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In the natural environment, most microorganisms live in mixed-species biofilms, in which
the metabolism and growth of organisms are different from that in single-species
biofims. Adhesive bacteria and their biofims on the surface of food processing
equipment are the sources of cross-contamination, leading to the risk for humans.
Slightly acidic electrolyzed water (SAEW) has been proposed as a novel sanitizer in the
food and agriculture industry. In this study, we investigated the changes in the physical
properties of SAEW under different conditions and the disinfection abilities of SAEW
against spore-forming and non-spore-forming pathogens. Furthermore, we examined
the disinfection abilities of SAEW after 12 months of shelf life on a mixed-species
biofilm of Listeria monocytogenes Scott A and Staphylococcus aureus. The results
showed that SAEW at 30 and 50 ppm achieved all-kill of the spore-forming pathogen
Bacillus cereus within 30s. Changes in the ACC and pH of the produced SAEW were
generally affected by the storage conditions. Both spore-forming and non-spore-forming
pathogens were not detected under treatment with 50 ppm SAEW for 5min under
HDPE-closed conditions throughout the whole storage period. Moreover, 25 mg/L SAEW
can inactivate L. monocytogenes Scott A and S. aureus biofilm cells in ~2.45 and
2.57 log CFU/mL in biofilms within 5-min treatment. However, the decline of the two
bacteria in the mixed-species biofilm was 1.95 and 1.43 log CFU/mL, respectively. The
changes in the cell membrane permeability of the mixed-species biofilm under treatment
with SAEW were observed by using atomic force microscopy and confocal laser
scanning microscopy. L. monocytogenes Scott A was more sensitive to SAEW in the
mixed-species biofilm cells. These findings exhibited strong antibiofim activities of SAEW
in impairing biofilm cell membranes, decreasing cell density, and eliminating biofilm, which
suggest that SAEW is an excellent antibacterial agent in the food processing industries.
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INTRODUCTION

Biofilm is defined as a 3D extracellular matrix of microbial
community adhered to the surface, which has different bacterial
colonies or single types of cells in a group (Nijjer et al,
2021). This matrix composes extracellular polymeric substances,
eDNA, proteins, and polysaccharides, leading to high antibiotic
resistance (Karygianni et al., 2020). Biofilm is reported to relate
to more than 80% of human chronic and recurrent bacterial
infections and about 60% of foodborne outbreaks (Sharma et al.,
2019). Although biofilms formed by single bacterial species
have been extensively investigated, most microorganisms live in
mixed-species biofilms, in which the growth, metabolism, and
virulence genes’ expressions of organisms are different from that
in single-species biofilms (Hager et al., 2019; Yuan et al., 2020).

Abbreviations: SAEW, Slightly acidic electrolyzed water; ACC, Available
chlorine concentration; HCI, Hydrochloric acid; NaCl, Sodium chloride; HOCI,
Hypochlorous acid; HDPE, High-density polyethylene; PET, Polyethylene
terephthalate; E. coli O157:H7, Escherichia coli O157:H7; B. cereus, Bacillus cereus;
L. monocytogenes Scott A, Listeria monocytogenes Scott A; S. aureus, Staphylococcus
aureus; S. Enteritidis, Salmonella Enteritidis; CLSM, Confocal laser scanning
microscopy; AFM, Atomic force microscopy; PI, Propidium iodide.

