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Biofilm formation of Pseudomonas aeruginosa and Staphylococcus aureus on food-contact-surfaces represents a
significant risk for the public health. In this context, the present study investigates the relationship between
the environmental conditions of biofilm formation and the resistance to disinfectants. Therefore, a static biofilm
reactor, called NEC-Biofilm System, was established in order to study the effect of growth temperature (20, 30
and 37 °C), and of the surface type (stainless steel and polycarbonate), on biofilm resistance to disinfectants.
These conditions were selected to mimic the biofilm formation on abiotic surfaces of food processing industries.
The antibiofilm assays were performed on biofilms grown during 24 h. The results showed that the growth
temperature influenced significantly the biofilm resistance to disinfectants. These data also revealed that the
growth temperature has a significant effect on the biofilm structure of both bacteria. Furthermore, the increase
of the biofilm growth temperature increased significantly the algD transcript level in sessile P. aeruginosa cells,
whereas the icaA one was not affected in S. aureus cells. Overall, our findings show that the biofilm structure
and matrix cannot fully explain the biofilm resistance to disinfectant agents. Nevertheless, it underlines the inti-
mate link between environmental conditions, commonly met in food sectors, and the biofilm resistance to
disinfectants.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Pseudomonas aeruginosa and Staphylococcus aureus are important
opportunistic human pathogens, causing major problems in food
sectors. In fact, S. aureus is among the common known cause of
foodborne infections worldwide and the involvement of P. aeruginosa
in such infections and food spoilage is also reported (Kim and Wei,
2007; Newell et al., 2010). Furthermore, most bacteria, in their natural
and man-made ecosystems, are attached to surfaces and form a com-
plex three-dimensional structure, called biofilm (Donlan and
Costerton, 2002). The biofilm formation on food-contact-surfaces, in
turn, leads to contamination of food products, which reduces their
shelf-life or results in human foodborne diseases, and causes significant
economic losses (Sharma and Anand, 2002; von Holy, 2006). Moreover,
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the environmental conditions encountered in food sectors have also
been found to promote the biofilm formation and influence the biofilm
resistance to disinfecting agents (Abdallah et al., 2014b, 2014c; Belessi
et al., 2011; da Silva Meira et al., 2012; Nguyen and Yuk, 2013).

The biofilm populations have several advantages over their free-
living counterparts, including the resistance to antimicrobial agents
(Donlan and Costerton, 2002). The biofilm resistance is often linked to
the biofilm matrix. In fact, the biofilm resistance mechanism involves
antibacterial sequestration by matrix and prevents its penetration in
biofilm deeper layers (Davison et al., 2010; Jang et al., 2006). The biofilm
matrix is mainly composed of exopolysaccharides, proteins, nucleic
acids and lipids (Flemming and Wingender, 2010). Different studies
have shown that P. aeruginosa cells produce at least three
exopolysaccharides: Alginate, Psl and Pel. The Alginate is a linear
polyanionic exopolysaccharide composed of uronic acids and involves
at least 24 genes for its biosynthesis (algA, B, D, 8, 44…) (Rehm, 2009).
The Psl polysaccharide, which is synthesized by the polysaccharide syn-
thesis locus (psl), consists of a repeating pentasaccharide, containing
D-mannose, D-glucose and L-rhamnose (Byrd et al., 2009). Eleven
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genes, pslACDEFGHIJKL, are believed to be required for the Psl synthesis.
The Pel polysaccharide, a glucose-rich polysaccharide is synthesized by
the pel locus containing seven genes (pelA to pelG) (Ghafoor et al.,
2011). Many S. aureus strains produce a poly-N-acetylglucosamine
(PNAG) as a main exopolysaccharide and involve the intercellular
adhesion (icaADBC) locus for the PNAG production (Arciola et al.,
2012). Furthermore, different studies underlined that P. aeruginosa
and S. aureus exopolysaccharides provide the structural scaffold of the
biofilm and increase the resistance to antimicrobials such as antibiotics
and disinfectants (Arciola et al., 2012; Yang et al., 2011). Subsequent
studies showed that the biofilm resistance is related to the physiological
state of sessile cells (Abdallah et al., 2014a, 2015; Campanac et al., 2002;
Simoes et al., 2011). Therefore, a more thorough understanding of bio-
film resistance mechanisms, as a function of environmental conditions,
is necessary in order to improve the antibiofilm treatments in food pro-
cessing industries.

In this regard, a static biofilm reactor was developed in order to
study the biofilm resistance of P. aeruginosa and S. aureus to disinfecting
agents This investigation is also intended to elucidate the effect of
growth temperature (20, 30 and 37 °C), and surface type (stainless
steel and polycarbonate), on the biofilm resistance to disinfectants for-
mulated by Scientis laboratory (Scientis, France). The selected experi-
mental conditions aimed to mimic the biofilm formation, under static
conditions, on food processing equipment. The effect of these growth
conditions was studied on the biofilm three-dimensional structure,
using the confocal laser scanning microscopy. The expression of genes
involved in the biosynthesis of exopolysaccharides was also quantified
using the real time PCR in sessile cells grown under the different growth
conditions. The present work thus endeavors to understand the rela-
tionship between the environmental conditions of biofilm formation
and the resistance to disinfectant products in order to reduce the issues
associated with the biofilm persistence.
2. Material and methods

