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ABSTRACT 

Biofilms have emerged as problems in food industry because of ability to form 

on food or food-contact surface in various conditions when surface bacteria 

were not properly removed Staphylococcus aureus which is one of prevalent 

pathogens in food industry can develop biofilm structure onto abiotic surfaces, 

causing cross-contamination. In comparison to 15 and 25℃ which maintain 

relatively consistent population over 7.0 log CFU/cm2, cell population at 37℃  

increased in day 1 followed by constant decline. Thermal treatment inactivated 

5-log population of biofilm cells when treated with 10 s at all conditions except 

for 25℃ in day 5. Also, when treated with non-thermal treatment, ca 1-log of 

biofilm cells was eliminated at 25℃ in day 5 while it resulted in over 2-log 

reduction in the other experimental conditions. To account for these 

phenomena, we conducted EPS quantification experiment using 96-well and 

stainless steel. In 96-well experiment, we found that highest amount of 

polysaccharide was secreted at the temperature of 25℃, while total biomass 

and protein contents produced at 37℃  was greatest. However, previous 
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studies show that main component for EPS secreted by S. aureus is 

polysaccharide. Thus, we could conclude that biofilm formed at 25℃ for 5 

days exhibited highest resistance to thermal and nonthermal treatment due to 

enhanced ability for exopolysaccharide secretion. We investigated the effect 

of saturated steam (SS) at 100°C and superheated steam (SHS) at 125°C and 

150°C for inactivation of S. aureus biofilm in 4 types of coupons (STS No.4, 

STS 2B, HDPE, PP). We also identify material properties of each type of 

coupons to develop material factors affecting steam treatment. In all types of 

coupon, higher temperature and more superheated steam accomplished higher 

log reduction and need less time to reach below detection limit. S. aureus 

biofilm in steel type coupon is more susceptible than plastic type coupons 

under steam treatment. In this study two surface properties, which is roughness 

and hydrophobicity, did not have a significant effect on inactivation of biofilm 

in coupons by steam treatment. In contrast, thermal conductivity and thermal 

diffusivity had similar tendency of inactivation. S. aureus biofilm in higher 

thermal conductivity coupons were susceptible when steam was applied. 
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Therefore, SHS treatment could be used to inactivate S. aureus biofilm in 

food-accessible surfaces and treatment time depended on the thermal 

conductivity of surfaces. 

 

 

Keywords: Superheated steam, S. aureus, biofilm, maturation 

temperature, material 
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I. INTRODUCTION 

  

Foodborne disease is crucial concern even in the developed countries as 

well as developing nations. Every year, many cases of multistate foodborne 

illnesses outbreak has been reported in US-CDC (CDC, 2017, 2018). Thus, 

concerns to food safety issue has been consistently increasing and the systems 

such as HACCP, to ensure food safety, has been implemented. Though 

numerous types of pathogens have involved in the outbreak, Staphylococcus 

aureus is one of most easily encountered microorganisms in food safety issue. 

S. aureus is gram-positive bacteria which produce enterotoxin which is main 

causativeness for foodborne poisoning caused by S. aureus (Le Loir et al., 

2003). Foodborne outbreak caused by S. aureus is prevalent regardless of 

types of food around globe (Asao et al., 2003; Hennekinne et al., 2012; 

Kérouanton et al., 2007).  This is due to the fact that S. aureus can grow in 

wide range of temperature and pH and it has high resistance to osmotic 

pressure (Sutherland et al., 1994). Also, it is known that S. aureus is able to 

form biofilm structure on the abiotic surfaces in the food industry environment 

and various stress conditions (Abdallah, Benoliel, et al., 2014; Rode et al., 

2007).  
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Biofilm is well-constructed structure where bacterial cells are embedded 

in matrix of extra polymeric substance (EPS) which is secreted by 

microorganism population. EPS consists of many types of substance such as 

polysaccharide, lipid, glycol peptide, and other biomolecule materials (Cortés 

et al., 2011). This special structure provides the bacterial cells with increased 

resistance to environmental stress like pH, UV radiation, and antimicrobial 

substance in comparison to planktonic cells (Gupta et al., 2016; Simões et al., 

2006). Important issue concerning to biofilm is that it can be developed in 

various environmental conditions regardless of surface type including abiotic 

and biotic surfaces (Cortés et al., 2011; Parsek and Singh, 2003). In addition, 

the biofilm on the surface has been accused of causing bacterial cross-

contamination in food product (Simoes et al., 2010). Gibson et al., reported 

the high risk of contamination due to S. aureus biofilm on the surfaces (Gibson 

et al., 1999). Thus, it is one of big challenges to eliminate biofilms efficiently 

formed on food facilities as well as food stuff (Chen et al., 2007; Frank et al., 

2003; Jessen and Lammert, 2003). 

It is reported that due to crevices or cracks on process surfaces, sanitizer 

process might not be enough to eliminate whole adhered pathogens (Menon, 

2016). Then, this lead to the biofilm formation and the persistence of the 

structures on the food contact surfaces (Poulsen, 1999). In the food industry 
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environment from process to storage, transportation, and distribution, the 

remaining cells on the abiotic surfaces is exposed to various sub-lethal 

conditions (Jørgensen et al., 2005; Pagedar et al., 2010a). This indicates that 

biofilm structure and properties can be different depending on the surrounding 

conditions, giving rise to different resistance which is significant mechanism 

to know for food process.  

 Several factors may influence the biofilm formation on food facilities. 

Bonaventura et al. reported that temperature affect the hydrophobicity of cell 

membranes, resulting in different biofilm formation ability (Di Bonaventura 

et al., 2008). Besides, it was reported that pH and water activity is important 

factor which has an impact on the biofilm formations (Giaouris et al., 2005). 

