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A B S T R A C T

The objective of this study was to investigate the effect of temperature and maturation period on the resistance of
Staphylococcus aureus biofilms to thermal and non-thermal treatments. First, biofilm development was compared
at three different temperatures (15, 25, and 37°C) for 5 days. The cell population at 15 and 25°C remained
relatively consistent approximately at 6.3 log CFU/cm2, whereas 37°C resulted in the highest cell population on
day 1 (7.6 log CFU/cm2) followed by a continual decline. Then, biofilm resistance to steam and sodium hy-
pochlorite (NaOCl) treatments was evaluated. Obtained results highlighted that biofilms had different resistance
to both treatments depending on development conditions. Specifically, steam treatment of 10 s eliminated 4.1
log CFU/cm2 of the biofilm formed at 25°C for 5 days. The same treatment inactivated over 5 log population of
biofilms developed in other temperature and maturation period conditions. Treatment with NaOCl reduced
approximately 1 log CFU/cm2 of biofilm cells developed at 25°C for 5 days. However, inactivation was found to
be over 2 log CFU/cm2 under other development conditions. An extracellular polymeric substances (EPS)
quantification using 96-well plates and stainless steel coupons was conducted. In the 96-well plate experiment, it
was found that the highest amount of polysaccharide was secreted at 25°C (p < 0.05), while total biomass and
protein contents were greatest at 37°C (p < 0.05). No significant difference in EPS content was observed for
stainless steel, but the results displayed a similar trend to the 96-well plate. In particular, biofilms developed at
25°C tended to secret the highest amount of polysaccharide, which aligned with the current literature. This
finding indicated that polysaccharide was the main contribution to the enhanced resistance of S. aureus biofilms.
Overall, it was shown that biofilms formed at 25°C for 5 days exhibited the greatest resistance to thermal and
nonthermal treatments due to the elevated exopolysaccharide secretion. This study demonstrates that tem-
perature and maturation period significantly affect the resistance of S. aureus biofilms to thermal and non-
thermal treatments.

1. Introduction

Foodborne disease is a growing concern in developed countries as
well as developing nations (Park & Yoon, 2019). Every year, many cases
of multistate foodborne illnesses outbreak have been reported in the US
by the CDC (CDC, 2017, 2018). In response to the need for a proper
food safety, systems such as Hazard Analysis and Critical Control Point
(HACCP) have been implemented. Among many pathogenic species,
Staphylococcus aureus is one of the most common microorganisms that
raises food safety concerns. S. aureus is a gram-positive bacteria that
produces enterotoxin, a toxin known to be the leading contributor of

food poisoning (Le Loir, Baron, & Gautier, 2003; Troeman, Van Hout, &
Kluytmans, 2019). Foodborne outbreaks caused by S. aureus are pre-
valent around the globe through various types of food (Asao et al.,
2003; Hennekinne, De Buyser, & Dragacci, 2012; Kérouanton et al.,
2007). This is inherently to do with the microorganism’s capacity to
grow in a wide range of temperatures and pH levels and high resistance
to osmotic pressure (Sutherland, Bayliss, & Roberts, 1994). It is also
known that S. aureus is able to form biofilms on the abiotic surfaces
used during food processing under various stress conditions (Asao et al.,
2003; Hennekinne et al., 2012; Kérouanton et al., 2007; Xu et al., 2019)

Biofilm is a well-constructed structure in which bacterial cells are
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embedded in the matrix of extra polymeric substance (EPS), secreted by
biofilm-generating microorganisms. EPS consists of many types of
substances such as polysaccharides, lipids, glycopeptides, and other
biomolecular materials (Cortés, Bonilla, & Sinisterra, 2011). In com-
parison to planktonic cells, this special structure found in bacterial cells
provides an increased resistance to environmental stressors such as pH,
UV radiation, and antimicrobial substances (Gupta, Sarkar, Das,
Bhattacharjee, & Tribedi, 2016; Simões, Simões, Machado, Pereira, &
Vieira, 2006). An important issue concerning biofilms is that they can
be developed in various environmental conditions and types of surfaces
including abiotic and biotic surfaces (Cortés et al., 2011; Kim, Jeong,
Cheon, & Kang, 2019; Parsek & Singh, 2003). In addition, biofilms on
food-contact surfaces have been linked with bacterial cross-con-
taminations in food products (Simoes, Simoes, & Vieira, 2010). In
particular, S. aureus species with their biofilm formation capability can
be a source of cross-contamination (Plaza-Rodríguez, Kaesbohrer, &
Tenhagen, 2019). Gibson, Taylor, Hall, and Holah (1999) reported a
high risk of contamination due to S. aureus biofilms on food-contact
surfaces. Thus, it is paramount that biofilms formed on food processing
surfaces as well as foodstuffs are efficiently removed (Chen, Rossman, &
Pawar, 2007; Frank, Ehlers, & Wicker, 2003; Jessen & Lammert, 2003).