2.1. Bacterial strain and culture conditions

The bacterial strains used for this study were P. aeruginosa CIP
103467 and S. aureus CIP 4.83. The strains were stored at −80 °C in
Tryptic Soy broth containing 40% (v/v) of glycerol (TSB; Biokar Diagnos-
tics, France). To prepare precultures, 100 mL from frozen stock cultures
was inoculated into 5 mL of TSB and then incubated at the culture tem-
perature (i.e., 20, 30 or 37 °C). The 20 °C pre-culture was incubated for
48 h, whereas those at 30 and 37 °C were incubated for 24 h. 1 mL of
these preculture, containing 5 × 104 CFU, was used to inoculate 50 mL
of TSB medium in 500 mL sterile flasks for bacterial cultures. Cultures
were then incubated at 20, 30 and 37 °C, under shaking conditions at
160 rpm, and bacterial cells were harvested in the late exponential
phase.
Fig. 1. Description of the static biofilm system. A presents the differen
2.2. Slide preparation

The circular slides of stainless steel (304 L, Equinox, France), and
polycarbonate (Plexilux, France), 41 mm in diameter and 1 mm thick,
were soaked overnight in ethanol 95% (Fluka, Sigma-Aldrich, France)
and then rinsed with distilled water. Rinsed slides were then soaked
in 500 mL of 5% TDF4 detergent (Franklab SA, France), for 20 min at
50 °C under agitation conditions. The slides were then thoroughly
rinsed 5 times, for 1 min under agitation in 500 mL of distilled water
at 20 °C to eliminate detergent residues, followed by three washes
with ultrapure water (Milli-Q® Academic, Millipore, France). Stainless
steel slides were air-dried and sterilized by autoclaving at 121 °C for
15 min. The polycarbonate slides were sterilized in 95% ethanol for
10 min.

2.3. Description of NEC Biofilm System

The system consists of several assembled pieces of stainless steel and
a rubber O-ring (Fig. 1A). The lower part (1) is made of stainless steel
and constitutes the circular basis of the system. On the upper flat face,
the O-ring (2) can be used to fit perfectly one circular test slide (3).
Then a stainless steel cylinder (4) can be placed in order to form the
well of the biofilm formation. This cylinder has two orifices on its lateral
wall in order to ensure oxygen supply for the bacterial growth. A collar
clamp (5) was used to provide tightness and ametal cover (6)was used
to ensure the sterility of the closed system (7). This system is called
NEC-Biofilm System (Fig. 1B). All system parts are autoclavable at
121 °C for 20 min.

2.4. Cell suspension preparation

Cells of 20, 30 and 37 °C cultures were harvested by centrifugation
for 10 min at 3500 g (20 °C). Bacteria were washed twice with 20 mL
of potassium phosphate buffer (PB; 100 mM, pH 7) and finally resus-
pended in 20mL of PB. To disperse cells, a sonication at 37 kHz was car-
ried out for 5 min at 25 °C (Elmasonic S60H, Elma, Germany).
Subsequently, bacteria were resuspended in the PB to a cell concentra-
tion of 1 × 108 CFU/mL by adjusting the optical density to OD620 nm =
0.110± 0.005 (Ultrospec 1100 pro, GE Healthcare, formerly Amersham
Biosciences, United Kingdom). Standardized cell suspensions were di-
luted 10 fold in order to make a cell concentration of 107 CFU/mL for
bacterial adhesion experiments.

2.5. Biofilm formation assay

The biofilm formationwas initiated by the deposition of 3mL of bac-
terial suspension (107 CFU/mL) in the sterile well of each reactor and
then incubated at 20 °C for 60 min. After the bacterial adhesion, the
3 mL were removed and the slides were gently washed twice using
5 mL of PB in order to remove loosely adherent cells. Then 5 mL of TSB
t pieces of the assembled system. B presents NEC Biofilm System.
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were deposited in each well and the closed systems were incubated for
24 h at the same temperature of pre-cultures and cultures. After an in-
cubation time of 24 h, the old culture medium was removed and
biofilms were washed twice with 5 mL of PB in order to remove plank-
tonic cells. Thereafter, slides were used for the quantification of biofilm
biomass, the confocal microscopy analysis and the antibiofilm assay. In
order to quantify the biofilm biomass, sessile cells were detached in
20mLof Tryptone Salt broth (TS; Biokar Diagnostics, France) containing
1 g of 1mmglass beads in 100mL sterile pot. Potswere vortexed for 30 s
followed by a sonication for 5 min (37 kHz, 5 min, 25 °C) (Elmasonic
S60H, Elma, Germany). Thereafter, pots were vortexed again for 30 s
and serial dilutions were realized in TS. Samples of 100 μL were spread
onto Tryptic Soy Agar broth plates (TSA; Biokar Diagnostics, France) and
incubated at 37 °C for 24h. The number of attached cellswas counted on
plates and the results are expressed in log CFU/cm2. The results repre-
sent the mean of three independent experiments and in each experi-
ment two slides were used.