Hydrophobicity of surface is also significant for biofilm formation. S. aureus 

showed improved biofilm formation ability on the polypropylene coupon 

rather than more hydrophilic abiotic surfaces (Pagedar et al., 2010a). These 

factors may also affect the resistance to environmental stress. Several studies 

reported that sessile cells have difference resistance to antimicrobial 

substances depending on the above factors or attachment form (Bae et al., 

2012; Chavant et al., 2004). However, no study regarding the effect of the 

temperature and maturation period on resistance of biofilm forming S. aureus 

to thermal and non-thermal treatment has been reported.  
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In most of food plant, cleaning process is conducted regularly on the daily 

basis using sanitizer (Chmielewski and Frank, 2003). Many types of sanitizer 

can be utilized to clean food-contact surfaces. Most of sanitizer is based on the 

chlorine, hydrogen, quaternary ammonium, and aid compound (Chmielewski 

and Frank, 2003). Among them, sodium hypochlorite (NaOCl), the chlorine-

based sanitizer, is most commonly used in cleaning step in food process (De 

Beer et al., 1994). Sodium hypochlorite use its oxidizing power to remove 

bacterial cells. Some researchers have reported the efficacy of sodium 

hypochlorite. It was reported that chlorine sanitizer is able to efficiently 

eliminate EPS material attached on stainless steel (Ronner and WONG, 1993). 

Norwood and Gilmour reported that 20 ppm sodium hypochlorite remove ca. 

3-log population of Staphylococcus xylosus (Norwood and Gilmour, 2000).  

The other promising technology for biofilm inactivation is steam. Steam 

has several advantages over the other conventional thermal treatments. It has 

higher heat transfer when stem is condensed. Also, it can be operated in the 

oxygen free environment (Bari et al., 2010). Besides, steam is easily penetrate 

the crevices or crack on the surfaces in which cells is provided with protection, 

resulting in efficient elimination of foodborne pathogen adhered to food-

contact surfaces (Morgan et al., 1996). It is reported that steam pasteurization 

is an effective method to inactivate foodborne pathogen at rapid rate due to 
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high heat capacity (Chang et al., 2010). Especially, the steam of which 

temperature is larger than saturated temperature at constant pressure is called 

superheat steam (Cenkowski et al., 2007). This type of steam has more 

efficacy to inactivate foodborne pathogens. Ban and Kang proved the 

possibility of steam and superheated steam technology to inactivate various 

foodborne pathogens developing biofilms on stainless steel (Ban et al., 2014a). 

Thus, in this research, we selected sodium hypochlorite and steam treatment 

as a representative for non-thermal and thermal treatment respectively to 

investigate the temperature and maturation period effect on the resistance of 

biofilm forming S. aureus. 

Several researches to elucidate temperature and time effect on the biofilm 

formation trends of S. aureus (Pompermayer and Gaylarde, 2000; Rode et al., 

2007).  However, to best our knowledge, no study comparing the change of 

biofilm resistance to thermal and non-thermal treatment according to 

temperature and biofilm maturation period has been reported. Thus, in this 

study, we verified the effect of temperature and maturation time on the 

resistance of biofilm-forming S. aureus on stainless steel. Also, we investigate 

the amount of EPS including carbohydrates and protein in order to account for 

resistance difference between biofilm forming cells. 

 



6 

` 

II. 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 School of Food 

Science, Seoul National University (Seoul, South Korea). Each strain 

(maintained on -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 inoculated into 5 ml of tryptic 

soy broth (TSB; Difco), incubated for 24 h at 37 °C. Cells of each strain were 

collected by centrifugation at 4000 × g for 20 min at 4 °C, and 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, corresponding to approximately 107-108 CFU/ml. 
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2.2. Optimal conditions for biofilm formation depending on temperature 

 

2.2.1. 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. STS no.4 coupons were immersed in 70% 

ethanol for 60 min to disinfect the surface, and rinsed with sterile distilled 

water before sterilized by autoclaving at 121°C for 15 min. After sterilization, 

the coupons were dried and stored in dry oven at 50°C. For EPS quantification, 

1 × 1 × 0.1 cm of STS no.4 coupons were prepared through the same 

sterilization procedure. 

 

2.2.2. Biofilm formation assay 

 

Biofilm formation method was adapted and modified from Ban et al. Each 

prepared coupon was immersed in a sterile 50-ml conical centrifuge tube (BD 

FalconTM, USA) containing 30 ml suspensions of S. aureus in PBS (ca. 107-

108 CFU/ ml). Coupons in bacterial cell suspensions were incubated at 4 °C 

for 24 h to facilitate the attachment of cells and the coupons were then 

removed with sterile forceps, immersed in 1300 ml of sterile distilled water 

(22 ± 2 °C) and gently stirred for 5 s. Rinsed coupons were deposited in 50 ml 
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conical centrifuge tubes containing 30 ml of TSB, and then incubated at 15°C, 

25°C and 37°C for 1 to 5 days. When forming biofilm on a 96-well plates for 

EPS quantification, 200 μl of suspensions of S. aureus was added to 96-well 

and incubated at 4 °C for 24 h. Suspensions were removed and the plate was 

washed twice with 250 μl of PBS. 200 μl of TSB was added to each well and 

incubated at given temperatures for 1 or 5 days. 

 

2.2.3. Steam treatment (thermal resistance) 

 

A steam generator was used previously by Ban and Kang (Ban and Kang, 

2016b). Coupons were removed from the tubes and rinsed as described 

previously then dried in room temperature using fan for 30 min. Dried samples 

were exposed to saturated steam of 1.2 m/s on both sides for 2, 4, 7, 10 s total. 