A critical concern is whether pathogenic microorganisms
can be protected in the mixed-species biofilms. It has been
demonstrated that the association of L. monocytogenes with
Pseudomonas putida quickened the formation of the mixed-
species biofilm (Whitehead and Verran, 2015), such as the
presence of P. putida increased the resistance to benzalkonium
chloride (a sanitizer) of the biofilms formed by L. monocytogenes
(Ibusquiza et al., 2012). Indeed, biofilms in the food processing
environment have been proved to contribute to the survival
of foodborne pathogens in the food industry’s disinfection
and cleaning procedures, leading to food cross-contamination
(Mazaheri et al, 2021). Listeria monocytogenes is a hardy
gram-positive bacterium, which can form biofilms and tolerate
harsh environmental conditions (Qian et al.,, 2020). Similarly,
Staphylococcus aureus is a gram-positive bacterium that can cause
a wide variety of chronic and acute infections, especially for
the skin (Tong et al, 2015). S. aureus and L. monocytogenes
both cause severe foodborne disease and are commonly found
in food processing environments, including water, fish, meat,
dairy, and meat (Zhao et al., 2017). Several studies have reported
that the two pathogens are commonly found in polymicrobial
communities on various food-contacting surfaces (Rieu et al.,
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2008; Zameer et al., 2010; Lee et al., 2016; Qian et al., 2020). Thus,
it is necessary to explore novel antibiofilm agents to control the
mixed-species biofilm of L. monocytogenes and S. aureus in the
food industry.

During the past few decades, chlorine and chlorine-containing
compounds have long been considered the most popular sanitizer
in the food industry due to their high efficacy and relatively
low cost (Wang et al, 2019). However, chlorine disinfectant,
such as sodium hypochlorite (NaClO), leads to the formation
of disinfection by-products, such as bromoform and chloroform
(Lee and Huang, 2019). Recently, slightly acidic electrolyzed
water (SAEW) has been proposed as a novel and alternative
sanitizer in the food and agriculture industry (Yan et al., 2021a).
SAEW is a solution produced by the electrolysis of HCI alone
or in combination with NaCl in the electrolytic cell without
a diaphragm (Yan et al, 2021b). SAEW exhibits a higher
antimicrobial activity against foodborne pathogens, including
Salmonella Enteritidis, Escherichia coli O157:H7, and Listeria
monocytogenes, compared with the equivalent concentration
of the hypochlorite ion (ClIO™). Meanwhile, the SAEW with
a slightly acidic pH (5.0-6.5) has advantages in reducing
the corrosion of food processing plants, the damage to the
environment, and the effect of chlorine off-gassing on human
health (Ippolito et al., 2021).

Despite these advantages, the application of SAEW was
limited by its instability and its high dependence on equipment.
Based on these limitations, SAEW is usually freshly prepared
before usage. Currently, SAEW can be used for disinfecting food,
the food-connected surface, and clinical applications. Moreover,
the US Environmental Protection Agency has released the
recommendation list of disinfectants, including HOCI against
COVID-19 (Yan et al,, 2021a). Therefore, there are varieties
of EW-based disinfection products on the market. However,
the physical properties of SAEW and its antimicrobial activity
were not thoroughly evaluated during the shelf life. Thus, it
is necessary to evaluate its degradation model. Most SAEW
guidelines include efficiency testing of microbial planktonic pure
cultures, but little is known about their effectiveness on dual
microbial biofilms (Oxaran et al., 2018).

Therefore, the aims of this study were (1) to analyze the
changes in the physical properties of SAEW under different
conditions (material, close, and open), (2) to evaluate the
disinfection abilities of SAEW against spore-forming and non-
spore-forming pathogens, and (3) to investigate the disinfection
abilities of SAEW during 12 months of shelf life on a mixed-
species biofilm formed by L. monocytogenes Scott A and S. aureus
on food-grade stainless steel surfaces.

MATERIALS AND METHODS

Bacterial Cultures and Growth Condition

Bacillus cereus (ATCC 10987), E. coli O157:H7 (ATCC 43895), L.
monocytogenes Scott A (ATCC 43251), S. aureus (ATCC 13565),
and Salmonella Enteritidis (ATCC 13076) were used in this study.
Prior to use, the five strains were activated in brain heart infusion
broth (BHI; Becton Dickinson Diagnostic Systems, Sparks, MD,

USA) at 37°C for 24 h with consecutive transfers. The working
concentration of bacteria was ~9 log CFU/mL.

SAEW Preparation

The SAEW generator used in this study was supplied by Seoulin
Bioscience (Seongnam, South Korea, ecoTree®). The initial
SAEW was produced by electrolysis of 3% diluted hydrochloric
acid solution in an electrolytic cell without membrane at a setting
current of 7 A. The electrolytic cell (80 m x 12.5mm x 0.5T)
contained both cathode (Ti) and anode (IrO,). Water samples
were injected into the mixing tank at a 1.5 mL/min flow rate.
The SAEW was collected after the amperage of generation has
stabilized for 15 min.