2.6. Antibiofilm assay

For the antibiofilm treatments, rinsed slides were placed horizon-
tally in 30 mL of the disinfectant solutions and incubated for the rec-
ommended incubation time (Scientis, France). The composition and
the characteristics of the disinfectants used here are shown in
Table 1. Afterwards, slides were withdrawn from the disinfectant so-
lution and immersed in 10 mL of neutralizing solution to stop the
antibacterial action. The neutralizer contains a combination of
Tween 80 (30 g/L), Saponin (30 g/L), Lecithin (30 g/L), Sodium
Thiosulphate (5 g/L), L-Histidin (1 g/L) and Tryptone Salt broth
(9.5 g/L) (Toté et al., 2010). For the confocal microscopy analysis,
slides were placed in Petri dishes and the action of biocide was
stopped by the deposition of 3 mL of neutralizing solution on the
upper face. Attached cells were detached and counted as described
above. For the control assays, the disinfectant solution was replaced
by the Tryptone Salt broth. The results represent the average of
three independent experiments and in each case, two slides were
used.

2.7. Confocal and epifluorescence microscopy analysis

Treated biofilms were stained with LIVE/DEAD BacLight kit
(Invitrogen Molecular Probes, USA), according to the manufacturer in-
struction for 15 min in the dark. After sessile cells staining, confocal mi-
croscopic observations were performed using a Nikon A1R laser
confocal microscope (Nikon, Japan), equipped with a 20× Plan Fluor
water immersion objective. The three-dimensional biofilm structure,
after treatment with the Tryptone Salt broth (TS) and the P2 product,
were explored by a series of xy images with a z-step of 0.5 μm. Signals
were recorded using the green (excitation 488 nm, emission
515/30nm) and red (excitation 568nm, emission600/50nm) channels.
Images were reconstructed for 3-dimensional visualization using the
NIS-Elements AR software (Nikon, Japan). The percentage of viable
Table 1
Composition and characteristic of disinfectant productsa.

Disinfectants Antimicrobial Final concentration (ppm) Action time (min)

P1 DDAC 137.5 15
P2 DDAC 490 15

BDA 180
P3 DDAC 125 15

ADBAC 475

ADBAC: Alkyldimethylbenzylammonium chloride.
BDA: Bis (3-aminopropyl) dodecylamine.
DDAC: Didecyldimethylammonium chloride.

a The concentration and the action time were recommended by the manufacturer
(Scientis).
cells in the initial population of biofilms was determined after staining
with the LIVE/DEAD® BacLight Bacterial Viability kit. Briefly, 107 CFU
of detached cellswerefiltered through a 0.2 μmpore-size polycarbonate
membrane filters (Millipore, France) and stained for 15min in the dark.
Stained cells were washed once with 1 mL of saline solution, 0.85% of
NaCl, and filters were placed on microscopic slides for the
epifluorescence microscopic enumeration. The viable cells (green
ones) and the dead cells (red ones) were counted in 50 microscopic
fields. Each microscopic field contained between 70 and 100 cells. The
results are expressed as mean of the three independent experiments
and two slides were used for each experiment.

2.8. Isolation of total RNA

After scrapping sessile cells, bacteria were harvested by centrifuga-
tion at 4500 g for 10 min (20 °C) and pellets, containing about
5 × 109 CFU, were resuspended in 5 mL of RNA later for 10 min at
20 °C (Ambion, Carlsbad, CA, USA). Cells were then harvested, washed
twicewith PB and stored at−80 °C until the RNA extraction. The frozen
cell pellets were resuspended in 250 μL of lysis buffer (Tris–EDTA:
10 mM Tris–HCl, 1 mM EDTA, pH 8.0), supplemented with lysozyme
(2.9 mg/mL; Sigma-Aldrich, France) for P. aeruginosa and lysostaphin
(0.4mg/mL; Sigma-Aldrich, France) for S. aureus. The total RNA isolation
was performed in an RNase-free environment using the GeneJET RNA
Purification Kit (Fisher Scientific, France) per the manufacturer's in-
structions. Using the absorbance ratio A260/A280, the purity of the
RNA was determined and samples were stored at −80 °C until use.