Distance between coupons and nozzle of steam generator was 7 cm. During 

steam treatment, temperature was controlled using k-type temperature sensor 

and on-off system.  
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2.2.4. NaOCl treatment (non-thermal resistance) 

 

Coupons with S. aureus biofilm were dried same as steam treatment. After 

drying, coupons were immersed in 30 ml of 10 ppm of NaOCl in 50 ml conical 

centrifuge tube for 5, 10, 20 and 30 s. Residual NaOCl solution on coupons 

were washed two times by immersing in 30 ml of dH2O for 5 s. 

 

2.2.5. Bacterial enumeration 

 

After steam and NaOCl treatment, coupons were immediately deposited 

in sterile 50-ml conical centrifuge tubes contacting 30 ml of peptone water 

(PW; Difco) and 3 g of sterile glass beads (425-600 μm; Sigma Aldrich, St. 

Louis, MO, USA) and then agitated with a benchtop vortex mixer set at 

maximum speed for 1 min. Cell suspensions in tubes were tenfold serial 

diluted in PW, and then 0.1 ml of undiluted cell suspension or diluents were 

spread-plated onto Baird Parker Agar (BPA; MB cell) to enumerate the 

number of S. aureus biofilm cells attached to the surfaces of coupons. When 

low bacterial numbers were anticipated, 250 μl of undiluted cell suspension 

were plated onto four plates of medium. The plates were incubated at 37°C for 

24-48 h and colonies were counted. 
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2.2.6. EPS quantification 

 

EPS quantification methods were adapted and modified from Philipp 

Stiefel et al (Stiefel, Rosenberg, Schneider, Mauerhofer, Maniura-Weber, Ren, 

et al., 2016). Diluted overnight culture was added to a 96-well plate to form a 

biofilm and staining dye was directly added to 96-well plate. 

Crystal violet assay. 250 μl of 0.1% crystal violet solution was added to 

each well and incubate 30 min at room temperature. After incubation, staining 

solution was removed and washed three times with 0.9% NaCl solution. 200 

μl of 30% acetic acid was used for dissolving crystal violet solution bounded 

on biofilm and transferred to another 96 well plate. Absorbance was measured 

at 595 nm. 

Calcofluor White staining. 1 mg/ml of calcofluor white staining solution 

(Sigma Aldrich; USA) 250 μl was added to each well and incubate 30 min in 

dark at room temperature. After incubation, staining solution was removed 

and washed three times with 0.9% NaCl solution. 200 μl of 95% EtOH was 

added per well and transferred. Excitation at 360 nm and emission at 460 nm 

of fluorescence wavelength was used. 

FITC staining. 20 μg/ml of fluorescein isothiocyanate in dH2O (FITC 

solution) 250 μl was added to each well and incubate 30 min in dark at room 
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temperature. After incubation, staining solution was removed and washed 

three times with 0.9% NaCl solution. 200 μl of dH2O was added per well and 

transferred. Excitation at 485 nm and emission at 528 nm of fluorescence 

wavelength was used. 

 

2.3. Comparison of S. aureus in biofilm reduction on 4 types of food 

contact surface 

 

2.3.1. Coupons preparation 

 

Type 304 stainless steel coupons with no. 4 finish (STS no.4), type 304 

stainless steel coupons with 2B finish (STS 2B), high density polyethylene 

(HDPE), polypropylene (PP) were used. STS no.4 and STS 2B coupons were 

immersed in 70% ethanol for 60 min to disinfect the surface, and rinsed with 

sterile distilled water before sterilized by autoclaving. HDPE and PP coupons 

were immersed in 70% ethanol and boiled at 80 °C for 20 min to sterilize.  
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2.3.2. Biofilm formation assay 

 

Biofilm formation method was adapted and modified from Ban and Kang 

(Ban and Kang, 2016a). Each prepared coupon was immersed in a sterile 50-

ml conical centrifuge tube (BD FalconTM, USA) containing 30 ml suspensions 

of S. aureus in PBS (ca. 107-108 CFU/ ml). Coupons in bacterial cell 

suspensions were incubated at 4 °C for 24 h to facilitate the attachment of cells 

and the coupons were then removed with sterile forceps, immersed in 1300 ml 

of sterile distilled water (22 ± 2 °C) and gently stirred for 5 s. Rinsed coupons 

were deposited in 50 ml conical centrifuge tubes containing 30 ml of TSB, and 

then incubated at 25 °C for 5 days. 

 

2.3.3. Saturated steam (SS) and superheated steam (SHS) treatment 

 

Coupons were removed from the tubes and rinsed as described previously 

then exposed to SS and SHS on both sides for 2, 4, 7, 10, 15, 20 s total. 