Procedure of Storage Experiment

Two different concentrations (30 and 50 ppm) were designed
for the experiment. Changes in the ACC and pH of SAEW were
tested under five different conditions, including close-HDPE-30
ppm, open-HDPE-30 ppm, close-HDPE-50 ppm, open-HDPE-
50 ppm, and open-PET-50 ppm. The five samples were stored
in a refrigerator at 25°C and 60% humidity for 12 months. The
pH and ACC of the samples were measured at 0, 3, 6, 8, 10,
and 12 months after storage. The antibacterial activities were
evaluated at 0, 3, 6, 8, 10, and 12 months after storage by using
B. cereus (ATCC 10987), E. coli O157:H7 (ATCC 43895), L.
monocytogenes Scott A (ATCC 43251), S. aureus (ATCC 13565),
and S. Enteritidis (ATCC 13076) broth culture.

SAEW Treatment of Planktonic Cells

Each selected bacterial cell suspension (1 mL) was added to 9 mL
of five tested SAEW samples and was shaken immediately for
1, 3, and 5min. Then, 1 mL of each sample was transferred to
a 9-mL neutralizing solution tube (0.5% sodium thiosulfate +
0.85% sodium chloride) and reacted for 1, 3, and 5min to stop
SAEW decontamination activity. Samples were serially diluted
(1:10) in 9 mL of buffered peptone water (0.1% BPW; Difco,
Sparks, MD, USA). The bacterial suspensions were spread onto
brain heart infusion plates (BHI; Becton Dickinson Diagnostic
Systems, Sparks, MD, USA). Moreover, the antimicrobial activity
of SAEW (30 and 50 ppm), sodium hypochlorite (200, 500, and
1,000 ppm), and ethanol (59 and 75%) on the E. coli O157:H7, B.
cereus, and S. aureus was tested for 30 s and 1 min by following
the method of Yan et al. (2022).

Biofilm Development

A loopful of L. monocytogenes Scott A (ATCC 43251) and
S. aureus (ATCC 13565) from single colonies were cultured
for 24h at 37°C and adjusted to a concentration of 2 x 10°
CFU/mL. Suspensions (30 pL) of each L. monocytogenes Scott
A or S. aureus and 2.97mL TSB were incubated in 12-well
microtiter plates to form single-species biofilms. Volumes of L.
monocytogenes Scott A (20 wL) and S. aureus (10 wL) and a 2.97-
mL BHI medium were incubated in 12-well microtiter plates to
form mixed-species biofilms. The ratio of L. monocytogenes Scott
A and S. aureus to form mixed-species biofilms was optimized
by preexperiment data shown in Supplementary Figure 1. Sterile
coupons of stainless steel (1 by 1 cm) were placed in each well of
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12-well microtiter plates. The plates were then incubated at 37°C
with 5% CO, for 48 h.

SAEW Treatment of Detached Biofilm

After the mature biofilms formed, the coupons were removed
from the media by sterile forceps followed by rinsing with sterile
0.1% peptone water three times to remove loosely attached cells.
Afterward, the mature biofilms were placed into 4 mL of the
SAEW solution, which then reacted for 5 min.

Quantification of Biofilm Adherence by
Using Crystal Violet Staining

After treatment, biofilm biomass on the coupon was measured
quantitatively using the crystal violet (CV) assay. In brief,
the biofilm of each coupon was slightly dipped in the sterile
phosphate-buffered saline (PBS, pH 7.0) three times to remove
unattached cells. After drying, each coupon was stained with
autoclaved 0.1% (w/v) CV solution for 30 min. The coupons were
then washed and dried as described earlier, and then, the dye
attached to the biofilm cell on the coupon was resolubilized with
95.0% ethanol for 45 min. The optical absorbance of the samples
was measured at 600 nm using a microplate reader (Infinite 200,
Tecan, Switzerland).