It has been reported that sanitization processes might not be enough
to entirely eliminate adhered pathogens due to crevices or cracks on
processing surfaces (Menon, 2016). The remaining cells still possess
metabolic activity leading to biofilm formation and contaminations on
food contact surfaces (Poulsen, 1999; Wirtanen, 2019). Remaining cells
on abiotic surfaces are exposed to various sub-lethal conditions, from
processing to storage, transportation, and distribution of the food pro-
duct. (Jørgensen, Mørk, Høgåsen, & Rørvik, 2005; Pagedar, Singh, &
Batish, 2010). This indicates that the biofilm structures and properties
may be different depending on the surrounding conditions, giving rise
to a different degree of resistance and thereby generating food safety
issues.

Several factors may influence biofilm formation in food facilities. Di
Bonaventura et al. (2008) reported that temperature affects the hy-
drophobicity of cell membranes, resulting in different biofilm formation
ability. It has also been reported that pH and water activity are im-
portant factors that impact biofilm formation (Giaouris,
Chorianopoulos, & Nychas, 2005). Specifically, S. aureus biofilm for-
mation was found to be facilitated at pH and water activity close to
optimal growth conditions (Tango et al., 2018). Hydrophobicity of the
surface also influences biofilm formation. S. aureus showed an en-
hanced biofilm formation ability on a polypropylene coupon compared
to a more hydrophilic abiotic surface (Pagedar et al., 2010). These
factors may affect the resistance of S. aureus to various environmental
stresses. Several studies reported that sessile cells have different re-
sistance to antimicrobial substances depending on the aforementioned
factors or attachment form (Bae, Baek, & Lee, 2012; Chavant, Gaillard-
Martinie, & Hébraud, 2004). Reynoso, Ferreyra, Durantini, and Spesia
(2019) also reported that biofilm appears to have different resistance
depending on media conditions. However, no study regarding the effect
of temperature and maturation period on the resistance of S. aureus
biofilms to thermal and non-thermal treatments has been reported.

In most food manufacturing plants, cleaning processes are con-
ducted on a daily basis using sanitizers (Chmielewski & Frank, 2003).
Many types of chemical agents can be utilized to disinfect food-contact
surfaces. Most sanitizers are formulated with chlorine, hydrogen per-
oxide, quaternary ammonium, and acidic compounds (Chmielewski &
Frank, 2003; Park, Kim, & Kang, 2018). Among them, sodium hypo-
chlorite (NaOCl), a chlorine-based sanitizer, is the most commonly used
cleaning agent in food processing (De Beer, Srinivasan, & Stewart,
1994). This sanitizer removes bacterial loads by means of oxidation. It
was reported that chlorine sanitizers were able to efficiently eliminate
EPS materials attached to stainless steel surfaces (Ronner & Wong,
1993). Specifically, Norwood and Gilmour (2000) reported that 20 ppm
of NaOCl removed approximately 3 log population of Staphylococcus

xylosus. In addition, a recent study illustrated that NaOCl was found to
be more effective in removing biofilms than chlorhexidine (Röhner
et al., 2020).

Thermal treatments are also widely utilized to ensure safety in food
manufacturing processes (Park & Yoon, 2018; Park, Yoo, Jung, & Yoon,
2019). Among many thermal treatments, steam is a promising thermal
technology used for biofilm inactivation (Park & Yoon, 2018; Park
et al., 2019). Steam has several advantages over other conventional
thermal treatments. First, steam has higher heat transfer capabilities
when it is condensed. Also, it can be operated in oxygen-free environ-
ments (Bari et al., 2010). Furthermore, steam can easily penetrate the
crevices or cracks on surfaces that cells often adhere to for their pro-
tection, hence is capable of efficiently eliminating foodborne pathogens
(Morgan, Goldberg, Radewonuk, & Scullen, 1996). It is reported that
steam pasteurization is an effective method to inactivate foodborne
pathogens at rapid rates due to its high heat capacity (Chang, Han,
Reyes-De-Corcuera, Powers, & Kang, 2010). Steam above boiling tem-
perature at a constant pressure is called superheated steam (Cenkowski,
Pronyk, Zmidzinska, & Muir, 2007). This type of steam has a higher
capability to inactivate foodborne pathogens. Previously, Ban, Yoon,
and Kang (2014) showed the possibility of steam and superheated
steam in inactivating various foodborne pathogens that are capable of
developing biofilms on stainless steel surfaces. Kim et al. (2019) also
showed that steam treatment is very effective in biofilm inactivation
from various abiotic surfaces.

Several studies have investigated effects of temperature and time on
the trend of S. aureus biofilm formation (Pompermayer & Gaylarde,
2000; Rode, Langsrud, Holck, & Møretrø, 2007). However, to the best of
our knowledge, no study has related thermal and non-thermal treat-
ments to temperature and biofilm maturation period for their change
biofilm resistance. Thus, in this study, steam and sodium hypochlorite
were applied as thermal and non-thermal treatments, respectively, and
resistance of S. aureus biofilms on stainless steel surfaces were eval-
uated. In addition, the amount of EPS contents including carbohydrates
and protein was measured in order to explain different degree of bio-
film resistance between biofilm growth conditions.

