsies, sinus swabs, and/or sinus aspirates

were transferred within 1–3 h from collection to

the Microbiology Unit laboratory of Pisa Univer-

sity Hospital, and processed as follows: biopsies

were washed three times in PBS to remove

planktonic bacteria and divided into two pieces

with a scalpel under sterile conditions. One of the

pieces was then processed for staining and imag-

ing as described in paragraph 2.2. The other

piece was homogenised in 1 ml of PBS using a

bead beater instrument (Stomaker), and

vigorously vortexed for 1 min at room tempera-

ture. When multiple biopsies from the same

patient were collected, they were individually

processed for CLMS imaging, while they were

pooled and homogenized all together for

microbiological analyses. To this aim, 0.1 ml

aliquots of the homogenates were inoculated

directly onto blood agar, chocolate agar, manni-

tol salt agar, MacConkey agar, and Sabouraud

agar, and cultured for 24–48 h at 37 �C in aero-

biosis. The remaining homogenised samples

were inoculated in 5 ml of brain heart infusion

broth (BHIB, Becton Dickinson). After 24 h

incubation at 37 �C, turbid broth samples were

sub-cultured onto the five agar plates listed

above. Selected colonies were identified using

Detection of Biofilms in Chronic Rhinosinusitis 5



the matrix-assisted laser desorption ionization-

time of flight mass spectrometry (MALDI-TOF)

system (Bruker) using procedures suggested by

the manufacturer. Swabs from nasal mucosa or

from diseased sites were streaked directly onto

the agar plates and cultured as described above.

Sinus aspirates were processed as biopsies omit-

ting the homogenization step.

For all isolated bacterial strains routine anti-

biotic susceptibility tests were performed by

semiautomatic systems (Vitek II, bioMérieux)

and/or Sensititre (Thermo Scientific).

2.4 Cultivation and Storage
of Bacterial Strains

A single colony of bacterial isolates and standard

laboratory strains (Staphylococcus epidermidis

ATCC35984 and S. aureus ATCC43300) used

as controls for biofilm production, were

inoculated into 5 ml of Tryptone Soy Broth

(TSB) (Oxoid,). Haemophilus parainfluenzae

and H. paraphrophilus strains were cultivated

in Haemophilus Test Medium Broth (Becton

Dickinson). Actinomyces odontolyticus, Strepto-

coccus spp., Corynebacterium spp., and

Moraxella spp. strains were cultivated in BHIB.

After overnight incubation at 37 �C in shaking

conditions, an aliquot of the cultures was

re-inoculated in the same medium and the

cultures were allowed to grow to an OD600 of

1. Each culture was divided into 0.25 ml aliquots,

labelled and stored at �80 �C until use.

2.5 Stock Dilutions and Storage
of Antibiotics

The antibiotics vancomycin hydrochloride,

amoxicillin, amikacin, levofloxacin, doxycycline

(all purchased from Sigma-Aldrich) were diluted

in MilliQ sterile water (Millipore) to obtain stock

solutions of 100 mg/ml. Erythromycin (Sigma-

Aldrich) was diluted in pure ethanol (50 mg/ml)

while rifampicin and daptomycin were diluted in

DMSO (100 mg/ml). All the stock solutions were

divided in aliquots and kept frozen at �80 �C or

at 4 �C until use, as suggested by the producers.

2.6 Microtiter Plate Biofilm
Formation Assay and Crystal
Violet (CV) Staining

In a first set of experiments, overnight cultures of

selected clinical isolates were diluted to 0.05

OD600 in TSB or Mueller Hinton Broth 2 cation

adjusted (MHCA) (Sigma-Aldrich) added with

1% (w/v) glucose (Sigma-Aldrich) (MHCA/

Glu) or 1% (w/v) sucrose (Sigma-Aldrich)

(MHCA/Suc).

For selected species/strains additional biofilm

formation assays were performed in MHCA or

MHCA/Gluc added with 1% (w/v) NaCl, or in

MHCA/Glu added with 1% (v/v) pooled heat

inactivated human plasma collected from healthy

donors.

Two hundred μl of each diluted bacterial sus-

pension was dispensed into flat-bottom polysty-

rene 96-well plates (Corning Costar). Wells with

medium alone were set up as negative controls.

Plates were incubated at 37 �C without shaking

for 24 h. After incubation, wells were washed

three times with PBS, air-dried for 15 min at

room temperature, and CV (Sigma-Aldrich) was

added to a final concentration of 0.5% (w/v).

Following incubation for 15 min at room temper-

ature, wells were rinsed with PBS until no blue

was visible in the washing solution, air-dried and

CV was extracted by incubation for 15 min with

pure ethanol (Sigma-Aldrich) at room tempera-

ture. The OD was measured at a wavelength of

595 nm with the INFINITE F50 (TECAN) absor-

bance microplate reader. The assays were

performed in triplicate, and the results expressed

as mean OD595 � the standard deviation (SD).

Based on the values of OD595 obtained, all strains

6 M. Di Luca et al.



were classified for their ability to form biofilms

into four categories (no, weak, moderate and

strong producers) according to Stepanovic and

co-workers (Stepanovic et al. 2007).

2.7 CLSM and Image Analysis of In
Vitro Formed Biofilms

CLSM and image analysis were used to analyze

the architecture and extracellular matrix

components of biofilms formed in vitro by staph-

ylococcal clinical isolates, as previously

described (Brancatisano et al. 2014; Maisetta

et al. 2016). To this aim, 300 μl of bacterial

suspensions, diluted as described above for

microtiter plate biofilm formation assay, was dis-

pensed into an 8-well μ-Slide (Ibidi) and stati-

cally incubated at 37 �C for 24 h. Following

incubation, medium was carefully removed

from the wells, biofilms were washed three

times with 300 μl MilliQ water, and stained

with 300 μl Syto9 (1.5 nM) for observation with

CLSM, as suggested by the producer (Thermo

Fisher Scientific). For the characterization of the

staphylococcal biofilm extracellular matrix,

biofilms were incubated in the dark for 20 min

with 300 μl of undiluted FilmTracer™ SYPRO®

Ruby biofilm matrix (Life Technologies)

containing 5.0 μg/ml Wheat Germ Agglutinin,

Oregon Green® 488 Conjugate (WGA488)

(Life Technologies). After staining, biofilms

were washed three times with pure water and

examined under a Leica CLSM, as described

above. An argon laser was used to excite the

fluorophores at wavelengths of 458 nm for

SYPRO Ruby and 488 nm for WGA and syto-9.

The following collection ranges were adopted:

500–540 nm (WGA488 and Syto9), and

605–650 (SYPRO Ruby). In a typical

two-channel experiment, images were collected

in sequential mode to eliminate emission cross-

talk or bleed-through between the various dyes.

Two independent experiments were performed

and 10 images for each sample were collected

for biofilm formation and matrix component

analysis.