Detection of Viable Cells

After treatment, the viable cells in the mixed-species biofilms
were quantified using the plate counting method. In brief, each
coupon was added to 9mL of BPW, vortexed, and then diluted
with BPW in subsequent 10-fold dilution. After serial dilutions,
L. monocytogenes Scott A was spread on the selective oxford agar
(DifcoTM Oxford Medium Base), and S. aureus was spread on
the selective BPA agar (Baird-Parker agar), and then, they were
incubated for 24 h at 37°C.

Atomic Force Microscopy (AFM) and
Confocal Laser Scanning Microscopy
(CLSM)

The biofilm formed by L. monocytogenes Scott A and S. aureus
as mono species or mixed species was further observed by
AFM. Biofilm samples were fixed by adding 1mL of 2.5%
glutaraldehyde and incubating at 4°C overnight. Then, the
dehydrated samples were dried in a dry oven at 50°C for 10 min.
Subsequently, all samples were scanned in the tapping mode,
with the scan rate and step of 1.0 Hz and 2 pm, respectively. Rq
(root mean square roughness) of the captured AFM images was
analyzed by Nanoscope software (version 1.7).

The mixed-species biofilm was further observed by CLSM.
After treatment, the dead and live bacterial cells were stained
with propidium iodide (PI) and Syto-9 (SYT), respectively,
for 30 min (LIVE/DEAD BacLight™ Bacterial Viability Kit,
Molecular Probes, Invitrogen). All samples were observed by
the CLSM equipment (SR-CLSM; LSM880 with Airyscan, ZEISS,
Oberkochen, Germany) to capture microscopic images after
treatment. The 60X objective was used to observe nucleic
acid dye fluorescence excited at 488-636nm and emitted
at 504-523nm. The biofilm images were analyzed by the

ZEN 3.1, and the structural parameters of intensity were
calculated (Tan et al., 2022).

Statistical Analysis

Statistical analysis (mean values of microbial populations, ACC,
and pH from each treatment and measurement) was performed
using IBM SPSS Statistics Version 19 (SPSS Inc., An IBM
Company, Chicago, USA). The significance of the difference was
defined at P < 0.05 using Tukey’s multiple range tests.

RESULTS AND DISCUSSION

Effect of SAEW on Inactivation of E. coli

0157:H7, B. cereus, and S. aureus

The reductions of E. coli O157:H7, B. cereus, and S. aureus in pure
culture treated with three different sanitizers for 30 s and 1 min
are presented in Figure 1. SAEW, sodium hypochlorite, and
ethanol showed a strong antimicrobial activity on the non-spore-
forming pathogens in 30 s and 1 min. Whereas, SAEW achieved
all-kill of the spore-forming pathogen B. cereus within 30s,
other disinfectant agents showed 2.14-7.62 CFU log/mL against
bacteria. The reason might be that the spore-forming bacterial
cytoplasm was difficult to be penetrated by most chemicals within
a short time except for SAEW (Hussain et al., 2019). In addition,
the difference observed between NaOCl and SAEW might be
that the available chlorine in sodium hypochlorite with a pH
value of 8.0 is mainly in the form of OCI~, while the main
active gradient is HOCI (Dewi et al., 2017). It was reported
that HOCI is 80-100 times more effective than hypochlorite
ion (OCI7). SAEW showed a higher performance with a
significant difference between NaOCI and ethanol, according to
our results.

Effects of Storage Condition on the SAEW

Physical Properties
The degradation of the ACC of SAEW under the five different
storage conditions is shown in Figure 2A. The SAEW showed
a downward trend for five storage conditions during the
12-month storage period. It was found that the samples
stored under closed conditions were more stable than those
stored under open conditions, which is consistent with
the findings of Wang et al. (2019). The closed condition
can effectively inhibit the gas flow rate and reduce the
volatilization rate of Cl,, thus inhibiting the attenuation
of ACC in degree (Len et al, 2002). Furthermore, the
material bottle has a significant effect on the ACC decline
rate, and the degradation of ACC was slower in the HDPE
bottle than in the PET bottle. The ACC of SAEW packaged
with PET materials decreased significantly from 3 months,
declining to 22 ppm. The reason might be that polyethylene
terephthalate (PET) is clear, while high-density polyethylene
(HDPE) is opaque. Some previous papers studied that
light can affect the stability of ACC for chlorine-containing
disinfectants (Mohammadi and Ebadi, 2021).