2. Materials and methods

2.1. Bacterial cultures and cell suspension

Three strains of S. aureus (ATCC 25923, ATCC 27213 and ATCC
29213) were obtained from the bacterial culture collection of the
Department of Food Science and Biotechnology at the Seoul National
University (Seoul, South Korea). Each strain (maintained at −80°C
frozen stocks) was streaked for isolation onto tryptic soy agar (TSA;
Difco, Becton, Dickinson, Sparks, MD) and incubated for 24 h at 37°C. A
single colony of each strain was transferred to 5 ml of tryptic soy broth
(TSB; Difco) and incubated for 24 h at 37°C. Cells of each strain were
collected by centrifugation at 4000g for 20 min at 4°C, then washed
three times with phosphate-buffered saline (PBS, pH 7.4; 137 mM NaCl,
2.7 mM KCl, 10 mM Na2PO4, and 1.8 mM KH2PO4). The final pellets
were resuspended in sterile PBS and collected as strain cocktail, cor-
responding to approximately 107-108 CFU/ml

2.2. Coupons preparation

2 × 5 × 0.1 cm of type 304 stainless steel coupons with no. 4 finish
(STS no.4; Ian industry, Korea) were used. Stainless steel coupons were
immersed in 70% ethanol for 60 min to disinfect the surface and rinsed
with sterile distilled water before further sterilization by autoclaving at
121°C for 15 min. Subsequently, the coupons were dried and stored in a
dry oven at 50°C. For EPS quantification, 1 × 1 × 0.1 cm of stainless
steel coupons were prepared using the same sterilization procedure.
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2.3. Biofilm formation assay

The biofilm formation method was adapted and modified from Ban
et al., 2014. Each prepared coupon was immersed in a sterile 50 ml
conical centrifuge tube (BD Falcon™, USA) containing 30 ml suspen-
sions of S. aureus in PBS (approximately107–108 CFU/ ml). Coupons in
bacterial cell suspensions were incubated at 4°C for 24 h to facilitate the
attachment of cells. Each coupon was then removed with sterile forceps,
immersed in 1300 ml of sterile distilled water (22 ± 2°C), and gently
stirred for 5 s in order to remove loosely attached cells. Rinsed coupons
were deposited in 50 ml conical centrifuge tubes containing 30 ml of
TSB, then incubated at 15, 25, and 37°C for 1 to 5 days. When forming
biofilms on a 96-well plate for EPS quantification, 200 μl suspensions of
S. aureus were added to the 96-well plate and incubated at 4°C for 24 h.
Suspensions were removed and the plate was washed twice with 250 μl
of PBS. Then, 200 μl of TSB was added to each well and incubated at the
given temperatures for 1 or 5 days.

2.4. Steam treatment

The steam generator used in this research was described in a pre-
vious study conducted by Ban and Kang (2016). Coupons were removed
from the tubes and rinsed, then dried at room temperature using a fan
for 30 min. Dried samples were exposed to saturated steam of 1.2 m/s
on both sides for 2, 4, 7, or 10 s total. The distance between the coupons
and the nozzle of the steam generator was 7 cm. During the steam
treatment, the temperature was controlled using a k-type temperature
sensor and an on–off system.

2.5. Sodium hypochlorite (NaOCl) treatment

After the drying step previously described, the NaOCl treatment was
carried out. The concentration of NaOCl was 10 ppm throughout the
whole experiment. Coupons were immersed in 30 ml of NaOCl in a
50 ml conical centrifuge tube for 5, 10, 20 and 30 s. After that, to wash
out residues of NaOCl, coupons were washed two times by immersing in
30 ml of sterile distilled water for 5 s.

2.6. Bacterial enumeration

After the steam or NaOCl treatment, coupons were immediately
deposited in sterile 50-ml conical centrifuge tubes containing 30 ml of
peptone water (PW; Difco) and 3 g of sterile glass beads (425–600 μm;
Sigma Aldrich, St. Louis, MO, USA), then agitated with a benchtop
vortex mixer set at maximum speed for 1 min. Cell suspensions in tubes
were tenfold serial diluted in PW, then 0.1 ml of undiluted cell sus-
pension or diluents were spread-plated onto Baird Parker Agar (BPA;
MB cell) to enumerate the number of S. aureus biofilm cells. When low
bacterial numbers were anticipated, 1 ml of undiluted cell suspension
was plated onto four plates of the medium. The plates were incubated at
37°C for 24–48 h and colonies were counted. For injured cells of S.
aureus, the overlay method was utilized (Kim, Jeong, & Kang, 2017;
Kim, Park, & Kang, 2018). TSA was used as a nutrition medium to re-
suscitate injured cells. The same amount of diluent was spread-plated
onto TSA, then incubated for 2 h at 37°C and overlaid with 10 ml of
BPA. After solidification, overlaid plates were transferred to an in-
cubator and kept for 22–46 h at 37°C.