Distance between coupons and nozzle of steam generator was 7 cm. SS 

treatments were performed at 100 °C while SHS treatments were performed 

at 125, 150 °C. Temperature was measured by K-type Teflon-coated 
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thermocouple. Probe was located at nozzle hole and range of steam 

temperature during experiments was controlled within 5 °C 

 

2.3.4. Bacterial enumeration 

 

After SS and SHS treatment, coupons were deposited in sterile 50-ml 

conical centrifuge tubes contacting 30 ml of peptone water (PW; Difco) and 3 

g of sterile glass beads (425-600 μm; Sigma Aldrich, St. Louis, MO, USA) 

and then agitated with a benchtop vortex mixer set at maximum speed for 1 

min. Cell suspensions in tubes were tenfold serial diluted in PW, and then 0.1 

ml of undiluted cell suspension or diluents were spread-plated onto Baird 

Parker Agar (BPA; MB cell) to enumerate the number of S. aureus biofilm 

cells attached to the surfaces of coupons. When low bacterial numbers were 

anticipated, 250 μl of undiluted cell suspension were plated onto four plates 

of medium. The plates were incubated at 37 °C for 24-48 h and colonies were 

counted. 
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2.3.5. Surface hydrophobicity and roughness measurement 

 

Water contact angle measurement was used to evaluate surface 

hydrophobicity of coupons (Park and Kang, 2017). Water contact angle was 

measured by the sessile drop method using a contact angle goniometer (DSA 

100, KRUSS, Germany) equipped with a camera. Using microliter syringe and 

a 0.5-mm diameter needle, 3 μl of distilled water was deposited onto surface 

of coupons at room temperature (22 ± 2 °C). Contact angle measurements were 

conducted for less than 30 s to avoid changes in the tested surface. Ten data 

points were taken for each sample (n = 10). White light scanning 

interferometry (WLSI) was used to measure surface roughness of coupons 

(Park and Kang, 2017). Samples were directly mounted on the stage of a 

noncontact three-dimensional surface profiler (NanoView-E1000, 

NanoSystem, Daejeon, South Korea). Topographic images of 125 × 95 μm 

areas were acquired from each sample. Height profiles were expressed in the 

topographic images (3D) by the color scale. The Ra (arithmetic mean 

roughness) and Rq (root mean squared roughness) values were calculated from 

10 scan areas (125 × 95 μm) of each sample using a software package 

(NanoMap Version 2.5.17.0; NanoSystem). 
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2.3.6. Thermal conductivity and Thermal diffusivity measurement 

 

Laser flash technique was used to measure thermal conductivity and 

thermal diffusivity. Samples were prepared with 1 × 1 mm square of 1 mm 

thickness with each material and heat capacity of samples was evaluated using 

DSC for calculate thermal conductivity and diffusivity. For a given geometric 

sample, the applying laser heat propagates from the top to the bottom surface 

of the material (LFA 447 Nanoflash, Netzsch, USA). All samples were 

measured 5 times repeatedly. 

 

2.4. Statistical analysis 

 

Microbial reductions and EPS quantification were given as means ± 

standard deviations of three independent determinations with duplicate 

samples at each trial. Residual ClO2, color, and texture measurement were 

done in triplicates with each measurement repeated thrice. Data were analyzed 

by analysis of variance (ANOVA) using the Statistical Analysis System (SAS 

Institute, Cary, NC, USA), and separation of means by Duncan’s multiple 

range test at a probability level of p < 0.05. 
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III. RESULTS 

 

3.1. Optimal conditions for biofilm formation depending on temperature 

 

3.1.1. biofilm maturation curve 

Fig. 1 shows the number of S. aureus when biofilm maturated on a stainless 

steel surface at 15°C, 25°C and 37°C for 5 days. Initial attached number was 

7.64 log CFU/coupon (day 0). As a whole, there was no big change more than 

1 log CFU/coupon except 37°C. Until day 1, the temperature that cells grew 

most on the surface was 37°C (8.91 log CFU/coupon) and 7.30, 7.90 log 

CFU/coupon of S. aureus exists  in biofilm maturated at 15°C and 25°C. 

However, the number of S. aureus kept decreasing at 37°C and slightly 

increased at 25°C during after 4 days. On day 5, eventually, the largest number 

of bacteria were found when the biofilm was formed at 25°C and 7.16, 8.46 

and 6.17 log CFU/coupon of S. aureus in biofilm was measured 15°C, 25°C 

and 37°C of maturation temperature. 
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Fig. 1. The population number of S. aureus in biofilm maturated for 5 days 

at 15°C (●), 25°C (○) and 37°C (▼) 
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3.1.2. Comparison of heat resistance of S. aureus in biofilm 

Log reduction of S. aureus in biofilm, maturated at different temperature, 

after saturated steam treatment are shown in Fig. 2. Overall, at all maturation 

temperatures, the resistance against steam treatment increased from day 1 to 

day 5, and the only condition that did not fall below the detection limit in the 

10 s treatment, the longest treatment time, was biofilm at 25°C for 5 days. At 

temperature of 15°C, regardless of given maturation date, it was found that the 

survival number fell below the detection limit in 7 s under steam treatment and 

in 4 s treatment, log reduction of 2.17 and 1.88 occurred at day 1 and day 5, 

respectively, and a difference of 0.29 log reduction was observed. At another 

temperature of 25°C, there was difference of reduction as the maturation date 

was progressed. In 10 s steam treatment, the number of S. aureus went below 

the detection limit at day 1 and day 2, whereas only at day 5, there was 

survived cells. Also, in 7 s treatment, 4.13 and 2.52 log reduction occurred at 

day 1 and day 5 respectively and a difference was 1.61 log reduction and there 

was a difference of 1.64 log reduction in 4 s treatment on the same dates. At 

last temperature of 37°C, there was a tendency different from the previous two 

temperatures. The survival number did not fall below the detection limit at day 

1, which had a largest initial number of cells, while in day 2 and day 5 it fell 

down under steam treatment of 10 s. However, log reduction was the least at 
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day 5 at 4 s and 7 s steam treatment and differences between day 1 and day 5 

were 0.51 and 0.41. 
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Fig. 2. Comparison of log reduction of S. aureus in biofilm formed at (a) 

15°C, (b) 25°C and (c) 37°C by maturation period, day 1 (black bar), day 2 

(grey bar), day 5 (dark grey bar) after 100°C of saturated steam treatment for 

2, 4, 7 and 10 s  
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3.1.3. Comparison of chemical resistance of S. aureus in biofilm 