2.9. Reverse transcriptase and real-time PCR analysis

A sample of 1 μg of RNA was reverse transcribed with random
hexamers using the RevertAid H Minus First Strand complementary
cDNA synthesis kit (Fermentas, France) in accordance with the
manufacturer's protocol. After the enzyme inactivation at 70 °C for
5 min, cDNA samples were diluted 1:10 in DNase-free water
(Invitrogen, France) and stored at−20 °C until use. The primer design,
for genes involved in the biosynthesis of P. aeruginosa and S. aureus
exopolysaccharides, was carried out using Primer3 software (http://
www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi/). The
gene specificity of all primers was confirmed using BLAST searches in
the GenBank database (http://www.ncbi.nlm.nih.gov/BLAST/). Primer
sequences are shown in Table S1. Gene expression levels were mea-
sured using the StepOnePlus Real time PCR System (Applied
Biosystems, USA). The reactions were carried out in a final volume of
20 μL, containing 1 μL of diluted cDNA, 2.5 ng of each primer, 10 μL of
IQ SYBR® Green Supermix (100 mM KCl, 40 mM Tris–HCl at pH 8.4,
0.4 mM) of each dNTP (dATP, dCTP, and dTTP), iTaq DNA polymerase
(50 U/mL), 6 mM of MgCl2, 20 nM fluorescein and stabilizers. The PCR
conditions were: 1 cycle at 95 °C for 5 min, followed by 40 cycles
consisting of 95 °C for 20 s, 57 °C for 20 s. Finally, a melt-curve analysis
immediately followed the amplification at 95 °C for 15 s, cooling to 60 °C
for 20 s, and a slow rise in temperature to 95 °C at a rate of 0.5 °C/10 s
with continuous acquisition of fluorescence decline. Final PCR products
were analyzed bymelting curves and electrophoresis in order to ensure
the specificity of amplification. Quantification of target genes and
housekeeping genes was performed in triplicate reactions for three in-
dependent experiments. The ribosomal gene 16S rRNA was used as a
housekeeping gene. In all plates, a negative control was performed
(without cDNA). The transcript level of each gene was relatively quan-
tified by the calculation of ΔCT. The ΔCT denotes the difference in
threshold cycle between the target and the control gene. The transcript
level was expressed as the n-fold of relative difference to a growth con-
dition according to the ΔΔ-CT method (Livak and Schmittgen, 2001).
The fold increase is expressed as 2ΔΔ-CT. For P. aeruginosa, the transcript
level of pslA, pelA and algD in the 30 and 37 °C sessile cells were
calculated with respect to the 20 °C ones. For S. aureus, the transcript
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level of icaA in 30 and 37 °C sessile cells was calculated with respect to
its expression in 20 °C sessile cells.
2.10. Quantification of total protein and carbohydrate of the biofilm matrix

The protein and carbohydrate concentrations in the matrix of
biofilms, grown on stainless steel and polycarbonate, were quantified
after an incubation time of 24 h. After biofilms rinsing with saline solu-
tion (0.85% NaCl), biofilms were recovered by scraping surface, aspirat-
ing and expelling at least 10 times with 6 mL of ultrapure water. The
suspensions were homogenized for 30 s, followed by a sonication
(5 min, 37 kHz). The cells were removed by centrifugation at 5000 × g
for 15min. The supernatants were filtered through 0.2 μmMillipore fil-
ters and then used for biochemical assays. The protein concentrations
were quantified using the Bradfordmethodwith bovine serum albumin
as the standard (Bradford, 1976). The total carbohydrate content was
measured using the Phenol–Sulfuric method with glucose as the stan-
dard (Dubois et al., 1956). The results were presented in μg/cm2 as the
mean of three independent experiments and in each experiment, two
slides were used.
2.11. Data analysis

The results are presented as mean values and the standard error to
the mean (SEM). Data analysis was performed using Sigma Plot 11.0
(Systat Software, USA), using one-way ANOVA (Tukey's method) to
determine the significance of differences.
3. Results

3.1. Effect of growth temperature and surface type on the biofilm formation
of P. aeruginosa and S. aureus

The 24 h biofilms were observed on stainless steel and polycarbon-
ate slides after cell staining with the LIVE/DEAD® Kit. The results
showed that P. aeruginosa and S. aureus biofilms colonized the surface
of slides whatever the growth temperature and the surface type (data
not shown). The enumeration of viable cells, using the epifluorescence
microscope, underlined that P. aeruginosa and S. aureus biofilms har-
bored predominantly viable cells. The percentage of viable cells in
P. aeruginosa and S. aureus biofilms was respectively of ca 86.7 and
92.7% irrespective of the growth temperature and the surface type
(Table 2). Furthermore, the results showed that neither the growth
temperature nor the surface type influenced the biofilm biomass. The
biofilms of P. aeruginosa and S. aureus presented a bacterial biomass of
ca 7.8 and 8.1 log CFU/cm2, respectively (Table 2).
Table 2
Effect of growth temperature on P. aeruginosa and S. aureus biofilm formation on the stainless

Log CFU/cm2

20 °C 30 °

SS PC SS

P. aeruginosa
Culturable biomass 7.7 ± 0.2ax 7.8 ± 0.2ax 7.6
% of viability 82 ± 3ax 83 ± 2ax 82

S. aureus
Culturable biomass 8.2 ± 0.1a 7.7 ± 0.2a 7.9
% of viability 93 ± 2ax 93 ± 2ax 91

a The data represent the mean of recovered viable and culturable cells count (log CFU/cm2),
tachment surfaces (x) under the same condition, the mean values with the same letters are no
3.2. Effect of growth temperature and surface type on the biofilm resistance
to disinfectants

The antibiofilm efficacy of disinfectants was investigated on
P. aeruginosa and S. aureus biofilms grown at 20, 30 and 37 °C during
24 h, on stainless steel and polycarbonate. This investigation aimed to
evaluate the impact of environmental conditions of biofilm formation
on the resistance to disinfectants. The results showed that treatment
TS (Tryptone Salt broth), used as a negative control, slightly reduced
the initial population of P. aeruginosa and S. aureus biofilms. However,
this reduction did not exceed the 0.7 log CFU/cm2 whatever the growth
temperature, the bacterium and the surface type (Table 3). The ob-
served reduction, after the treatment TS, is probably due to the elimina-
tion of remaining loosely adherent cells.