2.7. EPS quantification

EPS quantification methods were adapted and modified from Stiefel
et al. (2016). In this study, EPS quantification was performed in two
different ways. First, EPS was quantified for the biofilms formed in a 96-
well plate. Secondly, EPS contents were analyzed for biofilms devel-
oped on stainless steel coupon. In the former method, a diluted cell
suspension was added to a 96-well plate to form biofilms. After biofilms

formation, the plate was washed twice with 250 μl of PBS and staining
dye was directly added to the 96-well plate. The latter method was
performed by the following procedure. After adding 1 ml of the bac-
terial solution and stainless steel coupons to a 15-ml tube, biofilms were
formed as described above. The biofilms developed onto stainless steel
were removed from the tubes and rinsed to removed loosely attached
cells. After rinsing, each coupon was transferred to the staining solution
to extract EPS. Then, the extracted solution was analyzed on a 96-well
plate.

2.7.1. Crystal violet assay (Total biomass contents)
250 μl of 0.1% crystal violet solution was added to each well and

incubated for 30 min at room temperature. After incubation, the stained
solution was removed and washed three times with 0.9% NaCl solution.
200 μl of 30% acetic acid was used for dissolving the crystal violet
solution bound to the biofilm and transferred to another 96-well plate.
Absorbance was measured at 595 nm using a spectrofluorophotometer
(Spectramax M2e; Molecular Devices).

2.7.2. Calcofluor white staining (Polysaccharide contents)
250 μl of 1 mg/ml calcofluor white staining solution (Sigma Aldrich;

USA) was added to each well and incubated 30 min in the dark at room
temperature. After incubation, the stained solution was removed and
washed three times with 0.9% NaCl solution. 200 μl of 95% EtOH was
added per well and transferred. Fluorescence was measured at an ex-
citation wavelength of 360 nm and an emission wavelength of 460 nm
using a spectrofluorophotometer.

2.7.3. FITC staining (Protein contents)
250 μl of 20 μg/ml fluorescein isothiocyanate in dH2O (FITC solu-

tion) was added to each well and incubated for 30 min in the dark at
room temperature. After the incubation, the stained solution was re-
moved and washed three times with 0.9% NaCl solution. 200 μl of
dH2O was added per well and transferred. Fluorescence was measured
at an excitation wavelength of 485 nm and an emission wavelength of
528 nm using a spectrofluorophotometer.

2.8. Statistical analysis

Microbial reductions and EPS quantification were given as
means ± standard deviations of three independent determinations
with duplicate samples at each trial. Obtained Data were analyzed by
analysis of variance (ANOVA) accompanied with separation of means
by Duncan’s multiple range test using the Statistical Analysis System
(SAS Institute, Cary, NC, USA). Statistical analyses were performed at a
probability level of p < 0.05.

3. Results and discussion

3.1. Biofilm formation at different temperatures

In this experiment, temperatures ranging from 15 to 37°C and ma-
turation periods from 1 to 5 days were chosen as experimental condi-
tions for the biofilm development. This temperature range was selected
due to its relevancy to food processing (15°C) and infectious disease
(37°C) (Di Ciccio et al., 2015; Piercey, Hingston, & Hansen, 2016).
Previously, planktonic cells have shown to demonstrate a robust re-
sistance to thermal treatment as growth temperature increases from
20°C to 37°C (Cebrián, Condón, & Mañas, 2019). However, many re-
searchers have selected 25°C for suboptimal conditions to promote
biofilm formation (Herrera, Cabo, Gonzalez, Pazos, & Pastoriza, 2007;
Pagedar et al., 2010). Cleaning practice is often implemented once a
week depending on the processing conditions (Al-Akhras, Al Shorman,
Masadeh, Aljarrah, & Ababneh, 2018; López-Gálvez, Truchado, Tudela,
Gil, & Allende, 2020). The maturation period (5 days) was chosen based
on this assumption. Thus, the biofilm was developed for 5 days (2 days
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extra to account for the initial cell growth and attachment) with the
initial population of 6.34 log CFU/cm2. As Fig. 1 depicts, the biofilm
formed at 15 and 25°C showed the relatively constant population,
though the latter treatment resulted in a higher population than the
former. Specifically, the cell population of S. aureus at 15 and 25°C on
day 1 was 5.99 and 6.60 log CFU/cm2 while that of the day 5 main-
tained at 15 and 25°C was 5.86 and 7.16 log CFU/ cm2. The observed
constant cell population of S. aureus was also documented by Rode et al.
(2007) who reported that no additional biofilm formation was detected
during the maturation period at 20 and 25°C. Also, it was found that the
temperature range of 7–28°C did not influence the biofilm cell

population (da Silva Meira, de Medeiros Barbosa, Athayde, de Siqueira-
Júnior, & de Souza, 2012). A similar trend was observed in another
study (Webber et al., 2019).