 

Log reduction of S. aureus in biofilm, maturated at different temperature, 

after NaOCl treatment are shown in Fig. 3. When the biofilm was formed at 

the other two temperatures except 37°C, the reduction of S. aureus by 30 s 

NaOCl treatment decreased with date and evacuated the least at 25°C for day 

5. At 15°C of maturation temperature, before the 10 s treatment, the reduction 

effect was increased as the maturation date slightly increased, but not 

significantly. However, with a processing time of 30 s, the microbicidal effect 

of NaOCl was significantly lower when biofilm was formed for 5 days. On the 

other hand, when the biofilm was formed at 25°C, the chemical resistance was 

the higher at day 5 than day 1 and day 2 for all treatment times, and the 

resistance was only significantly higher at 30 s treatment. At maturation 

temperature for 37°C, the reduction effect was not different according to the 

date for all treatment times (p>0.05). 
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Fig. 3. Comparison of log reduction of S. aureus in biofilm formed at (a) 

15°C, (b) 25°C and (c) 37°C by maturation period, day 1 (black bar), day 2 

(grey bar), day 5 (dark grey bar) after 10 ppm of sodium hypochlorite 

treatment for 5, 10, 20 and 30 s 
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3.1.4. Changes in EPS amount as the S. aureus biofilm maturated 

Cell mass, polysaccharide and protein amount change using Crystal violet 

and calcofluor white staining and FITC from day 1 to day 5 at 15°C, 25°C and 

37°C of maturation temperature was shown in table 1. Cell mass increased at 

25°C and 37°C (p < 0.05) of maturation and the highest at 37°C on day 5. Poly 

saccharide increased at all maturation temperature but, at 15°C and 37°C, 

amount of poly saccharide was not significantly different (p > 0.05) and 

highest change was observed at 25°C (p < 0.05). Finally, protein also increased 

in all conditions, but increased most at 37°C (p < 0.05).
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Table 1. Amount change of cell mass (crystal violet), polysaccharide (white staining), protein (FITC) between day 1 and day 5 of 

biofilm maturation 

b 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). 

Temperature Crystal violet   White staining   FITC  

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

15°C 0.15 ± 0.01Aa 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 
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3.2. Inactivation of S. aureus biofilm on the food contact surfaces by 

superheated steam treatment 

 

3.2.1. Superheated steam and saturated steam treatment on S. aureus 

biofilm on 4 types of coupons 

 

The survival of S. aureus on four types of coupons after SS and SHS 

treatment is shown in Fig. 1. In all types of coupon, higher temperature and 

more superheated steam need less time to reach below detection limit. Also, S. 

aureus biofilm in steel type coupon is more susceptible than plastic type 

coupons under most steam treatment. In saturated steam process, the reduction 

number in S. aureus biofilm in HDPE coupons reached 1.39 to 4.00 log 

CFU/coupons and that in PP coupons reached 1.45 to 5.22 log CFU/coupons 

in given treatment time. In STS coupons, No.4 and 2B coupons reached 0.79 

to 5.75 and 0.35 to 4.81 log reduction from 5 s to 15 s and below the detection 

limit in 20 s. In 125°C SHS treatment can reach below detection limit in 15 s 

except PP coupons accomplished 4.93 log reduction. When treated from 2 to 

10 s, log reduction number of S. aureus biofilm in HDPE coupons was 2.35 to 

4.17 and in PP coupons was 1.66 to 4.30, while in STS No.4 was 1.30 to 4.85 
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and in STS 2B was 0.50 to 5.34. In 150°C SHS treatment, plastic type coupons 

need 15 s to reach below detection limit, while steel type coupons need 10 s. 

At given treatment condition, 3.03 to 4.67 log reduction and 2.55 to 5.27 log 

reduction was achieved from each HDPE and PP coupons from 2 s to 10 s. In 

STS No.4 coupons and STS 2B coupons, 1.62 to 4.99 log reduction and 1.04 

to 5.31 log reduction was achieved respectively from 2 s to 7 s treatment. 
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Fig. 3. Population of S. aureus biofilm cell on (a) STS no.4, (b) STS 2B, 

(c) HDPE, and (d) PP coupons after saturated steam(SS) at 100°C (●) and 

superheated steam (SHS) at 125°C (○) and 150°C (▼) treatment between 2 to 

20 s. 
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3.2.2. Material properties of coupons 

Table 1 shows surface hydrophobicity and thermal conductivity and 

thermal diffusivity of 4 types of coupons. The water contact angles of STS 

no.4 and STS 2B, steel type coupons, were 85.6 and 96.8 respectively (p < 

0.05). Although STS 2B and HDPE were more hydrophobic than STS no. 4 

and PP, there were no different in number of initial bacteria and microbicidal 

effects according to hydrophobicity difference. There was no significant 

difference (p > 0.05) in the roughness between coupons in this study Therefore, 

the effect of roughness on the inactivation of S. aureus biofilm cells by steam 

could not be elucidated from this study. (data not shown). Thermal 

conductivity of STS No.4 and STS 2B, which is 4.126 and 4.105 is 

significantly (p < 0.05) higher than which of HDPE and PP, which is 0.157 

and 0.106 respectively. Unlike the previous two properties, hydrophobicity 

and roughness, the thermal conductivity and thermal diffusivity, which were 

shown in Fig. 2, was characterized by a similar tendency to the reduction of S. 

aureus in biofilm on different type of coupons when it treated by steam 

treatment. When thermal conductivity and diffusivity were higher, it is easier 

to reduce S. aureus in biofilm by steam treatment.
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Table 2. surface hydrophobicity a, thermal conductivity and diffusivity of 4 types of coupons (STS no.4, STS 2B, HDPE, 