2.8 Colony Morphology on Congo
Red Agar

Staphylococcal strains isolated from CRS

patients were tested for polysaccharide intercel-

lular adhesin (PIA) production by the Congo red

agar (CRA) method as described by Freeman and

co-workers (1989) with minor modifications. To

this aim, bacterial strains were plated on CRA

(Mueller–Hinton broth 21 g l � 1, 1% bacterio-

logical agar (Oxoid), glucose 50 g l � 1, and

Congo red 0.8 g l � 1 [Sigma-Aldrich]). Plates

were incubated for 24 h at 37 �C and for an

additional 24 h at room temperature. Following

incubation, the color and the morphology of the

colonies were macroscopically examined. Black/

gray colonies with a dry crystalline morphology

allowed the recognition of PIA-producing

strains, while red/pink, and smooth colonies

were considered to be PIA negative.

2.9 Colorimetric Antibiotic
Susceptibility Testing
of Bacterial Biofilms by Alamar
Blue (AB)

Biofilm susceptibility testing was assessed by

microplate AB assay as described by Pettit and

co-workers (2005). Briefly, biofilms were let to

form for 24 h in MHCA/Glu medium or, in the

case of S. aureus, in MHCA/Glu added 1% with

human inactivated plasma as described above.

Biofilms were washed three times with PBS and

200 μl of two-fold serial dilutions of antibiotics

in fresh MHCA/Glu medium were dispensed into

each well. Biofilms, exposed to drugs for 24 h at

37 �C, were washed three times with PBS and

5 μl of the oxidation reduction indicator AB was

added to each well. Then, plates were shaken

gently and incubated for 1 h at 37 �C. Color
changes in the wells, from blue to pink or pur-

plish, were visually recorded at the end of the

incubation to assess the minimum biofilm

inhibiting concentrations (MBICs), defined as

the lowest drug concentration resulting in

�50% reduction of AB and a purplish well

Detection of Biofilms in Chronic Rhinosinusitis 7



60 min after the addition of AB (Pettit et al.

2005).

2.10 Antibiotic Susceptibility Testing
of S. aureus and P. mirabilis
Biofilms by Isothermal
Microcalorimetry Assay

Biofilm antibiotic susceptibility testing was

performed by isothermal microcalorimetry

(IMC) according to the procedure described by

Oliva and co-workers (2014). Briefly, bacterial

biofilms were formed on porous glass beads hav-

ing a diameter 2 to 4 mm, porosity 0.2 m2/g and

pore size 60 μm (Siran carrier; SiKUG 023/02/

300/A; Schott Schleiffer AG, Muttenz,

Switzerland). To this aim, beads were incubated

for 24 h at 37 �C in MHCA with 3–5 colonies of

S. aureus or 1 colony of P. mirabilis (�1x10^8

CFU). Then, beads were washed and incubated

an additional 24 h at 37 �C in the presence of

two-fold serially diluted antibiotics at

concentrations up to 1024 μg/ml. Following a

second wash to remove non-attached bacteria

and antibiotics, each bead was transferred into a

different ampoule containing fresh medium with-

out any antibiotics. Finally, all the ampoules

were air-tightly sealed and inserted into the

microcalorimeter to quantify the heat flow pro-

duced by viable bacteria. An isothermal micro-

calorimeter (TAM III, TA Instruments,

Newcastle, USA), equipped with 48 independent

channels and a detection limit of heat production

of 0.2 μW was used. Growth media with biofilm

on beads but without antibiotic pre-treatment

were used as positive controls, while growth

medium with sterile beads served as negative

control. Experiments were performed in

triplicates for each strain and the heat flow was

recorded for about 48 h.

The minimum biofilm eradicating concentra-

tion (MBEC) was defined as the lowest concen-

tration that eradicated biofilm and led to an

absence of re-growth after 48 h of incubation in

the microcalorimeter (Oliva et al. 2014).

2.11 Data Analysis

OD595 data of CV experiments were collected by

spectrophotometer, analysed using Magellan

software (TECAN), and exported/plotted using

Microsoft Excel program.

Digital images of the CLSM optical section

were collected using LAS-AF software (Leica,

Heidelberg, Germany) and processed by ImageJ

software (NIH Imagej; http://rsbweb.nih.gov/ij/).

Microcalorimetry data were analyzed using the

manufacturer’s software (TAM Assistant, TA

Instruments, New Castle, DE). Figures were plot-

ted using GraphPad Prism 6.01 (GraphPad Soft-

ware, La Jolla, CA, USA).

2.12 Statistical Analyses

The statistical significance of the data was deter-

mined by Fisher’s exact test. A two-tailed P

value of <0.05 was considered statistically

significant.

3 Results and Discussion

3.1 Study Group
and Demographic Data

A total of 17 patients were recruited for this

study. Among these, 12 were patients with CRS

undergoing FESS, and 5 were negative controls

(patients undergoing septoplasty surgery).

The CRS patients’ group consisted of

6 females and 6 males, (median ¼ 53, range

28–78 yrs), The wide age-range of the study

group is in agreement with data from the litera-

ture reporting that although CRS affects persons

of all age groups, its incidence increases with

age, peaking at 50 years or greater (Peters et al.

2014). The control group was made of 3 females

and 2 males (median ¼ 40, range 22–55 yrs).

From a clinical point of view, the CRS patients

included 3 subjects with nasal polyposis and

9 patients without polyposis. The demographic

8 M. Di Luca et al.
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data, the clinical diagnosis, and the types of

samples collected for CLSM analysis and

microbiological examination from each patient

and control are reported in supplementary infor-

mation (Table S1).

3.2 Detection of Bacterial Biofilms
in Biopsies from CRS and Control
Patients by Syto9 Staining
and CLSM Analysis

Biopsies from sinus mucosa of CRS and control

patients were analyzed for the presence of

biofilms by CLSM following fluorescence

staining. Analysis of the biopsies was performed

using a previously described, easy, and rapid

protocol for the search of bacterial aggregates

in tissue samples with minor modifications

(Foreman et al. 2009; Foreman et al. 2010;

Psaltis et al. 2007). The used probe specifically

stains DNA of living and dead cells, including

epithelial cells and bacterial cells, as well as the

biofilm exopolysaccharide matrix, which

contains bacterial DNA. Discrimination of

human cells from bacterial cells is based on the

different size and shape of the stained cells and,

in some cases, to differences in fluorescence

intensity between bacterial and host cells, since

bacteria stain brighter as compared to eukaryotic

cells.

Seven out of 11 CRS patients analyzed by

CLSM had biofilms detectable in their biopsies.