In contrast, the population of biofilm cells at 37°C sharply increased
on day 1 and showed a gradual decline, resulting in the lowest cell
population on day 5 (p < 0.05). While the cell population on day 1
was 7.61 log CFU/ cm2, that of day 5 was significantly reduced (4.87
log CFU/cm2) as illustrated in Fig. 1. The initial increase at 37°C could
be partially attributed to a higher extent of hydrophobicity of the cell
membrane. A temperature increase from 20 to 37°C leads to an increase
in hydrophobicity of the cell membrane, facilitating planktonic cell
adhesion to surfaces (Jama, Abdallah, Boukherroub, Faille, & Chihib,
2017). The decline following the initial increase at 37°C is, however,
inconsistent with previous findings. In previous studies, the biofilm at
37°C showed a relatively constant cell population (Rode et al., 2007).
Abdallah et al. (2014) also found no significant change in the cell po-
pulation during biofilm maturation at 37°C However, it should be noted
that those experiments were conducted only for 48 h while the ma-
turation period in this study was 5 days. The observed decline in the cell
population of S. aureus biofilms at 37°C was attributed to a presumably
higher metabolic rate. Specifically, S. aureus grows optimally at 37°C,
which would increase its metabolic rate of nutrition consumption and
consequently expedite a build-up of its metabolic wastes. Planktonic
cell population also showed a similar trend (data not shown). Similar
observations were shown where the population of S. aureus declined at
37°C (Al-Akhras et al., 2018; Luppens, Rombouts, & Abee, 2002). The
previous study also showed that S. aureus population was significantly
lower after 60 h at 37°C (Luppens et al., 2002).

Fig. 1. The population curve of S. aureus biofilm on stainless steel for 5 days at
15°C (●), 25°C (○) and 37°C (▾).

Table 1
Comparison of log reduction a of S. aureus induced by steam treatment in selective media and resuscitative media for biofilms developed at ((A) 15°C, (B) 25°C, (C)
37°C).

(A)

Processing time (s) Day1 Day2 Day5

BPA OV-BPA BPA OV-BPA BPA OV-BPA

2 0.84 ± 0.59 Aa b 0.43 ± 0.29 Aa 1.01 ± 0.56 Aa 0.70 ± 0.50 Aa 0.45 ± 0.35 Aa 0.47 ± 0.38 Aa
4 2.17 ± 0.46 Ba 2.13 ± 0.20 Ba 2.48 ± 0.40 Ba 2.55 ± 0.45 Ba 1.88 ± 1.16 Aa 1.52 ± 1.03 Aa
7 > 5.74 4.50 ± 0.68C > 5.60 4.78 ± 0.66C > 5.70 5.01 ± 0.49B
10 > 5.74 > 5.77 > 5.60 > 5.28 > 5.70 > 5.68

(B)

Processing time (s) Day1 Day2 Day5

BPA OV-BPA BPA OV-BPA BPA OV-BPA

2 0.68± 0.38 Aa 0.65± 0.47 Aa 0.29±0.19 Aa 0.21± 0.16 Aa 0.46±0.48 Aa 0.56± 0.70 Aa
4 2.31± 1.39 ABa 2.30± 1.49 ABa 1.47±0.21 Ba 1.65± 0.27 Ba 0.67±0.03 Aa 0.84± 0.06 Ab
7 4.13± 1.06 Ba 3.52± 1.60 Ba 3.94±0.86 Ca 3.84± 0.23 Ca 2.52±0.36 Ba 2.64± 0.60 Ba
10 > 5.97 > 5.72 > 5.92 > 5.87 4.10±0.53 Ca 5.22± 1.63 Ca

(C)

Processing time (s) Day1 Day2 Day5

BPA OV-BPA BPA OV-BPA BPA OV-BPA

2 0.55± 0.27 Aa 0.38±0.48 Aa 0.53± 0.22 Aa 1.03± 0.98 Aa 0.25±0.10 Aa 0.44± 0.16 Aa
4 1.76± 0.34 Ba 1.56±0.34 Aa 1.47± 0.38 Aa 1.44± 0.31 Aa 1.25±0.29 Ba 1.40± 0.19 Ba
7 3.90± 0.67 Ca 2.89±0.63 Ba 3.53± 1.06 Ba 3.77± 1.20 Ba 3.49±0.64 Ca 4.18± 0.82 Ca
10 5.71± 0.55 Da 5.39±1.08 Ca > 4.81 > 4.53 > 4.88 > 4.67

a The Unit of log reduction is Log CFU/cm2.
b Values in the same column followed by the same uppercase letter are not significantly different (p > 0.05) and Values in the same row followed by the same
lowercase letter are not significantly different (P > 0.05)
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3.2. Comparison of S. aureus biofilm resistance against thermal and non-
thermal treatment