PP) b  

Coupon Water Contact angle (°) Diffusivity (mm2/s) Conductivity (W/m·K) 

STS No.4 85.6±1.5 A 4.126±0.010 A 16.153±0.039 A 

STS 2B 96.8±1.8 B 4.105±0.011 B 16.046±0.045 B 

HDPE 96.6±2.8 B 0.157±0.000 C 0.441±0.001 C 

PP 86.9±1.7 A 0.106±0.000 D 0.223±0.001 D 

a Surface hydrophobicity parameter is water contact angle (°) and if water contact angle is higher, surface is more 

hydrophobic. 

b Data represents mean ± standard deviation. The values followed by same uppercase letter in the same column are not 

significantly different (P > 0.05). 
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IV. DISCUSSION 

 

Biofilm is a serious issue in food industry as well as medical environment 

(Abdallah, Benoliel, et al., 2014). Biofilm can act as a source for cross-

contamination enhancing the resistance toward food process to eliminate food 

pathogens.  In the previous studies, several researchers have dealt with these 

issues using S. aureus. Da Silva Meria et al., conducted detachment 

experiment using biofilm-forming S. aureus, and their results implies that 

contact with abiotic surfaces in which S. aureus biofilm is developed can lead 

to transfer sufficient S. aureus population into food product (da Silva Meira et 

al., 2012a). Also, it was observed that S. aureus had specific detachment 

kinetics from biofilm structure, which also indicates that S. aureus forming 

biofilm onto abiotic surfaces has a high potential to re-contaminate food 

product during food processing (Herrera et al., 2007). Thus, sufficient removal 

of biofilm is required in order to ensure food safety. Unfortunately, though, 

insufficient inactivation rather causes the biofilm formation onto food 

facilities. Kim et al., revealed that inappropriate inactivation process leave 

injured bacterial cells onto abiotic surfaces which is able to be involved in 

biofilm development (Kim et al., 2017). Furthermore, the study carried by 

Mari Rode et al., implies that food process environment promotes biofilm 
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formation onto abiotic surfaces (Rode et al., 2007). In additions, bacterial cells 

adhered to food facilities is exposed to various conditions in terms of 

temperature, nutritional and other sublethal conditions, promoting biofilm 

formation (Byun et al., 2007; Jørgensen et al., 2005; Pagedar et al., 2010a). 

Thus, it is required to understand resistance mechanism to be sure definite 

inactivation of biofilm-forming S. aureus under various biofilm development 

conditions. In this experiment, the temperature of 15, 25 and 37℃  and the 

maturation period of total 5 days was chosen as a factor for biofilm formation 

and resistance evaluation. These temperature ranges were selected due to 

commonly relevant to food processing (15℃), or infectious disease (37℃) (Di 

Ciccio et al., 2015a; Piercey et al., 2016). Also, many researchers have 

selected 25 ℃  for suboptimal conditions to promote biofilm formation 

(Herrera et al., 2007; Pagedar et al., 2010a). Our maturation curve shows that 

biofilm formed at 25℃  and 15℃  maintain relative constant population, 

though 25℃ had slightly higher population than 15℃ (P<0.05). This result 

is coincident with previous studies. The study conducted by Mari Rode et al., 

reported that no additional biofilm formation was detected during maturation 

period at 20 and 25℃. Also, da Silva Meri et al., and Herrera et al., found that 

the temperature range of 7 - 28℃ did not change biofilm cell population. 

However, different trend was observed at the condition of 37 ℃ . The 
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population of biofilm cells increased in day 1 followed by constant decrease, 

resulting in lower cell population compared to the other temperatures in day 5 

(P<0.05), which is contradictory to previous researches. It was reported that 

though lesser amount of biofilm was formed at the temperature of 37℃, but it 

maintained relatively constant biofilm cell population (Rode et al., 2007). 

Abdallah et al., also found no significant difference change of cell population 

during biofilm maturation at 37℃  (Abdallah, Chataigne, et al., 2014). 

However, it should be noted that those experiments were conducted only for 

48 hours, while our total maturation period was 5 days. After that, we 

conducted inactivation experiment and compared the effect of temperature and 

maturation period on the resistance to thermal and non-thermal treatment.  It 

has been reported that biofilm age has a significant effect on the resistance to 

sanitizers which is widely used in food industry (Belessi et al., 2011). Belessi 

et al., reported that incubation time at 4℃ significantly increase the resistance 

of Listeria monocytogenes to quaternary ammonium compound and 

peroxyacetic acid (Belessi et al., 2011). Also, Nguyen and Yuk researched the 

effect of various biofilm aging condition on the resistance of Salmonella 

Typhimurium to disinfectants, and found that biofilm aging resulted in rise of 

biofilm resistance though extent of the increase is highly dependent on 

variability of biofilm development conditions (Nguyen and Yuk, 2013). As 
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such these studies, we clearly observed the inactivation difference among the 

experimental conditions and similar trend was observed at both thermal and 

non-thermal treatments. Significantly reduced reduction was shown during 

maturation period at 25℃ . Also, clear resistance increase during biofilm 

maturation was found at 15℃  when treated with sodium hypochlorite 

(P<0.05), but the other experimental conditions did not show apparent 

resistance changes in overall (P>0.05). Also, in this study we found that 

biofilm developed at 25℃ exhibited greatest resistance to both thermal and 

non-thermal treatment. This is coincident with previous study. It was revealed 

that biofilm of S. aureus at 25℃ displayed improved stability, giving rise to 

the greater amount of survival of bacterial cells (Pagedar et al., 2010a). We 

also investigated the injured bacterial cells after thermal and non-thermal 

treatment. Injured cell can be defined as cell which is sub-lethally injured thus 