Figure 1 shows representative magnified images

of biofilm-like structures detected in the biopsy

samples of patient #1, #4, #5, #6 and #12. The

characteristic biofilm morphology with brightly

fluorescent microorganisms, whose size is com-

patible with that of bacterial cells (ranging from

0.5 to 3 μm in most of the cases or longer) is

clearly visible. In 3 out of 7 CRS patients whose

biopsies were found biofilm-positive, only cocci

or filament shaped bacteria were detected. In

contrast, CLSM images of biopsies from patients

#4 (Fig. 1B), #5 (Fig. 1C–D) and #12 (Fig. 1F)

revealed the presence of bacterial cells with two

different shapes (cocci and filaments), consistent

with the isolation from these biopsies of Staphy-
lococcus lugdunensis/Citrobacter koseri (#4),

S. aureus/Proteus mirabilis (#5), and

S. epidermidis, S. capitis/Haemophilus
parainfluenzae, Corynebacterium propinquum

(#12), respectively (Table 1). None of the

biopsies from the control group was found

Fig. 1 CLSM imaging of sinus biopsies from patients
#1, #4, #5, #6, #12 and controls #1C and #2C. The
presence of bright green biofilm-like structures stained

with Syto9 is evident in biopsies from CRS patients, but

not from control patients. Aggregates of cocci shaped

microorganisms (A–C–E). Aggregates of both cocci

shaped microorganisms and long filamentous bacterial

cells (B–D–F). Syto 9 staining (488/500–550 nm)

Detection of Biofilms in Chronic Rhinosinusitis 9
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positive for biofilm-like structures (0/5).

Figure 1G–H shows two representative examples

of biopsies from control group (#1C and #2C).

In few cases, multiple biopsy samples (2–5)

were collected from CRS patients, in order to

increase the sensitivity of the detection of the

bacterial aggregates in the tissue, and individu-

ally evaluated by Syto9 staining and CLSM anal-

ysis. Of note, in one case in which it was possible

to obtain 5 different biopsy samples, 3 of them

were found positive for biofilm-like structures,

while 2 of them were negative, suggesting that

increasing the number of biopsies from a patient

may increase the sensitivity of the technique.

A first analysis of the surface of the tissue

sample from patient #4 resulted negative for the

presence of bacterial aggregates. A successive

more accurate analysis of the sample was

performed by Z-stack imaging. Z-stack imaging

revealed the presence of biofilm-like bacterial

aggregates in the inner layers of sample #4

(Fig. 1B), indicating that biofilms may form not

only on the mucosal surface, but also in the

deeper layers of the tissue as also highlighted

by others (Hall-Stoodley et al. 2012; Shields

et al. 2013). For this reason, Z-stack imaging

was performed also for all the other samples.

Even with this accurate analysis no biofilm was

detected in negative controls as well as in 4 of the

CRS patients (#3, #7, #10, and #11) that were

negative for the presence of biofilms on the sur-

face of their biopsies (data not shown).

The bacterial aggregates detected deep in the

tissue of patient #4 might also represent

intramucosal microcolonies that have been also

previously reported in CRS patients at a higher

rate than in healthy controls (Wood et al. 2012;

Kim et al. 2013a). Intramucosal bacteria were

found to exhibit similar genotypic and pheno-

typic features as compared to surface bacteria

isolated from the same patient and were

hypothesized to reflect host mucosal immune

dysfunction (Kim et al. 2013b).

Altogether, the results from CLSM analysis

following fluorescent staining revealed the pres-

ence of bacterial aggregates resembling biofilms

in the majority of the biopsies from CRS patients

and in none of the control patients (P < 0.05).

With regard to the staining protocol, Syto9

staining is considered a reliable method for bio-

film detection, with excellent inter-observer reli-

ability (Foreman et al. 2009). Furthermore, such

method has the advantage of allowing the imag-

ing of fresh tissues, thus not altering the biofilm

architecture, and of requiring a short time

(around 20 min) for sample preparation, making

it suitable for analysis in routine microbiology

laboratory.

Another method frequently used to detect

biofilms on tissue samples is the CLSM

associated with fluorescent in situ hybridization

(FISH/CLSM), which employs specific probes to

target complementary sequences of the microbial

16 s RNA (Mallmann et al. 2010; Lubbert et al.

2016). Depending on the probe used, this method

allows the visualization of all the bacteria present

(universal EUB probe) or the identification of

single species of microorganisms (species-

specific designed probe) forming the biofilm

(Wecke et al. 2000; Mallmann et al. 2010).

Although more accurate, FISH/CLSM technique

is based on a time-consuming protocol requiring

over 3 h to be completed (Foreman et al. 2009).

Compared to this method, Syto9/CLSM is not

species specific, but it gives a more rapid answer

regarding biofilm presence or absence. For this

reason, Syto9/CLSM has been proposed as the

technique of choice for investigating the generic

presence of biofilm in CRS patients, an informa-

tion that could be of value for clinicians for its

demonstrated impact on the post-operative

course of CRS patients following endoscopic

sinus surgery (Foreman et al. 2009; Singhal

et al. 2010).

3.3 Isolation and Identification
of Bacterial Strains from CRS
Patients and Control Group by
Microbiological Procedures

Diagnostic microbiological procedures aimed at

the isolation of aerobic bacterial strains and fungi

were adopted in this study. Overall, 34 different

bacterial strains were isolated and identified

(Table 1) from the clinical samples (11 nasal

Detection of Biofilms in Chronic Rhinosinusitis 11



swabs, 11 sinus swabs, 4 aspirates and 17 tissue

specimens) taken from the patients and the

controls (Table S1). Clinical isolates belonged

to a total of 11 different genera and 21 distinct

species of Gram-positive (n�13 species) and

Gram-negative (n� 8 species) bacteria.

Among the isolated microorganisms, the most

frequently Gram-positive bacteria found in CRS

patients belonged to the Staphylococcus genus

with the following species distribution:

S. aureus (3 strains), S. epidermidis (10 strains),

S. lugdunensis (1 strain), S. haemolyticus
(1 strain) and S. capitis (1 strain). These results

are in agreement with previous culture-based

investigations reporting a prevalence of

staphylococci among strains isolated from clini-

cal samples obtained from CRS patients (Brook

2006; Shields et al. 2013).

Almost one third of the isolated bacterial spe-

cies were Gram-negative (e.g. Citrobacter

koseri, Escherichia coli, Haemophilus
parainfluenzae, H. paraphrophilus (recently

renamed Aggregatibacter aphropilus),

Moraxella catharralis, M. nonliquefaciens, Pro-
teus mirabilis, Serratia liquefaciens). In

two/third of the samples from CRS patients,

more than one bacterial species was isolated

(Table 1). S. liquefaciens, P. mirabilis, and

E. coli, isolated from patients #2, #5 and #10

respectively, are rarely recovered from middle

meatus samples from healthy individuals and

therefore their recovery from symptomatic CRS

patients suggests that they could play a patho-

logic role. As previously suggested (Brook

2011), these organisms may have been selected

out following administration of antimicrobial

therapy in patients with CRS. In particular,

P. mirabilis was isolated from a patient who

had suffered recurrent rhinosinusitis and numer-

ous previous sinus surgeries. This observation is

in accordance with a retrospective study by

Brook and Franzier (2001), who found a correla-

tion between the presence of Gram-negative bac-

teria in maxillary sinus aspirates and the history

of previous sinus surgery in CRS patients.