The changes in pH of SAEW under the five different storage
conditions are shown in Figure 2B. The pH of the SAEW
all sharply decreased during the 12-month storage under the

Frontiers in Microbiology | www.frontiersin.org

May 2022 | Volume 13 | Article 865918


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Yan et al. SAEW and Mixed-Species Biofilm

A —
-
£ 10-
= E= NaOCI-200 ppm
o 2 a a @
o 81H NaOCI-500 ppm
3 |B SN NaOCI-1000 ppm
8 615 Ethanol(59%)
£ q = Bl Ethanol(75%)
S = == EW-30
§ 248 EA EW-50
© =
=] —
T 0
(4]
14

B
-
£ 10-
..3 = E3 NaOCI-200 ppm
o 8- NaOCI-500 ppm
3 NaOCI-1000 ppm
mEy Ethanol(59%)
2 Bm Ethanol(75%)
s == EW-30
s E& EW-50
B
=]
e
(]
14

C
3
£ 10-
..3 . = E3 NaOCI-200 ppm
o 8] & § NaOCI-500 ppm
3 |B NaOCI-1000 ppm
e 615 Ethanol(59%)
2 , = Bm Ethanol(75%)
s = == EW-30
§ 248 EA EW-50
s |B
T 0=
(]
(14

FIGURE 1 | Effect of SAEW, sodium chlorite, and ethanol on E. coli (A), B. cereus (B), and S. aureus (C). NaOCI, sodium chlorite. Error bars indicate the standard
deviations of three measurements, and the different letters represent the significant difference (o < 0.05).
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FIGURE 2 | (A,B) Effect of storage condition on available chlorine concentration (ppm) and pH of SAEW during 12-month storage. Values are expressed as the
means =+ standard deviations (n = 3).

opened condition, whereas it changed by only 0.29 and 0.51 for ~ pH of the SAEW with 50 ppm decreased markedly to below 5.0,
storage under the closed-50 ppm and closed-30 ppm conditions, ~ which is beyond the pH range of SAEW. In contrast, Rahman
respectively. Furthermore, under the open storage condition, the et al. reported that the pH of low-concentration electrolyzed

Frontiers in Microbiology | www.frontiersin.org (] May 2022 | Volume 13 | Article 865918


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Yan et al. SAEW and Mixed-Species Biofilm

1 min 3 min 5 min

Reduction bacteria (Log cfu/mL)

Pl By & ‘e
a >
Reduction bacteria (Log cfu/mL)
I
Reduction bacteria (Log cfu/mL)

> p » o o

. v + v Y . : ; . }
OMonth 3Month 6Month 9Month 12 Month OMonth 3Month 6Month 9Month 12 Month OMonth 3Month 6Month 9Month 12 Month

Reduction bacteria (Log cfu/mL)
2 ¢ 2
j ﬁ |
Reduction bacteria (Log cfu/mL)
s w4
Reduction bacteria (Log cfu/mL)
o B e @

OMonth 3Month 6Month 9Month 12 Month OMonth 3Month 6Month 9Month 12 Month OMonth 3Month GMonth 9 Month 12 Month

Reduction bacteria (Log cfu/mL)

-

P s o e °

/% o

Reduction bacteria (Log cfu/mL)
e oy O

Reduction bacteria (Log cfu/mL)
P > 9 O

OMonth 3Month 6Month 9Month 12Month OMonth 3Month 6Month 9Month 12Month OMonth 3Month 6Month 9Month 12 Month

Reduction bacteria (Log cfu/mL)
b I ]
& |
Reduction bacteria (Log cfu/mL)
ol ub> ¢ %
Reduction bacteria (Log cfu/mL)
B T o9 9