The results underlined that the biofilm resistance of both bacteria
depended on the growth temperature, the surface type and the disinfec-
tant product. Table 3 showed that the increase of growth temperature
resulted in a significant increase of P. aeruginosa biofilm resistance to
the treatment P1. The treatment P1 of P. aeruginosa biofilms, grown at
20, 30 and 37 °C, reduced the initial population respectively to 2.8, 3.0
and 6.3 log CFU/cm2 on the stainless steel and respectively to 3.7, 4.2
and 6.3 log CFU/cm2 on the polycarbonate (Table 3). The treatment P2
of P. aeruginosa biofilms reduced completely the initial population of
biofilms grown on stainless steel whatever the growth temperature
(Table 3). Similar results were observed when biofilms were grown at
20 °C on the polycarbonate. However, the biofilms grown on the poly-
carbonate at 30 and 37 °C presented respectively a culturable count of
1.4 and 2.3 log CFU/cm2 after the treatment P2 (Table 3). The results
presented in Table 3 also suggest that the treatment P3 reduced the ini-
tial population of 20, 30 and 37 °C biofilms respectively to 6.2, 5.0 and
4.7 log CFU/cm2 on the stainless steel and respectively to 6.9, 6.1 and
5.5 log CFU/cm2 on the polycarbonate.

The increase of growth temperature significantly increased the
S. aureus biofilm resistance to all tested disinfectants. The treatment
P1 of S. aureus biofilms, grown at 20, 30 and 37 °C, reduced the
culturable count respectively to 1.6, 3.6 and 4.6 log CFU/cm2 on the
stainless steel and respectively to 2.0, 3.3 and 5.6 log CFU/cm2 on
the polycarbonate (Table 3). The results also underlined that the
treatment P2 reduced the initial population of S. aureus biofilms,
grown at 20 °C, to 0 log CFU/cm2 whatever the surface type used
(Table 3). However, the treatment P2 of S. aureus biofilms, grown
at 30 °C and 37 °C, reduced the initial population respectively to 1.2
and 2.8 log CFU/cm2 on the stainless steel and respectively to 1.7
and 2.3 log CFU/cm2 on the polycarbonate (Table 3). When the
growth temperature of S. aureus biofilms increased from 20 to
37 °C, the recovered biomass, after the treatment P3, increased
from 3.8 to 6.9 log CFU/cm2 on the stainless steel and from 2.8 to
7.1 log CFU/cm2 on the polycarbonate (Table 3).
steel (SS) and the polycarbonate (PC)a.

C 37 °C

PC SS PC

± 0.1ax 7.7 ± 0.3ax 7.9 ± 0.4ax 7.9 ± 0.1ax

± 5ax 80 ± 1ax 86 ± 7ax 87 ± 5ax

± 0.4ax 8.3 ± 0.2ax 8.3 ± 0.1ax 8.2 ± 0.1ax

± 3ax 89 ± 1ax 94 ± 2ax 93 ± 3ax

and the percentage of viable cells (%) ± SEM. Between growth temperatures (a) and at-
t significantly different (P N 0.05).



Table 3
Effect of growth temperature on the resistance of P. aeruginosa and S. aureus biofilms to disinfectant productsa.

Log CFU/cm2

20 °C 30 °C 37 °C

SS PC SS PC SS PC

P. aeruginosa

TS
7.5 ± 0.1ax 7.5 ± 0.3ax 7.4 ± 0.1ax 7.3 ± 0.2ax 7.6 ± 0.3ax 7.3 ± 0.1ax

P1
2.8 ± 0.7a 3.7 ± 0.2 3.0 ± 0.3a 4.2 ± 0.2 5.1 ± 0.5 6.3 ± 0.2

P2
0 ± 0ax 0 ± 0x 0 ± 0a 1.4 ± 0.3 0 ± 0a 2.3 ± 0.3

P3
6.2 ± 0.2 6.9 ± 0.1 5.0 ± 0.5a 6.1 ± 0.2 4.7 ± 0.3a 5.5 ± 0.2

S. aureus
TS 7.5 ± 0.4abx 7.7 ± 0.3ax 7.4 ± 0.1a 7.8 ± 0.2a 7.8 ± 0.2bx 7.7 ± 0.4ax

P1 1.6 ± 0.6ax 2.0 ± 0.1x 3.6 ± 1.7abx 3.3 ± 0.4x 4.6 ± 0.2b 5.6 ± 0.5
P2 0 ± 0ax 0 ± 0x 1.2 ± 1.3abx 1.7 ± 0.3x 2.8 ± 0.6bx 2.3 ± 0.7x

P3 3.8 ± 0.3 2.8 ± 0.1 6.8 ± 0.6ax 7.3 ± 0.3ax 6.9 ± 0.2ax 7.1 ± 0.4ax

a The data represent the mean of recovered viable and culturable cells count (log CFU/cm2) ± SEM. Between growth temperatures (a, b) and attachment surfaces (x) under the same
condition, the mean values with the same letters are not significantly different (P N 0.05).
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3.3. Effect growth temperature, and surface type, on the biofilm structure
and biofilm removal with disinfectant