Serratia genus is not frequently found in

community-acquired rhinosinusitis and, when

isolated, S. marcescens is the most represented

species isolated from nosocomial-acquired

rhinosinusitis. In this study, S. liquefaciens was

isolated from an immunocompetent patient (#2)

who had no history of previous sinus surgery or

long hospital stay. Extensive search in the litera-

ture revealed that S. liquefaciens is not a common

Gram-negative bacteria found in CRS. Indeed,

there are only three studies reporting the isolation

of S. liquefaciens in rhinosinusitis (Snyman et al.

1988; Coffey et al. 2006; Richter and Gallagher

2016), and in one of them the bacterium was

isolated from a case of acute sinusitis (Snyman

et al. 1988).

Most of the bacteria isolated in this study were

members of the oral or nasal normal flora. It is

believed that the communication of the sinuses

with the nasal cavity through the ostia could

enable microorganisms that reside in the naso-

pharynx to spread into the sinus and, after closure

of the ostia, these bacteria may be involved in the

inflammation process (Brook 2011). No fungi

were isolated from any of the specimens exam-

ined in this study.

The CRS study group included three subjects

with nasal polyposis and nine patients without

polyposis. Nasal polyps can impair paranasal

sinus ventilation and drainage by blocking the

ostiomeatal complex (Brook 2011). A recent

study, based on the analysis of biopsies by fluo-

rescent staining and CSLM, has shown that

biofilms were more prevalent in CRS patients

with nasal polyposis (33/34) compared to those

without polyposis (22/27) and controls (14/25)

(Danielsen et al. 2014). In our series, all the

patients with polyposis (3/3) and 4/8 patients

without polyposis presented biofilm-like

aggregates in their biopsies. It has been reported

that the microbial flora of the sinus of CRS

patients with polyposis is not different from that

found in patients with CRS without polyposis

(Brook and Frazier 2001; Kim et al. 2014). In

agreement with these studies, although biofilm

seems to be more prevalent in CRS patients with

polyposis, no evident correlation between the

presence of polyposis and the severity of the

disease was observed in our study group.

S. aureus, S. epidermidis and

M. nonliquefaciens were isolated from nasal

12 M. Di Luca et al.



swabs and biopsies obtained from the control

group subjects in agreement with the fact that

such bacterial species may be part of the normal

flora of nasal mucosa, although no evidence of

biofilm-like structures was found in any of the

subjects of our control group.

The question of whether normal bacterial flora

in the sinuses exists is controversial (Brook

2011). Different studies have shown that the

paranasal sinuses are sterile in healthy subjects

with no history of sinus disease (Cook and Haber

1987; Sobin et al. 1992; Abou-Hamad et al.

2009). In contrast, other authors reported the

presence of microorganisms in uninflamed sinus

of healthy volunteers. In this regard, an early

study in 1981 reported that S. pyogenes,

S. aureus, S. pneumoniae, and H. influenzae can

be commonly isolated from aspirates of patients

without sign of CRS, who underwent corrective

surgery for septal deviation (Brook 1981). Later,

Jiang and colleagues endoscopically evaluated

the bacterial flora of normal maxillary sinuses

and isolated/cultured various microorganisms

from half of the patients (Jiang et al. 1999).

Recently, not only the presence of a normal

flora, but also that of biofilms was demonstrated

on the healthy mucosa of paranasal sinuses by

scanning electron microscopy (Mladina et al.

2010). The discordance of the results among

different studies might be due to: (i) the lack of

standardization of the procedures used to collect

samples from the sinus cavity; (ii) the failure to

sterilize the area through which the endoscope is

passed; (iii) the different anatomic areas from

which the samples were collected (i.e. ethmoid

bulla, maxillary antrum, or middle meatus);

(iv) the kind of sample (swab, aspirate or muco-

sal tissue); (v) difference in the imaging or

microbiological procedures adopted

(e.g. transport time of the specimen, modalities

of specimen processing and culturing). Further

systematic studies with well-standardized

protocols will be needed to clarify these aspects.

Regarding the procedures adopted in this

study for the isolation of bacterial strains from

surgical tissues, it is noteworthy that in 6/12 of

the biopsies from CRS patients and in 1/5 of

those from control subjects, the mere homogeni-

zation and vortexing of the tissue samples

yielded negative culture results with no or very

few colonies grown on agar plate (patients #1,

#2, #4, #5, #6, #11, and #3C, Table 1). In con-

trast, isolation of bacterial strains was possible

after incubating the same samples in an enrich-

ment broth, suggesting that, as outlined by

others, standard microbiological procedures

might not be very efficient to detach bacteria

embedded in the biofilm layers. Another hypoth-

esis is that in vivo biofilm-forming bacteria are in

a dormant/ametabolic/unculturable state and

undergo re-activation only after inoculum in a

rich liquid medium.

Different diagnostic procedures have been

proposed to improve the isolation efficiency of

bacteria from biofilms (Trampuz et al. 2007; Jost

et al. 2014; Portillo et al. 2015). For instance, in

the case a biofilm-associated joint prosthetic

infections is suspected, sonication of orthopedic

prostheses before the inoculum of the specimens

into agar plates has demonstrated to promote the

release of biofilm cells into planktonic form,

increasing the number of positive cultures

(Trampuz et al. 2007; Jost et al. 2014; Portillo

et al. 2015). Very recently, Trampuz and

coworkers have proved that the introduction of

a sonication step and the inoculation of the soni-

cation fluid into blood culture bottles further

increases the isolation efficiency compared with

the conventional sonication fluid or

intraoperative tissue cultures (Portillo et al.

2015). It is likely that the introduction of a soni-

cation step in the processing of biopsies taken

from CRS patients for whom a biofilm infection

is suspected could also improve the isolation

efficiency directly from the tissue, avoiding the

phase of the enrichment in broth. Indeed,

although this latter step may facilitate the growth

of bacteria embedded in the biofilm, in the case

of mixed infections it may also alter the relative

proportion of the bacterial species present in the

sample, favoring those with faster growth kinet-

ics (e.g. patient #10). On the other hand, the

sonication step needs an accurate evaluation

and standardization of the adopted parameters

Detection of Biofilms in Chronic Rhinosinusitis 13



(e.g. duration and intensity of the treatment) to

avoid loss of infectivity of the sample due to the

sonication itself.

Routine antibiotic susceptibility testing was

also performed on all the strains isolated from

CRS patients and controls by semiautomatic

systems. In most of the cases, the clinical isolates

showed a wide range of antibiotic susceptibility

(data not shown). The susceptibility profiles of

S. aureus #5 and P. mirabilis #5 are reported in

Table 3.