maintain metabolic activity. As injured cells retain its metabolic activity, it can 

resuscitate and recover its toxicity under favorable environment (Bozoglu et 

al., 2004). Our results exhibited that no significant difference was observed 

except for steam treatment at 15℃. This implies that both treatment effectively 

inactivate S. aureus forming biofilm without generation of injured bacterial 

cells. To elucidate the improved resistance of biofilm at 25℃ during biofilm 

aging, we conducted the experiment for EPS quantification using 96-well and 
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stainless steel. EPS plays a significant role in enhancement of tolerance to 

lethal conditions by protecting bacterial cell which is embedded in EPS 

(Stiefel, Rosenberg, Schneider, Mauerhofer, Maniura-Weber and Ren, 2016). 

Though no significant difference was observed in stainless steel (P>0.05), the 

trend of results is quite similar to results of 96-well that exhibited the 

significant difference among biofilm formation conditions. Oure results 

showed that the amount of EPS increased significantly as biofilm aged in all 

temperature conditions. In contrast to inactivation results, it was observed that 

37℃ resulted in highest value of CV and FITC staining. CV method stains 

not only EPS but also adhered cells so that we can evaluate the total biomass 

constructing biofilm (Flemming et al., 2016). This fact indicates that biofilm 

formed at 37℃ contains substantial amount of biomass. It is well known that 

the optimal temperature for S. aureus metabolism is 37℃ (Le Loir et al., 

2003). The biofilm matrix consists of viable cells, EPS, and Dead cells 

(Flemming and Wingender, 2010; Tang et al., 2018; Webb et al., 2003).  As 

indicated Fig. 1, biofilm cell population decrease from day 1 to day 5. Thus, 

we can make a conclusion that the higher amount CV value at 37℃ is mainly 

due to dead cells. Also, it was reported that poly-N-acetylglucosamine (PNAG) 

and polysaccharide intercellular adhesin (PIA) is one of a main EPS 

component produced by S. aureus (Cramton et al., 1999; Maira-Litrán et al., 
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2002; Rode et al., 2007). Thus, main composition of EPS is not total protein 

contents, but secreted polysaccharide. Considering above facts, the increased 

tolerance to both treatment at 25℃ is mainly due to greater amount of secreted 

polysaccharide. Also, interesting point is that sodium hypochlorite treatment 

did not induce significant further microbial inactivation even in longer 

treatment at 25℃ in day 5. Previous researches have reported the similar 

results (Abdallah, Chataigne, et al., 2014; da Silva Meira et al., 2012a). This 

is because EPS prevent the access of chemical sanitizer to bacterial cells, 

leading to tolerance increase to disinfectants (Bridier et al., 2011). Another 

factor to influence biofilm development is type of abiotic surface (Donlan, 

2002). It was studied that different types of abiotic surface have an influence 

on the biofilm development of L. monocytogenes (Di Bonaventura et al., 2008). 

Also, Sinde and Carballo reported that higher hydrophobic surfaces induce 

greater attachment and biofilm development for Salmonella spp (Sinde and 

Carballo, 2000). However, biofilm formation of S. aureus does not seem to be 

affected by variability of abiotic surfaces. Da Silva Meira et al., found that S. 

aureus maintain relatively constant population regardless of surface type and 

incubation temperature (da Silva Meira et al., 2012a). Also, it was reported 

that no significant difference was observed in the biofilm development 

between stainless steel and polycarbonate (Abdallah, Chataigne, et al., 2014). 
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Though the biofilm development was not affect by the surface type, it is 

evident that biofilm resistance is clearly determined by abiotic surfaces. 

Marques et al., reported that S. aureus cells forming biofilm onto higher 

hydrophobic surfaces showed greater resistance to disinfectants (Marques et 

al., 2007). Besides, it was revealed that S. aureus had different reduction level 

relying on the abiotic surfaces though similar reduction trend was shown  

(Abdallah, Chataigne, et al., 2014). These facts lead to make a conclusion that 

though there would be some difference in reduction levels similar resistance 

trend would be observed if we conducted our experiment on different abiotic 

surfaces. In conclusion, our study showed that biofilm resistance to thermal 

and non-thermal treatment was highly dependent on the temperature and 

biofilm maturation period. We could aware that the condition of 25 ℃ 

rendered highest resistance to biofilm of S. aureus with greater 

exopolysaccharide contents. Though sodium hypochlorite treatment with even 

longer treatment reduce only 1-log population of biofilm cells formed at 25℃ 

in 5 days, steam treatment was quite effective to eliminate the pathogens over 

5-log CFU/cm2. Thus, this study suggests that we need to appropriately 

evaluate temperature and aging effect on biofilm resistance to conduct 

sufficient treatment. Also, this implies that environmental factors have an 

impact on biofilm tolerance, so there still remains a need to carry out the 
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experiment to evaluate the effect of various environmental conditions such a 

pH or nutritional variability. There have been several studies on steam 

treatment to reduce bacteria on the surface of various materials. L. Song 

reported that 5 seconds of steam treatment disinfected S. aureus in biofilm on 

polycarbonate and it is easier to inactivate bacteria when it formed biofilm on 

stainless steel than polycarbonate (Song et al., 2012). Also, Park and Kang 

reveal that S. aureus biofilm on stainless steel was more susceptible than PVC 

when treated with steam (Park et al., 2014). These studies show similar results 

with our study. In general, hydrophobicity was considered to be related to the 

formation of biofilm, but did not show the same tendency for all bacteria (Ban 

et al., 2014b), (Di Ciccio et al., 2015b), (Sonohara et al., 1995), (Tang et al., 