The structure of biofilm was studied as a function of biofilm growth
conditions and antibiofilm treatments. This investigation aimed to un-
derstand the relationship between the biofilm architecture and the re-
sistance to disinfectants. Figs. 2–5 show the reconstruction of the
three-dimensional structure of biofilms grown at 20, 30 and 37 °C dur-
ing 24 h, after the treatment TS and P2. The treatment P2 was selected
due to its high antibacterial efficacy against P. aeruginosa and S. aureus
biofilms.
Fig. 2. Effect of growth temperature on the P. aeruginosa biofilm structure and removal on stain
sition to Tryptone Salt broth. B, D and F represent respectively the biofilms grown at 20, 30 an
The CLSM analysis revealed that P. aeruginosa biofilms covered the
entire surface of stainless steel, and polycarbonate, slides whatever
the growth temperature (Figs. 2 and 3).Moreover, the change of growth
temperature promoted significant changes in the three-dimensional
(3D) structure of P. aeruginosa biofilms. Figs. 2A and 3A showed that
P. aeruginosa formed thick biofilms when growing at 20 °C on both sur-
faces. Under this condition, P. aeruginosa biofilms formed mushroom-
shaped structures which are connected with thin cell layers on the
stainless steel and thick ones on the polycarbonate (Figs. 2A and 3A).
When growing at 30 and 37 °C, this bacterium formed flat and compact
biofilms on both surfaces (Figs. 2C, E, 3C and E). Furthermore, the
less steel. A, C and E represent respectively biofilms grown at 20, 30 and 37 °C after expo-
d 37 °C after exposition to P2 disinfectant.



Fig. 3. Effect of growth temperature on the P. aeruginosa biofilm structure and removal on polycarbonate. A, C and E represent respectively biofilms grown at 20, 30 and 37 °C after expo-
sition to Tryptone Salt broth. B, D and F represent respectively the biofilms grown at 20, 30 and 37 °C after exposition to P2 disinfectant.

Fig. 4. Effect of growth temperature on the S. aureus biofilm structure and removal on stainless steel. A, C and E represent respectively biofilms grown at 20, 30 and 37 °C after exposition to
Tryptone Salt broth. B, D and F represent respectively the biofilms grown at 20, 30 and 37 °C after exposition to P2 disinfectant.
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Fig. 5.Effect of growth temperature on the S. aureusbiofilm structure and removal onpolycarbonate. A, C and E represent respectively biofilms grown at 20, 30 and 37 °C after exposition to
Tryptone Salt broth. B, D and F represent respectively the biofilms grown at 20, 30 and 37 °C after exposition to P2 disinfectant.
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treatment P2 showed a significant effect on P. aeruginosa biofilm remov-
al whatever the growth temperature and the surface type used.

The analysis of S. aureus biofilms showed that this bacterium formed
a flat and regular structure at 20 and 30 °C on both stainless steel and
polycarbonate surfaces (Figs. 4A, C, 5A and C). However, S. aureus
formed an irregular biofilm at 37 °C with valley and spire structures
on the stainless steel (Fig. 4E), and a flat and regular one on the polycar-
bonate (Fig. 5E). Furthermore, Figs. 4 and 5 showed that S. aureus
formed a more compact biofilm on the polycarbonate than that on the
stainless steel surface whatever the growth temperature. The results
also showed that the highest sanitizing effect of the treatment P2 was
recorded when S. aureus biofilms were grown at 20 °C on both surfaces
(Figs. 4B and 5B) and at 37 °C on the polycarbonate (Fig. 5F). However,
the biofilms grown at 30 °C on both surfaces (Figs. 4D and 5D), and at
37 °C on stainless steel (Fig. 4F), were the most resistant to the treat-
ment P2 sanitizing effect.
Fig. 6. The effect of growth temperature and surface type on the expression of pslA, pelA and alg
37 °C on polycarbonate (A) and stainless steel (B). The transcript level of each gene in 30 and
3.4. Effect of growth temperature, and surface type, on the transcript level of
genes involved in the biosynthesis of exopolysaccharides

After the investigation of the biofilm structure, the effect of growth
temperature and surface type was performed on the transcript level of
pslA, pelA and algD in the sessile P. aeruginosa cells and of icaA in
S. aureus ones.

For P. aeruginosa, the results showed that the increase of growth
temperature increased significantly the algD transcript level. The in-
crease of growth temperature from 20 to 37 °C increased significantly
the transcript level of algD by 2 and 4 fold respectively in stainless
steel and polycarbonate sessile cells (P b 0.05) (Fig. 6). The increase of
growth temperature from 20 to 37 °C also increased the transcript
level of pslA by 2.3 fold in sessile stainless steel cells (P b 0.05). The
pslA transcript level was not influenced by the change of growth tem-
perature in sessile polycarbonate cells (P N 0.05) (Fig. 6). Fig. 6 also
D in the sessile P. aeruginosa. Cells were recovered from 24 h biofilms grown at 20, 30 and
37 °C sessile cells was normalized to its expression in the 20 °C ones.