Inactivation experiments were also conducted to compare the ef-
fects of temperature and maturation period on the biofilm resistance to
thermal and non-thermal treatments. It has been reported that biofilm
age has a significant effect on the resistance to sanitizers (Belessi,
Gounadaki, Psomas, & Skandamis, 2011). Nguyen and Yuk (2013) re-
searched the effect of aging conditions on the resistance of Salmonella
Typhimurium biofilms to disinfectants. Specifically, the authors noted
that biofilm aging resulted in enhanced resistance, though the extent of
this improvement was highly dependent on development conditions
(Nguyen & Yuk, 2013). In another study, incubation time for 12 days at
4°C significantly increased the resistance of Listeria monocytogenes
against quaternary ammonium compound and peroxyacetic acid
(Belessi et al., 2011). The effect of temperature on biofilm resistance
was also documented in a study by Pang, Wong, Chung, and Yuk (2019)
who showed that biofilms of L. monocytogenes exhibited higher re-
sistance to quaternary ammonium compound at 15°C when compared
to 4°C. The biofilms of Pseudomonas aeruginosa were found to become
more resistant as temperature increased (Khelissa, Abdallah, Jama, &
Chihib, 2019). A similar trend was observed in our study.

As shown in Table 1, the steam treatment for 10 s was sufficient to
inactivate biofilms over 4.8 log CFU/cm2 in most of the tested condi-
tions, except for the biofilm at 25°C on day 5. For the biofilm at 25°C on
day 5, the steam treatment only resulted in 4.1 log reduction. This re-
sult indicated a significant increase in the resistance of the biofilm
matured at 25°C. On the other hand, the biofilm formed at 15°C was
most vulnerable to thermal treatment (Table 1-(A)). Specifically, no
viable cell was detected even after 7 s of the treatment regardless of the
maturation period. However, no cross effect between temperature and
maturation period was observed in the steam treatment (p > 0.05).

Similar trends were documented for the NaOCl treatment as

reported in Table 2. The biofilm
of S. aureus at 37°C showed over a 2-log reduction after 20 s ex-

posure to NaOCl, but no significant difference was observed among the
maturation periods (p > 0.05). In contrast, the maturation period of
biofilm development played a significant role on the biofilm resistance
enhancement at 15 and 25°C (p < 0.05) (Table 2). The same treatment
only resulted in an approximately 1 log reduction for the biofilms de-
veloped at 25°C for 5 days. However, Table 2-(B) clearly indicated that
the biofilms formed at 25°C for 1 and 2 days were more vulnerable to a
NaOCl treatment of 20 s (p < 0.05). A similar trend was also observed
at the biofilm maintained at 15°C. The log reduction of the 5 day bio-
film after 30 s treatment was 1.7 log CFU/cm2, which was significantly
lower than day 1 and day 2 (p < 0.05). Contrary to the steam treat-
ment, the cross effect between temperature and maturation period was
significant for the NaOCl treatment (p < 0.05). Overall, our results
aligned with a previous study that showed enhanced S. aureus biofilm
stability at 25°C, leading to a greater amount of viable bacterial cells
(Pagedar et al., 2010).

We also investigated injured bacterial cells after the thermal and
non-thermal treatments. An injured cell can be defined as a cell that is
sub-lethally injured while still capable of performing metabolic activity
(Kim et al., 2018). As an injured cell retains its metabolic activity, it can
resuscitate and recover its toxicity in a favorable environment (Bozoglu,
Alpas, & Kaletunç, 2004). Table 1 represents the comparison of log
reduction of cell populations from the inoculation in selective and non-
selective media after the steam treatment. Overall, the steam treatment
did not show a significant difference between the two media
(p > 0.05). However, for the biofilm developed at 15°C, it took 10 s to
eliminate the cell population over 5.5 CFU log/cm2 in non-selective
media, whereas 7 s was enough in selective media. Table 2 also de-
monstrates the comparison of the reduction level in both media after
the NaOCl treatment. No significant difference between the two media
was observed in any tested conditions. This implied that both

Table 2
Comparison of log reduction a induced by NaOCl treatment in selective media and resuscitative media for biofilms developed at ((A) 15°C, (B) 25°C, (C) 37°C).

(A)

Processing time (s) Day1 Day2 Day5

BPA OV-BPA BPA OV-BPA BPA OV-BPA

5 1.00 ± 0.74 Aa b 0.98 ± 0.51 Aa 1.34 ± 0.16 Aa 1.26 ± 0.34 Aa 1.41 ± 0.49 Aa 1.45 ± 0.45 Aa
10 1.41 ± 0.49 Aa 1.11 ± 0.55 Aa 1.55 ± 0.37 Aa 1.39 ± 0.50 Aa 1.70 ± 0.27 ABa 1.81 ± 0.10 ABa
20 2.48 ± 0.29 Ba 2.13 ± 0.29 Ba 1.96 ± 0.51 Aba 1.65 ± 0.48 Aa 2.08 ± 0.18 Ba 2.16 ± 0.26 Ba
30 3.48 ± 0.27 Ca 3.25 ± 0.18 Ca 2.88 ± 0.25 Ba 2.61 ± 0.20 Ba 1.70 ± 0.27 ABa 1.79 ± 0.39 ABa