It is worth mentioning that a variety of molec-

ular microbiological techniques has been devel-

oped in recent years that may help in the

laboratory diagnosis of suspected biofilm

infections with negative culture results

(Costerton et al. 2011). Among them, particu-

larly promising seems the combination of nucleic

acid amplification procedures with electrospray

ionization mass spectrometry (PCR/ESI-MS)

(Ibis molecular method). Such technique, is

based on the use of multiple set of primers

designed to reveal known as well unknown bac-

teria. Detection and identification of fungi or

viruses, or the presence in the specimen of bac-

terial genes that control the resistance to specific

antibiotics (e.g. the MecA gene present in

MRSA) is also possible. The amplicons produced

by PCR are weighted by mass spectroscopy and

their precise weight is used to calculate their base

composition that is unique for each set of

primers. Due to the high sensitivity and flexibil-

ity, the procedure has been proposed for the

routine diagnosis of biofilm infections (Costerton

et al. 2011).

3.4 Ability of Clinical Isolates
to Form Biofilm In Vitro

A microtiter plate assay followed by CV staining

(Brancatisano et al. 2014), was used to investi-

gate in vitro the biofilm-forming ability of

selected bacterial isolates that were classified

into four categories, “no”, “weak”, “moderate”,

and “strong” biofilm producer, as proposed by

Stepanovic et al. (2007). The capacity of a micro-

organism to form a biofilm on a given surface is

highly influenced by several factors including the

nature of the surface or the environmental

conditions (e.g. nutrients, pH, temperature)

(Martin-Rodriguez et al. 2014). In order to eval-

uate the influence of the medium on biofilm-

forming ability in vitro, we first compared the

biofilm-forming ability of a selected group of

clinical isolates in MHCA/Glu to that of bacteria

grown in TSB/Glu medium. MHCA is usually

used to test antibiotic susceptibility, but the

majority of the standard biofilm formation assays

are performed in TSB. No significant difference

in biofilm formation was observed in the pres-

ence of TSB/Glu and MHCA/Glu (data not

shown). Therefore, MHCA was chosen as a

medium for the successive experiments.

Secondly, we compared the ability of selected

strains to form biofilm in the presence of 1%

glucose versus 1% sucrose. Sucrose is a ferment-

able disaccharide and, similarly to glucose, it

serves as a substrate for the synthesis of the

biofilm extracellular polysaccharide as it has

been described especially for oral bacteria (Paes

Leme et al. 2006). As shown in Table 2, for most,

but not all of the tested strains, no evident differ-

ence was observed in biofilm-forming ability in

the presence of 1% glucose versus 1% sucrose.

Among the Gram-negative bacteria tested,

S. liquefaciens #2 and P. mirabilis #5 were strong

biofilm producers, while C. koseri #4 was a mod-

erate producer in both media. Among the Gram-

positive bacteria, S. anginosus #6 was a moderate

producer in MHCA/Glu, while it was classified

as a weak producer in MHCA/Suc. Both in

MHCA/Glu and MHCA/Suc the three

S. epidermidis strains isolated from CRS patients

were moderate (#6, #7) or strong (#1) biofilm

producers. The S. epidermidis ATCC35984

strain, used as a control, was confirmed as a

strong producer. The S. epidermidis strain

isolated from the control patient (#2C) was a

moderate biofilm producer in both media.

S. lugdunensis #4, another coagulase-negative

Staphylococcus strain, also showed a moderate

ability to produce biofilm in both media. Both

S. aureus strains isolated from CRS patients (#3,

#5) showed weak ability to produce biofilm

in vitro, while the S. aureus ATCC 43300 strain,

14 M. Di Luca et al.



formed biofilm at a moderate level. The S. aureus

strain isolated from the control patient (#1C) was

a strong producer in MHCA/Glu, but a moderate

producer in MHCA/Suc. Several studies have

documented that ability of staphylococci to pro-

duce biofilm in vitro is not always fully

expressed and often requires a modification of

the growth broth, in order to be fully manifested

(Arciola et al. 2002, 2015; Stepanovic et al.

2007).

For instance, supplementation of TSB with

NaCl, which is a known activator of sigB gene

locus regulating specific genes in stationary

phase and under different stress conditions, led

to increased biofilm formation and PIA synthesis

by S. epidermidis 1457 (Knobloch et al. 2001).

Moreover, in two different studies the rbf gene of
S. aureus, a transcriptional regulator factor, was

found to be involved in the positive regulation of

the multicellular aggregation step of biofilm for-

mation in response to glucose and NaCl (Lim

et al. 2004; Cue et al. 2009). For these reasons,

the ability of two strains of S. epidermidis
(ATCC35984 and #1) and two strains of

S. aureus (#3 and #5) to produce biofilm in pres-

ence of Gluc and/or NaCl was also tested. In the

presence of 1% NaCl in the medium without

glucose, a reduction of more than 50% in biofilm

production was observed for the S. epidermidis

ATCC35984 strain as compared to MHCA/Glu

(data not shown), although the strain remained a

strong biofilm producer (Table 2). A similar pic-

ture was obtained also for the S. epidermidis
clinical isolate (#1), although the reduction was

less evident (data not shown). In the presence of

both glucose and NaCl, a reduction in biofilm

production was visible for S. epidermidis strains

ATCC35984. On the contrary in the same exper-

imental conditions S. epidermidis #1 was still

classified as strong biofilm producer. In the case

of S. aureus (#3 and #5), adding of NaCl to the

growth medium decreased the ability to form

biofilm, both in the presence or absence of

glucose.

It has been reported that S. aureus strains with
poor ability to form biofilms in vitro, may

express marked biofilm-forming capacity

in vivo (Cardile et al. 2014). Factors potentially

causing discrepancies between in vivo and

in vitro conditions include the presence of host

proteins, such as those present in human plasma

(Aly and Levit 1987; Vaudaux et al. 1989;

Wagner et al. 2011; Bjarnsholt et al. 2013).

Body fluids may contain plasma with variable

protein content according to the body district.

For example, in nasal secretions, the plasma

Table 2 Biofilm production of each isolated strain according to Stepanovic classification, in the presence of different

growth medium (Stepanovic et al. 2007)

Strains

MHCA/

Gluc

MHCA/

Suc

MHCA/1%

NaCl

MHCA/Gluc/

NaCl

MHCA/Glu/

Plasma

S. epidermidis
ATCC35984

+++ +++ +++ ++ ++

S. epidermidis #1 +++ +++ +++ +++ +

S. epidermidis #6 ++ ++ ND ND ND

S. epidermidis #7 ++ ++ ND ND ND

S. epidermidis #2C ++ ++ ND ND ND

S. aureus ATCC43300 ++ ++ ND ND +++

S. aureus #3 + + � � ++

S. aureus #5 + + � � ++

S. aureus #1C +++ ++ ND ND +++

S. lugdunensis #4 ++ ++ � + ++

S. anginosus #6 ++ + ND ND ++

C. koseri#4 ++ ++ � � +

S. liquefaciens #2 +++ +++ � � ++

P. mirabilis #5 +++ +++ � � +++

Categories of biofilm producers: +++ Strong producers, ++ moderate producers, + weak producers, � no producer
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protein concentration ranges from 15 to 45%

(Cardile et al. 2014) The importance of host

proteins in facilitating biofilm formation is

highlighted by studies demonstrating that medi-

cal implants are often coated by various host

matrix proteins that enhance bacterial attachment

to the surface and biofilm formation in vivo
(Wagner et al. 2011; Bjarnsholt et al. 2013). In

vitro the presence of plasma has been shown to

promote biofilm growth as well (Chen et al.