Fig. 7. The effect of growth temperature and surface type on the expression of icaA in the
sessile S. aureus. Cells were recovered from 24 h biofilms grown at 20, 30 and 37 °C on
stainless steel and polycarbonate. The transcript level of each gene in 30 and 37 °C sessile
cells was normalized to its expression in the 20 °C ones.
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showed that the increase of growth temperature from 20 to 37 °C in-
creased significantly the transcript level of pelA by 1.3 and 2 fold respec-
tively in sessile stainless steel and polycarbonate cells (P b 0.05) (Fig. 6).

For S. aureus, the results showed that the icaA transcript level was
not influenced by the change of the growth temperature on either
surfaces (P N 0.05) (Fig. 7). In fact, the transcript level of icaA in the
sessile cells grown at 30 and 37 °C on stainless steel and polycarbon-
ate was of ca 1 after its normalization to the 20 °C transcript level
(Fig. 7).

3.5. Effect of growth temperature, and surface type, on the production of
biofilm matrix

The effect of the growth temperature and the surface type were
studied simultaneously on the major component of biofilm matrix
(Table 4). This study aimed to understand the involvement of the bio-
film matrix in the biofilm resistance to disinfectants. For P. aeruginosa,
Table 4 indicated that the increase of growth temperature, from 20 to
37 °C, increased the concentration of total protein and carbohydrate of
the biofilm matrix by 1.5 and 1.9 fold, respectively. For S. aureus, the
rise of growth temperature, from 20 to 37 °C, induced 1.5 and 2 fold
increases in the protein concentration on stainless steel and polycar-
bonate, respectively (Table 4). However, the increase of growth temper-
ature for S. aureus biofilms did not influence the carbohydrate
concentration of biofilm matrix regardless the surface type (Table 4).

4. Discussion

The persistence of biofilms in food sectors represents a significant
threat for the development of foodborne illness and can cause a rapid
material deterioration and failure (Donlan and Costerton, 2002). To
fight against biofilms, several static and continuous-flow biofilm sys-
tems have been used to study the biofilm formation and to screen the
antibiofilm efficacy of disinfectant products (Coenye and Nelis, 2010).
The static biofilm systems, such as (MTP)-based systems, have several
Table 4
Total proteins and carbohydrates in the matrix of biofilms grown at 20, 30 and 37 °Ca.

μg/cm2

P. aeruginosa

20 °C 30 °C

PC Total protein 14.8 ± 1.7 21.1 ± 0.5
Total carbohydrate 6.1 ± 1.1 13.8 ± 1.7

SS Total protein 14.7 ± 1.4 15.3 ± 3.1
Total carbohydrate 7.4 ± 1.4 13.2 ± 1.1

a The biofilms were grown during 24 h on stainless steel (SS) and polycarbonate (PC). The c
advantages over continuous flow systems (Ceri et al., 1999; Theraud
et al., 2004). In fact, these systems are characterized by the simplicity
of the experimental procedures, the ease of experiments and the high
screening capacity. However, the (MTP)-based systems have some dis-
advantages concerning the limitation in the surface test choice and the
low reproducibility (Chavant et al., 2007; Pitts et al., 2003). In this con-
text, thepresentwork has led to the setupof a static biofilm system,NEC
Biofilm System, which presents a facility in the experimental procedure
(i.e. biofilm formation and antibiofilm assays) and permits to study the
antibiofilm efficiency of disinfectant products. The system also presents
another advantage concerning its ability to receive all solid substrata,
thereby enabling study of different solid surfaces. In addition, this
system presents an easy accessibility to sessile cells, which allowed
the characterization of the biofilm formation and disinfectant efficacy
either by the cell counting or by the microscopic observation.

The results showed that NEC Biofilm System has ensured reproduc-
ibility in P. aeruginosa and S. aureus biofilm formation on the stainless
steel and the polycarbonate. Moreover, our data underlined that the
final biomass of the 24 h biofilms were not significantly affected by
the change of growth temperature and the surface type. These results
are in agreement with the results of Abdallah et al. (2014c), da Silva
Meira et al. (2012) and Smith and Hunter (2008), who showed that
the growth temperature and the surface type do not significantly
influence the biofilm formation under static conditions. However,
other studies showed that the increase of the growth temperature
may increase the biofilm biomass (Choi et al., 2013; Hostacka et al.,
2010; Vazquez-Sanchez et al., 2013). It is worthwhile to note here that
the difference in the experimental procedure (i.e. the culture medium
the surface and strain) may explain the discrepancy between studies.
Moreover, Buckingham-Meyer et al. (2007) confirmed that biofilm
growth conditions significantly influence the biofilm formation and re-
sistance to disinfectants. Furthermore, our results demonstrate that the
resistance of P. aeruginosa and S. aureus biofilms depended on the envi-
ronmental conditions of the biofilm formation. These results seem to be
consistent with other studies (Abdallah et al., 2014c; Belessi et al., 2011;
Nguyen and Yuk, 2013), that showed the influence of growth tempera-
ture on the biofilm resistance to disinfecting agents. In accordance with
the finding of Grobe et al. (2002), our results also indicated that the
efficacy of disinfectant product is dose dependent. In fact, the treatment
P2 (DDAC: 490 ppm) showed a higher antibiofilm efficacy than the
treatment P1 (DDAC: 137.5 ppm). Furthermore, the increase of growth
temperature increased the resistance of S. aureus biofilms to the treat-
ment P3 (ADBAC: 475 ppm; DDAC: 125 ppm), and decreased that of
P. aeruginosa to the same treatment. Such results may suggest that the
biofilm resistance to disinfectants seems to be dependent on the bacte-
rial genus. The ADBAC andDDAC belong to quaternary ammoniums and
have different structures. Moreover, Ioannou et al. (2007) reported that
the ADBAC formed a single monolayer at the end of primary uptake,
while the DDAC formed a double monolayer. Thus, the efficacy of disin-
fectant products also seems to be related to the structure of active agent,
whichmay change its cellular uptake and interactions with biofilmma-
trix components.
S. aureus