(B)

Processing time (s) Day1 Day2 Day5

BPA OV-BPA BPA OV-BPA BPA OV-BPA

5 0.81±0.30 Aa 0.91± 0.33 Aa 0.92±0.57 Aa 0.93±0.37 Aa 0.37± 0.39 Aa 0.41± 0.22 Aa
10 1.21±0.22 Ba 1.29± 0.19 Aa 1.28±0.42 Aa 1.26±0.42 Aba 0.75± 0.26 Aba 0.87± 0.24 Ba
20 1.80±0.09 Ca 1.85± 0.08 Ba 2.10±0.95 Aa 2.38±0.72 Ca 0.88± 0.16 Ba 1.04± 0.13 Ba
30 2.40±0.09 Da 2.56± 0.15 Ca 2.10±0.67 Aa 2.23±0.58 BCa 0.95± 0.16 Ba 1.09± 0.18 Ba

(C)

Processing time (s) Day1 Day2 Day5

BPA OV-BPA BPA OV-BPA BPA OV-BPA

5 0.42±0.52 Aa 0.26± 0.60 Aa 0.79± 0.47 Aa 1.11± 1.00 Aa 1.05±0.31 Aa 0.89± 0.57 Aa
10 1.17±0.57 Aa 1.32± 0.69 ABa 1.08± 0.82 Aa 1.61± 1.10 Aa 1.00±0.40 Aa 0.89± 0.31 Aa
20 2.14±0.20 Ba 2.20± 0.71 BCa 2.33± 0.16 Ba 1.88± 0.34 Aa 2.04±0.05 Ba 1.77± 0.53 Aa
30 2.72±0.44 Ba 2.94± 0.89 Ca 2.03± 0.14 Ba 2.03± 0.49 Aa 2.76±0.30 Ca 2.70± 0.43 Ba

a The Unit of log reduction is Log CFU/cm2.
b Values in the same column followed by the same uppercase letter are not significantly different (p > 0.05) and Values in the same row followed by the same
lowercase letter are not significantly different (P > 0.05)

W.-J. Kim, et al. Food Research International 137 (2020) 109432

5



treatments effectively inactivated S. aureus biofilms without the gen-
eration of injured bacterial cells.

3.3. EPS quantification and comparison among different conditions

To elucidate the improved the resistance of biofilm formed at 25°C,
we conducted an experiment for the total biomass and EPS quantifi-
cation using 96-well plates and stainless steel coupons. The rationale for
this experiment was that EPS may serve as a means of protection to
lethal environmental conditions for bacterial cells embedded in its
structure (Stiefel et al., 2016). Table 3 shows changes in total biomass,
polysaccharide, and protein content in terms of varying temperatures
and maturation periods. It was shown that the cell mass increased at
25°C (p < 0.05), and the highest mass was observed at 37°C on day 5
(p < 0.05). Also, the polysaccharide content increased for all tem-
peratures. Even though there was no significant difference between the
biofilms at 15 and 37°C (p > 0.05), the highest polysaccharide content
was observed at 25°C (p < 0.05) as reported in Table 3. In addition,
the protein content increased in all conditions, but S. aureus secreted
the most amount of protein at 37°C (p < 0.05).

A similar trend was observed for the total biomass and EPS contents
of biofilm formed onto stainless steel, but there was no significant
difference among varying conditions. The highest cell mass was ob-
served for biofilms after 5 days of maturation at 37°C (Table 4). In
addition, bacterial cells at 25°C secreted the largest amounts of poly-
saccharides, though no significant difference was observed between 25
and 37°C (p > 0.05). Likewise, the greatest amount of protein was
observed at 5 days at 37°C, but there was no significant difference
between 25 and 37°C (p > 0.05). Our results showed that the amount
of EPS increased significantly as the biofilm aged in the given tem-
perature ranges. In contrast to the inactivation results, it was observed
that the incubation at 37°C resulted in the highest value in the CV (Total
biomass) and FITC staining (Protein). The CV method stains not only
EPS, but also adhered cells so that we can evaluate the total biomass
constructing the biofilm (Flemming, Neu, & Wingender, 2016). This
finding indicated that the biofilm formed at 37°C contained a sub-
stantial amount of biomass. As previously mentioned, this could be due
to the optimal S. aureus metabolism at 37°C (Le Loir et al., 2003).
Previous work has demonstrated that S. aureus exhibited the highest
metabolic activities at 37°C in the temperature range of 25–65°C (Miao
et al., 2019). The biofilm matrix consists of viable cells, EPS, and dead
cells (Flemming & Wingender, 2010; Tang et al., 2018; Webb et al.,