OMonth 3Month 6Month 9Month 12Month OMonth 3Month 6Month 9Month 12 Month OMonth 3Month 6Month 9Month 12Month

Reduction bacteria (Log cfu/mL)
e e e
/j m
Reduction bacteria (Log cfu/mL)
B r 2
Reduction bacteria (Log cfu/mL)
L JI R,

OMonth 3Month 6Month 9Month 12Month OMonth 3Month 6Month 9Month 12 Month

HDPE 50 ppm(close)
HDPE 30 ppm(open )
HDPE 50 ppm(open)
PET 50 ppm(open)
HDPE 30 ppm(close)

OMonth 3Month 6Month 9Month 12 Month

ettt

FIGURE 3 | Bactericidal activity of SAEW for 1-, 3-, and 5-min treatment against E. coli O157:H7, B. cereus, L. monocytogenes Scott A, S. aureus, and S. Enteritidis
during 12-month storage. (A) (E. coli O157:H7), (B) (B. cereus), (C) (S. aureus), (D) (L. monocytogenes Scott A), and (E) (S. enteritidis). Values are expressed as the
means =+ standard deviations (n = 3).
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FIGURE 4 | Effect of SAEW on the Staphylococcus aureus, Listeria monocytogenes Scott A, and mixed-species biofilms on the stainless steel surfaces. (A) Crystal
violet staining; (B) CFU numbers. The plate counting method was used for the selective agar for Staphylococcus aureus (Baird—-Parker agar) and Listeria
monocytogenes Scott A (selective oxford agar). LM, Listeria monocytogenes Scott A; SA, Staphylococcus aureus; LM+SA, mixed-species biofilms of Listeria
monocytogenes Scott A and Staphylococcus aureus. Values are expressed as the means + standard deviations (n = 3). Different letters represent the significant
difference (p < 0.05).
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FIGURE 5 | Atomic force microscopy images of the changes in the spatial structures of the single S. aureus, L. monocytogenes Scott A, and mixed-species biofilms
under SAEW treatment. Control group [(A) S. aureus, (C) L. monocytogenes Scott A, (E) mixed-species biofims] and treatment group [(B) S. aureus, (D) L.
monocytogenes Scott A, (F) mixed-species biofilms]. Scale bar = 1.0 wm; Rq, root mean square roughness.

water (LcEW) (pH 6.8; ACC 10 ppm) increased in both closed
and open storage (Rahman et al, 2012). With open storage,
chlorine loss followed first-order kinetics by evaporation (Quan
et al,, 2010). SAEW exposed to the atmosphere showed a greater
reduction in oxygen and chlorine than that kept in closed
condition during longer storage. In theory, the decay of ACC is
the decomposition of HCIO and the volatilization of Cl,, where
deprotonation of HOCI forms OCI™ and a solvated HT (Busch
et al,, 2019). In addition, the main available chlorine compound
of SAEW is HCIO and OCI™ at a pH of 5.0 to 6.5. Therein,
HCIO is not the main effective form of chlorine in electrolyzed
water with decreased pH. Overall, the best condition in this study
to maintain ACC stability and acceptable pH was the closed
condition in the HDPE material bottle, declining by 50.9% of
ACC at 50 ppm after 12-month storage.

Bactericidal Activity of SAEW Under

Storage Conditions

Figure 3 shows the bactericidal activity of SAEWs under opened
and closed storage conditions against spore-forming bacteria
(B. cereus) and non-spore-forming bacteria (E. coli O157:H7, L.
monocytogenes Scott A, S. aureus, S. Enteritidis) at the different
treatment times (1, 3, and 5min). Figure 3 indicates that the
storage time and the condition of SAEW have a significant effect
on the reduction of the above five pathogens. SAEW under
the 30 ppm-HDPE-open condition in 6 months maintained
bactericidal activities against the cell culture of the five strains.