2012; Walker and Horswill 2012). For this rea-

son, the effect of 1% human plasma on biofilm

formation was tested (Fig. 2, Table 2). Most of

the tested S. aureus strains increased the produc-

tion of biofilm in the presence of human plasma,

passing from weak to moderate biofilm

producers or, in the case of the S. aureus ATCC

strain, from moderate to strong producer

according to the categories of Stepanovic. Only

the S. aureus #1C, isolated from one of the con-

trol patients, showed a slight reduction in biofilm

formation but remained a strong biofilm producer

(Fig. 2). A similar biofilm-inducing effect was

not seen for the coagulase-negative staphylococ-

cal strains (S. epidermidis ATCC35984 and #1,

and S. lugdunensis #4) and for all the other

strains tested (Fig. 2, Table 2). These data sup-

port the hypothesis that the supplementation of

media with human plasma may better mimic the

conditions encountered in vivo by certain, but not
all the strains, favoring their ability to form

biofilms in vitro.

The ability of a clinical isolate to form biofilm

in vitro has been proposed as a predictive marker

of its capacity to form biofilm also in vivo

(Sanchez et al. 2013). Rapid and simple

procedures for the routine analysis of biofilm

forming ability of clinical isolates in the clinical

microbiology laboratory have been recently pro-

posed, with the aim to help the clinicians to

identify high-risk infections and/or to predict

the risk of therapeutic failure (Di Domenico

et al. 2016). The results presented herein suggest

caution in this respect, as they demonstrate that

the ability to form biofilm in vitro might be

highly influenced by the growing conditions

adopted. Thus, poor ability to form biofilm

in vitro, not necessarily is an indication of a

low propensity of a strain to form biofilm also

in vivo, but rather could indicate that the

conditions adopted in vitro to grow that strain

are sub-optimal.

Fig. 2 In vitro biofilm production by clinical isolates
and ATCC strains of S. epidermidis and S. aureus in
MHCA/Glucose or in MHCA/Glucose added with 1%
of inactivated human plasma. For each strain the biofilm
biomass was evaluated after 24 h of incubation at 37 �C

by CV staining and measurement of the optical density

(OD) at 595 nm. Horizontal lines indicate the OD cut-off

values used to define the categories of biofilm producers

according to Stepanovic et al. (2007). OD values higher

than the continuous line indicate strong biofilm producers

16 M. Di Luca et al.



3.5 Study of 3D Architecture
and Extracellular Matrix
Composition of Biofilms Formed
In Vitro by Clinical Isolates

A more detailed characterization of biofilms

formed in vitro by selected bacterial strains

isolated from CRS patients was carried out after

24 h of growth in MHCA added with 1% glucose

or, in the case of S. aureus, with 1% glucose and

1% human plasma. Figure 3A shows some repre-

sentative CLSM images of biofilms stained with

Syto9. The typical 3D architecture of biofilms, in

which groups of microbial cells are separated by

open water channels for the delivery of nutrients

and oxygen, and the removal of metabolic waste

is evident for most of the strains analyzed. In few

cases, a peculiar pattern of bacterial distribution

or cell morphology was observed as in case of

S. liquefaciens. In this case, characteristic fila-

mentous cells, longer than their planktonic

counterparts, were visible in agreement to what

previously reported for the MG1 strain of

S. liquefaciens (Givskov et al. 1998).

One of the main components of biofilms is the

EPS, an abundant and complex matrix

constituted by exopolysaccharides, proteins,

extracellular DNA and other components that

surround and protect biofilm cells (Donlan and

Costerton 2002). The most characterized

exopolysaccharide matrix component of

S. aureus and S. epidermidis biofilms is PIA,

also known as poly-N-acetyl-glucosamine

(Arciola et al. 2015). When produced, PIA

mediates adhesion to surfaces acting as a

cementing matrix, enabling bacterial cells to

Fig. 3 In vitro phenotypic characterisation of biofilms
produced by different clinical strains. (A) Architec-

ture of biofilms produced in vitro by clinical isolates from
CRS patients as visualized by Syto9 staining

(488/500–550 nm) and CLSM analysis. Strains were

cultivated in MHCA added with 1% glucose and, in the

case of S. aureus, also with 1% human plasma. (B)
Visualisation of biofilm matrix components of S. aureus
and S. epidermidis clinical isolates by CLSM and double

staining with WGA488 (detection of PIA in the green

channel) and SpyroRuby (detection of proteins in the

red channel). Scale bar: 10 μm
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agglomerate in multi-layered biofilms, and

making bacteria less accessible to the host

defence system and antibiotics (Arciola et al.

2002). In order to phenotypically investigate the

production of PIA by Staphylococcus strains

isolated in our study, the colony morphology of

such strains was analysed by the Congo Red

Agar (CRA) plate method (Freeman et al.

1989). When grown on CRA, all the staphylo-

coccal strains tested, but one, developed “black/

gray” colonies indicative of a PIA-producing

ability (see Fig. 4 for examples of colony mor-

phology). The only staphylococcal strain that

formed red colonies on CRA was

S. lugdunensis, in agreement with the reported

inability of this species to produce PIA (Arciola

et al. 2015; Ravaioli et al. 2012). It has been

reported that expression of PIA in

S. epidermidis is subjected to phase variation

due to the reversible insertion of an IS element

in the operon encoding for PIA (Ziebuhr et al.

1999), although this mechanism has not been

confirmed in later studies (Arciola et al. 2004).

Phase variation of PIA expression has been

described also for S. aureus. In S. aureus the

phenomenon seems to be due to an expansion

of the tetranucleotide tandem repeat housed in

the PIA operon, resulting in a PIA-negative bio-

film (Brooks and Jefferson 2014). It has been

proposed that the ability to rapidly switch

between phenotypes allows staphylococci to

adapt to changing environmental conditions con-

ferring an evolutionary advantage in the relation-

ship with their hosts (Arciola et al. 2015).