2003). As discussed earlier, the biofilm cell population decreased from
day 1 to day 5 due to depletion of nutrients and accumulation of me-
tabolic waste, resulting in an increase in the number of dead cells. Thus,
we can assume that the higher CV value at 37°C was mainly due to the
dead cells. In addition, most of the dead cells are located in the lower
part of the biofilm structure (Klinger-Strobel, Stein, Forstner,
Makarewicz, & Pletz, 2017). This implies that viable cells cannot be
protected by dead cells from outer lethal stress. Regarding the observed
increased EPS content in the biofilm developed at 25°C, it was attrib-
uted to the secreted polysaccharide instead of total protein content.
Specifically, poly-N-acetylglucosamine (PNAG) and polysaccharide in-
tercellular adhesin (PIA) have shown to be two major EPS components
produced by S. aureus (Cramton, Gerke, Schnell, Nichols, & Götz, 1999;
Maira-Litrán et al., 2002; Rode et al., 2007). Ravaioli et al. (2020) also
showed that exopolysaccharide accounts for greater contribution to
Staphylococcus spp. biofilm compared to protein or eDNA. In fact, cer-
tain studies using microscopy techniques have clearly shown that S.
aureus biofilm was well developed around 28°C (da Silva Meira et al.,
2012; Makovcova et al., 2017). However, Jia, Xue, Duan, and Shao
(2011) reported that only several cell clusters were presented and EPS
was hardly observed in the SEM image of the biofilm formed at 37°C.
Considering these findings, the increased tolerance to both thermal and
non-thermal treatments at 25°C was likely due to the greater amount of
secreted polysaccharide.

Another interesting finding is that the prolonged treatment of so-
dium hypochlorite treatment at 25°C for 5 days did not induce further
microbial inactivation, as shown in Table 2. This was consistent with
previous works that reported similar results (Abdallah et al., 2014; da
Silva Meira et al., 2012). This may be because EPS acts as a physical
barrier and prevents the chemical sanitizers from interacting with the
bacterial cells, leading to an increase in tolerance against disinfectants
(Bridier, Dubois-Brissonnet, Greub, Thomas, & Briandet, 2011).

4. Conclusion

This study showed that the biofilm resistance to both thermal and
non-thermal treatments was highly dependent on the temperature and
biofilm maturation period. In particular, the biofilm of S. aureus under
the 25°C condition showed the greatest extent of resistance due to the
formation of the greatest exopolysaccharide content. Though the so-
dium hypochlorite treatment reduced only 1 log population of biofilm
cells formed at 25°C for 5 days, the steam treatment was more effective

Table 3
Comparison of cell mass (crystal violet), polysaccharide (Calcofluor white staining), protein (FITC) for day 1 and day 5 of biofilm developed on 96 well plates.

Temperature Crystal violet Calcofluor white staining FITC

Day 1 Day 5 Day 1 Day 5 Day 1 Day 5

15°C 0.15 ± 0.01Aa a 0.15 ± 0.01Aa 637 ± 15Aa 1300 ± 61Ab 276 ± 28Aa 800 ± 22Ab
25°C 0.19 ± 0.01Aa 0.42 ± 0.08Bb 635 ± 27Aa 2191 ± 169Bb 123 ± 5Ba 1902 ± 134Bb
37°C 0.76 ± 0.04Ba 0.82 ± 0.05Ca 795 ± 152Aa 1457 ± 182Ab 173 ± 2Ca 3306 ± 241Cb

a Data represents mean ± standard deviation. The values followed by same uppercase letter in the same column and same lowercase letter in the same row are
not significantly different (P > 0.05).

Table 4
Comparison of cell mass (crystal violet), polysaccharide (Calcofluor white staining), protein (FITC) for day 1 and day 5 of biofilm developed on stainless steel coupon.

Temperature Crystal violet Calcofluor white staining FITC

Day 1 Day 5 Day 1 Day 5 Day 1 Day 5

15°C 0.17 ± 0.03Aa a 0.07 ± 0.01Ab 268 ± 74Aa 221 ± 26Aa 234 ± 28Aa 3180 ± 790Ab
25°C 0.01 ± 0.00Ba 0.14 ± 0.01Ab 182 ± 11Aa 475 ± 98Bb 501 ± 69Ba 7253 ± 1689ABb
37°C 0.21 ± 0.02Aa 0.36 ± 0.12Ba 181 ± 15Aa 276 ± 102ABa 358 ± 13Ca 12534 ± 4899Bb

a Data represents mean ± standard deviation. The values followed by same uppercase letter in the same column and same lowercase letter in the same row are
not significantly different (P > 0.05).
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in eliminating the pathogen, by> 4 log CFU/cm2. Thus, this study
highlights the need of careful evaluations of the environment so that the
food sanitization treatments can be optimized. However, it is important
to note that there are many other environmental conditions such as pH
and nutritional composition, both of which can affect the resistance of
S. aureus biofilm. Hence, future studies must evaluate the combination
effects of these factors on the build-up of bacterial biofilm resistance.
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