2011). In previous study, S. aureus biofilm formation was more pronounced 

on hydrophobic surface (polypropylene) than hydrophilic surface (stainless 

steel) (Pagedar et al., 2010b). However, conflicting result that there was no 

significant difference between stainless steel and polypropylene when S. 

aureus form biofilm on the surface was also reported (da Silva Meira et al., 

2012b). There was negative linear relationship between surface roughness and 

the efficacy of inactivation using acidic electrolyzed water and peroxyacetic 

acid (Wang et al., 2009). When thermal conductivity and diffusivity were 

higher, it is easier to reduce S. aureus in biofilm by steam treatment. This could 
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be interpreted in two ways. First, if the thermal conductivity was high, when 

one side was steamed, the other side was relatively warmed up quickly, so 

treating both sides of the coupon increases its effectiveness. Also, the heat was 

transmitted through the area where the steam was weak, therefore, the coupon 

with high thermal conductivity could control the bacteria well to the corner. 

Other research also revealed that biofilms formed on coupons  with different 

thermal conductivity were known to be affected differently and biofilms on 

higher thermal conductivity surface such as stainless steel were easier to 

control under steam treatment (Ban et al., 2012; Ban et al., 2014b). In this 

study, inactivation effects of superheated steam treatment on S. aureus in 

biofilm were investigated with respect to various material properties; surface 

hydrophobicity, roughness and thermal conductivity. There was not enough 

evidence that surface hydrophobicity and roughness were affected on steam 

treatment when inactivate S. aureus in biofilm on surface, on the contrary, 

thermal conductivity acted as an important factor. The results of this study 

suggest that SHS treatments has potential as a biofilm control method by the 

food industry. 
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VI. 국문초록 

표면에 세균이 적절히 제거 되지 않았을 경우, 다양한 환경 

조건에서도 균이 바이오필름을 형성하며 특히 식품 산업에서 

식품이나 식품 접촉면에 형성할 수 있어 문제로 대두되고있다. 이 

때, 식품 산업에서 중요한 병원균 중 하나인 황색포도상구균은 

표면에 바이오필름을 형성할 수 있는 대표균 중 하나 이며, 이에 

따른 교차 오염의 위험이 있다. 황색포도상구균을 15°C, 25°C 

그리고 37°C 에서 5 일 동안 바이오필름을 형성시키면서 균의 수 

변화를 확인한 결과, 15°C 나 25°C 에서는 7.0 log CFU/cm2 이상의 

상대적으로 일정한 값을 가지며, 37°C 에서는 1 일 째에 폭발적으로 

증가하지만 그 이후 계속 감소하였다. 증기처리로 열 저항성을 

확인한 결과, 5 일 차에 25°C 를 제외한 모든 조건에서 10 초간 

처리하였을 때, 5 로그 이상 균이 저감화 되었다. 또한 
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차아염소산나트륨 10 ppm 으로 비 열처리를 하였을 때, 25°C 에서는 

약 1 로그의 균 저감화를 보였지만 나머지 조건에서는 2 로그 

이상이 저감화 되었다. 이러한 현상을 설명하기 위해 96-well 

실험에서 25°C 에서 다당류의 분비량이 가장 많았으며, 37°C 에서는 

생산된 총 바이오매스와 단백질의 함량이 가장 높았다. 하지만 

이전 연구에서도 밝혀진 바로는 황색포도상구균이 분비하는 EPS 의 

주성분이 다당류였다. 따라서 우리는 25°C 에서 5 일 동안 형성된 

바이오필름이 외부에 다당류를 가장 많이 분비하여 외부 자극에 

대한 저항성을 갖춘 것이라고 해석할 수 있었다. 이어 우리는 4 

종류의 쿠폰 (스테인리스 강 No.4, 스테인리스 강 2B, 고밀도 

폴리에틸렌, 폴리프로필렌)에서 황색포도상구균이 바이오필름을 

형성하였을 때 이를 100°C 의 포화 증기와 125°C, 150°C 의 초고온 

과열 증기로 불활성화하는 실험을 진행하였다. 또한 증기 처리에 

영향을 미치는 물질적인 요인을 밝히기 위해 각 유형의 쿠폰에 
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거칠기와 소수성 그리고 열전도도를 측정하였다. 모든 종류의 

쿠폰에서 더 높은 온도와 더 많이 과열된 증기가 높은 균의 로그 

저감화를 보였고 검출 한계 이하로 도달하는데 걸리는 시간 또한 

짧았다. 증기 처리를 스틸 계열의 쿠폰에서 형성된 바이오필름에 

하는 것이 플라스티 계열의 쿠폰보다 내부의 균을 더 빠르게 

저감화 할 수 있었다. 본 연구에서 표면의 거칠기와 소수성은 증기 

처리로 쿠폰위에 형성된 바이오필름을 불활성화하는데 영향을 

미치지 않았다. 반면, 열전도도나 열확산율은 증기로 여러 

재질위의 바이오필름을 제어하는 것과 가장 유사한 경향을 보였다. 

높은 열전도도를 가진 쿠폰일수록 저감화 효과가 더 잘 일어났다.  

라서 황색포도상구균이 바이오필름을 형성하여 이를 제어할 때 

초고온 과열증기를 활용할 수 있고, 그 처리시간은 열전도도에 

따라 달라질 수 있다. 

 



59 

` 

주요어: 초고온 과열 증기, 황색포도상구균, 바이오필름, 형성 온도, 
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