In order to further characterise the biofilms of

the staphylococcal strains isolated in this study in

terms of PIA and/protein production, CLSM

imaging of S. aureus and S. epidermidis biofilms

was performed following double staining with

the wheat germ agglutinin-Oregon green

488 conjugate (WGA488) or with the red fluores-

cent dye Sypro Ruby to label PIA and proteins,

respectively (Fig. 3B). In agreement with the

results obtained by using the CRA method, all

biofilms appeared green due to WGA488 binding

to the N-acetyl-glucosamine residues of PIA in

their matrix. Moreover, red fluorescence, due to

Sypro Ruby binding, was also detectable in the

biofilms of some strains (e.g. S. epidermidis #6,

S. aureus #3, Fig. 3B), indicating the presence of

protein components in the biofilm matrix of these

strains. Interestingly, by using proteomic

Fig. 4 Colony morphology on Congo red agar plates
after 24 h incubation at 37 �C followed by 24 h incuba-
tion at room temperature. PIA producing ability was

evaluated by visual detection of the colony color

according to the chromatic scale of Arciola et al. (2002).

Two PIA-positive strains (S. epidermidis #1 and

S. aureus #3) and one PIA-negative strain

(S. lugdunensis #4) are shown
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approaches, recently Gil and coworkers

characterized the exoproteome of

exopolysaccharide-based and protein-based bio-

film matrices produced by two clinical isolates of

S. aureus (Gil et al. 2014). They found that inde-

pendently of the nature of the biofilm matrix, a

common set of secreted proteins is contained in

both types of exoproteomes.

A number of proteins localized in the extra-

cellular matrix of biofilms have been described to

be involved in generating PIA-independent

biofilms. These include the biofilm-associated

protein (Bap), a 2276-amino acid surface protein,

and the accumulated associated protein (Aap)

(Arciola et al. 2015). In addition, some authors

suggest that various surface proteins called cell-

wall anchored (CWA) proteins (including SasG,

SasC, Protein A, FnBPA) can contribute to medi-

ate the initial attachment and biofilm accumula-

tion and maturation in Staphylococcus spp.

(Merino et al. 2009; Vergara-Irigaray et al.

2009; Speziale et al. 2014). It has been proposed

that staphylococci may produce PIA-dependent

or PIA-independent biofilms in different phases

of the pathogenesis of an infection and that this

ability may allow the bacteria to better adapt to

the multiple stimuli encountered in the host.

3.6 Antibiotic Susceptibility Testing
of Bacterial Isolates
in Biofilm Form

Several studies have indicated that activity of

most antibiotics shows significant quantitative

and qualitative differences against biofilm bacte-

ria as compared to their planktonic counterparts.

Therefore, it has been proposed that, when a

biofilm-associated infection is suspected, the

evaluation of antimicrobial susceptibility in bio-

film form may better predict the success of the

therapy and offers clinicians more appropriate

guidelines to treat such infection than standard

antimicrobial susceptibility assays (Macia et al.

2014; Hoiby et al. 2015). Although various

methods have been described for testing and

quantifying the activity of antibiotics against ses-

sile bacteria over the last decade (Macia et al.

2014), to date, none of them have been approved

as reference method in the clinical microbiology

laboratory and there is a growing interest in the

development of new susceptibility tests specific

for biofilm-growing bacteria.

In a first set of experiments of this study, the

colorimetric AB cell viability assay (Pettit et al.

2005) was used to test the antibiotic susceptibil-

ity of pre-formed biofilms of two Gram-positive

(S. aureus #5 and S. epidermidis #1), and two

Gram-negative (S. liquefaciens #2 and

P. mirabilis #5) bacteria isolated from

CRS-patients. Such assay is based on the evalua-

tion of bacterial viability within the biofilm by

the use of the blue dye resazurin. Reduction of

the redox indicator by viable bacteria causes a

colour change from non-fluorescent, blue

(oxidized form) to fluorescent, red (reduced

form) (Pettit et al. 2005; Tote et al. 2008).

Two-fold serial dilutions of different antibiotics

acting with distinct mode of actions were added

to pre-formed (24 h–old) biofilms and incubated

at 37 �C for 24 h. Then, AB was added to the

wells and, after 1 h of incubation at 37 �C the

MBIC was determined visually. MBIC was

defined as the lowest drug concentration

resulting in at least 50% reduction of AB that

corresponded visually to a purplish coloured well

60 min after the addition of AB (Pettit et al.

2005).

As shown in Table 3 for S. aureus #5 and

P. mirabilis #5, overall MBIC values against

biofilms of all tested strains were considerably

higher than those obtained against planktonic

bacteria by routine semi-automated antibiotic

susceptibility testing. Of note, most of the

antibiotics tested were not able to inhibit the

metabolic activity of biofilms even at

concentrations as high as 1024 μg/ml (Table 3).

Biofilm recalcitrance to antimicrobial treat-

ment is a multifactorial phenomenon (Lebeaux

et al. 2014) where inability of certain antibiotics

to diffuse through the biofilm extracellular

matrix may play a significant role. According to

the charge and other physical-chemical features

of both the antibiotic and the extracellular

matrix, the antibiotic might be repulsed or alter-

natively sequestered by matrix components
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hampering its penetration into the deeper biofilm

layers (Lewis 2008; Lebeaux et al. 2014; Macia

et al. 2014). Rifampicin was the most active

antibiotic among those tested against staphylo-

coccal biofilms, in agreement with the previously

reported ability of such antibiotic to penetrate

through the biofilm extracellular matrix (Dunne

et al. 1993; Zheng and Stewart 2002). However,

due to the rapid development of the resistance

against rifampicin by staphylococcal strains, its

use against biofilms is not recommended as

mono-therapy, but in combination with other

antimicrobials including tigecycline (Trampuz

and Zimmerli 2006; Aslam and Darouiche

2007), linezolid (Raad et al. 1998; Saginur et al.

2006) and ciprofloxacin (Widmer et al. 1992;

Zimmerli et al. 1998). The efficacy of the rifam-

picin against staphylococcal biofilms may sug-

gest that targeting RNA polymerase is a highly

effective strategy against the metabolic diversity

of cells found in biofilms (Fey 2010).

Overall, a correlation was observed between

the ability of an antibiotic to diffuse through the

extracellular matrix and its ability to treat mature

biofilms. For instance, although the strain of

S. aureus tested (#5) was sensitive to vancomy-

cin in planktonic form, biofilms of the same

strain were highly resistant to vancomycin

(Table 3) in agreement with the low capacity of

this antibiotic to penetrate S. aureus biofilms

(Jefferson et al. 2005). Fluoroquinolones are

reported to penetrate well into the extracellular

matrix of biofilms formed by Gram negative

species such as P. aeruginosa and E. coli
(Lebeaux et al. 2014). In accordance,

levofloxacin exhibited an antibiofilm activity at

low concentrations (MBIC � 4 μg/ml) against

P. mirabilis tested in this study (Table 3). Doxy-

cycline was able to inhibit biofilm metabolic

activity of the same strain at a relatively low

concentration (MBIC ¼ 128 μg/ml), even if

higher than that achievable in clinical practice.