37 °C 20 °C 30 °C 37 °C

24.3 ± 0.4 16.0 ± 4.4 15.4 ± 2.1 24.5 ± 1.4
11.3 ± 0.9 3.8 ± 1.1 4.5 ± 0.6 6.6 ± 2.1
20.4 ± 2.1 14.9 ± 4.9 17.8 ± 1.2 29.8 ± 1.7
13.7 ± 1.9 5.2 ± 1.3 6.2 ± 1.4 7.4 ± 0.9

oncentrations of proteins and carbohydrates are presented in μg/cm2 ± SEM.
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In line with the findings of Chaturongkasumrit et al. (2011) and
Schlisselberg andYaron (2013), ourfindings underlined that the surface
type has an effect on the biofilm resistance to disinfectants. Moreover,
our results also showed that the surface type presents an effect on the
biofilm structurewhichmay influence the biofilm resistance to disinfec-
tants. In fact, the change of biofilm structure may decrease the diffusion
of antibacterial inside biofilms and decrease the antibiofilm efficacy of
disinfectants (Xu et al., 1996; Yang et al., 2011). Therefore, the compact-
ness of P. aeruginosa biofilms, grown at 20 °C on the polycarbonate, may
explain the resistance of these biofilms to P1 and P3 treatments in com-
parison to biofilms grown on stainless steel. Furthermore, the limitation
diffusion hypothesis may explain the results obtained on the treatment
of S. aureus biofilms. In fact, the increase of growth temperature pro-
moted simultaneously an increase in the S. aureus biofilm thickness/
compactness and resistance to disinfectant products. However, the va-
lidity of such hypothesis appears to be dependent on the disinfectant
product. Indeed, the P. aeruginosa biofilms grown at 20 °C showed the
highest sensitivity to the treatment P1 despite the apparent biofilm
compactness. Thus, our findings suggest that the biofilm structure
cannot always explain the biofilm resistance to antimicrobial agents.
Furthermore, our data showed that somedisinfectants completely elim-
inated viable bacteria but they were not able to remove completely the
biofilm from the surface.

In order to explain the biofilm resistance to disinfectants, we
studied the effect of growth temperature and surface type on the ex-
pression of exopolysaccharide genes. For P. aeruginosa, the increase
of algD transcript level, with the rise of growth temperature, proba-
bly induced an increase in the Alginate production. The increase of
algD was also accompanied by a significant increase of the carbohy-
drate concentration. The increase of such negatively charged
exopolysaccharide may increase the sequestration of positively
charged antimicrobials (e.g. the quaternary ammonium) which
may impede the diffusion these cationic antimicrobials inside
biofilms. Our results also showed that the increase of growth tem-
perature resulted only in an increase of pslA transcript level in
P. aeruginosa cells on the stainless steel. Ma et al. (2009) reported
that Psl promotes both cell–cell and cells–surfaces interactions and
increases the stability of the mature biofilm. However, the involve-
ment of this exopolysaccharide in the biofilm resistance to disinfec-
tants in our conditions is unclear since the expression of pslA was
not significantly influenced in sessile polycarbonate cells.

For S. aureus, our finding showed that neither the growth tempera-
ture nor the surface type did influence the icaA transcript level. These
results are at variance with that of Cerca and Jefferson (2008), who
showed that the growth temperature increased the PNAG expression
in sessile Escherichia coli cells. Furthermore, the increase of S. aureus bio-
film resistance to disinfectants with the increase of growth temperature
suggests that the PNAG is not an essential element of S. aureus biofilm
resistance to disinfectants. Moreover, Campanac et al. (2002) showed
that the resistance of S. aureus biofilms to quaternary ammonium Chlo-
ride (QAC) seems to be linked to the sessile cell phenotype rather than
the presence of the extracellular matrix.

In conclusion, NEC-Biofilm Systemused here allowed us to study the
relationship between the environmental conditions of biofilm forma-
tion and the biofilm resistance to disinfectant products. The results
underlined that the biofilm resistance is influenced by the environmen-
tal conditions commonlymet in food sectors. It is therefore of interest to
pay more attention to environmental conditions of biofilm formation,
such as the growth temperature and the surface type, when testing
the disinfectant efficacy against biofilms. In addition, our finding
showed that the biofilm structure and matrix do not fully explain the
biofilm resistance to disinfectants. Other factors related to the physio-
logical state of the cells may be responsible for the biofilm resistance
to disinfecting agents.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ijfoodmicro.2015.07.022.
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