IMC is a highly sensitive technique, which

allows measuring the heat flow generated or con-

sumed during a biological process such as bacte-

rial growth (Braissant et al. 2010). IMC has been

previously used with success for clinical and

diagnostic purposes to test the activity of

antibiotics and antimycotics against bacterial

and fungal biofilms (Furustrand Tafin et al.

2012; Furustrand Tafin et al. 2013; Oliva et al.

2014). In this study, IMC was used to evaluate

the MBEC of some of the antibiotics previously

tested against S. aureus #5 and P. mirabilis #5 by

AB assay, (Fig. 5 and Table 3).

Table 3 Antibiotic susceptibility of S. aureus #5 and P. mirabilis #5 in planktonic form by Sensititre and VitekII

systems and in sessile form by Alamar Blue assay (ABa) and isothermal microcalorimetry (IMC)

S. aureus #5 P. mirabilis #5

MIC MBIC MBEC MIC MBIC MBEC

Sensititre VitekII ABa IMC Sensititre VitekII ABa IMC

AMK ND ND >1024 ND <¼4 4 256 256

AMP <¼0.25 R >1024 ND ND ND ND ND

VAN 2 1 >1024 >1024 ND ND ND ND

ERY <¼1 <¼0.25 >1024 >1024 ND ND ND ND

AMX ND ND 1024 ND ND ND >1024 >1024

LEVO 0.25 ND 1024 1024 <¼1 ND <¼4 512

DOX <¼0.05 ND 64 64 ND 4 (R) 128 512

RIF <¼0.06 <¼0.025 <¼2 128 ND ND ND ND

DAP 0.5 ND ND 256 ND ND ND ND

ND: Not done
R: resistant
AMK: Amikacin, AMP: Ampicillin, VAN: Vancomycin, ERY: Erythromycin, AMX: Amoxicillin

LEVO: Levofloxacin, DOX: Doxycycline, RIF: Rifampicin, DAP: Daptomycin

MIC: minimum inhibiting concentrations

MBIC: minimum biofilm inhibiting concentrations

MBEC: minimum biofilm eradicating concentrations
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Fig. 5 Determination of the minimal biofilm
eradicating concentration (MBEC) by isothermal
microcalorimetry. 24 h-old biofilms, grown on porous

glass beads, were exposed to different concentrations of

various antibiotics. Beads were then washed to remove

non-attached bacteria as well as antibiotics and incubated

in the microcalorimeter in fresh medium (without

antibiotics). The curves represent the heat flow produced

over time by S. aureus #5 (A–F) and P. mirabilis #5 (G–

J). The numbers above each curve indicate the antibiotic

concentrations tested expressed in μg/ml. The circled

value is the minimum biofilm eradication concentration

(MBEC), and corresponds to a flat line indicative of a lack

of regrowth. PC: positive control, bacterial biofilms with-

out any pre-treatment with antibiotics. NC: negative con-
trol, medium containing sterile beads
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Twenty-four hour-old biofilms grown on

porous glass beads were incubated in the pres-

ence of two-fold serial dilutions of each antibi-

otic. Ability of biofilm cells to re-grow after

antibiotic treatment was evaluated by IMC

incubating beads in antibiotic-free medium. Fig-

ure 5 depicts the curves obtained at each antibi-

otic concentration tested, plotted as heat flow

(in microwatt) versus time (h). With the excep-

tion of vancomycin and erythromycin, which did

not show complete inhibition of heat production

even at concentrations up to 1024 μg/ml, a com-

plete suppression of heat production was

observed in presence of 128 μg/ml rifampicin,

256 μg/ml daptomycin, 64 μg/ml doxycycline,

and 1024 μg/ml levofloxacin against S. aureus

#5 (Fig. 5, Table 3). Amikacin inhibited the heat

production by P. mirabilis #5 at 256 μg/ml, and

levofloxacin and doxycycline at 512 μg/ml. On

the contrary, amoxicillin up to 1024 μg/ml, did

not abolish heat production by the sessile

P. mirabilis (Fig. 5, Table 3).

4 Conclusions

Aggregates of bacteria resembling biofilms were

detected in the majority of the biopsies of CRS

patients. Syto9 staining of the tissue specimens

followed by CLSM analysis revealed to be an

easy to perform and rapid technique with the

potential to be employed in adequately equipped

routine microbiology laboratory. The use of

more detailed analyses, such as the Z-stack tech-

nique, helped to visualise biofilms not only on

the tissue surface, but also in the deeper layers of

the biopsy, increasing the detection sensitivity.

The sampling of multiple biopsies from various

locations of the inflamed mucosa could further

increase the probability to detect the presence of

biofilms.

Interestingly, biofilm-like structures were not

detected in any of the control patients, although

bacterial strains potentially part of the normal

flora were also isolated from biopsies of such

subjects. This may suggest that the mere pres-

ence of bacteria in the sinus mucosa does not

necessarily leads to pathology. It might be

possible that in individuals with specific

anatomical features or other predisposing factors

bacteria originating from the upper respiratory

tract or oral cavity may stably colonize the

sinus mucosa and form biofilms, thus

contributing to the chronicisation of the

infection.

The consistent demonstration of biofilms on

mucosa biopsies in CRS patients suggests that

they may play a role in the pathogenesis/persis-

tence of the disease.

Isolation of biofilm-forming bacteria from

biopsies may be troublesome and require appro-

priate and standardized procedures such as inoc-

ulation in an enrichment broth or sonication to

allow bacteria to detach from the tissue. Most of

the bacterial species isolated from biopsies of

CRS patients, belonged to the normal flora of

the upper-respiratory tract or oral cavity, while

in few cases the isolated bacteria belonged to the

Enterobacteriaceae.
The type of medium used in the biofilm-

forming assay in vitro had an impact on the

ability to form biofilm of bacterial strains

isolated from biopsies of CRS patients and

controls. Overall, rich media, resembling the

in vivo milieu, and containing high glucose

concentrations, human plasma, and/or salts, pro-

moted biofilm formation, but not for all the

strains. When tested in their optimized growth

conditions the large majority of the strains

isolated from biopsy samples were moderate or

strong biofilm producers in vitro.
When a biofilm-associated infection is

suspected, antibiotic susceptibility testing

against biofilms of the clinical strains isolated

from the infection site could be more appropriate

than the standard assays performed on planktonic

bacteria, to guide the therapy. Nevertheless,

standardization of the procedures, parameters

and breakpoints, by official agencies, is needed

before they are implemented in the clinical

microbiology laboratories for routine susceptibil-

ity testing.

The introduction of innovative techniques

such as isothermal microcalorimetry in the

microbiology laboratory may help to perform

large scale and accurate antibiotic susceptibility

testing against bacteria in biofilms.
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