However, under the 50 ppm-HDPE-closed condition, neither
non-spore-forming pathogens were detectable throughout the
whole storage period. These results are consistent with previous
studies following Rahman and Quan (Quan et al., 2010). The
chlorine loss rate of SAEW was highest when stored under an
open, diffused light, and agitated condition (Rahman et al., 2016;
Mohammadi and Ebadi, 2021). Rahman et al. reported that
LcEW maintained bactericidal activities against cell suspensions
of L. monocytogenes and E. coli O157:H7 up to 14 days under
closed and 7 days under open storage conditions (Rahman
et al,, 2012). In addition, both ACC and dipping time have
a significant effect on the reduction of E. coli O157:H7, B.
cereus, L. monocytogenes Scott A, S. aureus, and S. Enteritidis.
The bactericidal effect of all SAEW samples was enhanced with
the increase in dipping time. Regardless of treatment time,
SAEW at 50 ppm showed a significant reduction compared with
SAEW at 30 ppm.

Eradication Efficiency of SAEW Against

Mixed-Species Biofilms

The interaction between different coexisting species remarkably
results in the structural and functional characteristics of the
multi-species biofilm (Tan et al., 2017). These multi-species
interactions may be neutral, antagonistic, or communalistic,
depending on the strains and the various environmental
conditions (Rodriguez-Melcon et al., 2021). The mixed-species
biofilm of L. monocytogenes Scott A and S. aureus was selected for
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further biofilm experiments based on the preliminary data (data
not shown). L. monocytogenes and S. aureus can produce and
adhere to biofilms on most materials and are encountered in food
production plants under almost all environmental conditions.

In this study, S. aureus and L. monocytogenes were able
to grow to form the single- and mixed-species biofilms on
the stainless steel surfaces under the experimental conditions
shown in Supplementary Figure 1. The optimization condition
to form mixed-species biofilm is the ratio of 1:2 after 48-h
incubation. The biovolume and cell numbers of mixed-species
biofilm were greater in each single biofilm. It should be noted
that S. aureus was the predominant species in the mixed-species
biofilm. Studies by other researchers also give support for some

microorganisms that can take over in the mixed-species biofilms
(da Silva Fernandes et al., 2015; Oxaran et al., 2018; Qian et al.,
2020).

The effect of SAEW on the eradication potency against the
mono- and mixed-species biofilm is presented in Figure 4. In
Figure 4A, the biofilm biomass was determined to be 0.98, 2.46,
and 3.04 (ODggp nm) in the L. monocytogenes Scott A, S. aureus,
and the mixed-species biofilm, respectively. SAEW treatment
decreased the biomass to 0.50, 1.46, and 1.99, and the decreased
degree reached 48.98, 40.65, and 34.54%, respectively. Similarly,
the cell numbers in the mixed-species biofilm of L. monocytogenes
Scott A and S. aureus in the control group were ~8.0 log
CFU/cm?, whose strains had the strong biofilm-forming ability.
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SAEW at 25 mg/L can inactivate L. monocytogenes Scott A and S.
aureus in ~2.45 and 2.57 log CFU/mL in biofilms within 5 min.
However, the decline of the two bacteria in the mixed species
biofilm was 1.95 and 1.43 log CFU/mL, respectively. Mixed-
species biofilms were more significantly resistant to SAEW than
single-species biofilms after treatment with 25 mg/L SAEW (Liu
et al., 2021). Therefore, SAEW still had a bactericidal effect on
the mono- and mixed-species biofilms after being stored for
12 months.

Changes in Cell Membrane Permeability of
Mixed-Species Biofilm

To further verify the effect that SAEW eradicated the mono- and
mixed-species biofilms, AFM and CLSM were used to visualize
the eradication efficiency of SAEW on mixed-species biofilm
at the microscopic level. The S. aureus, L. monocytogenes Scott
A, and mixed-species biofilms cells were densely packed with
the biofilm thickness (359.2, 322.0, and 495.5 nm, respectively)
in the control group shown in Figure5. Notably, the cell
density of single S. aureus and L. monocytogenes Scott A
biofilm was decreased, and some cells began to shrink after
SAEW treatment. SAEW treatment significantly reduced the
average thickness of cells and biofilm, and biofilm distribution
became sporadic. However, L. monocytogenes Scott A was more
sensitive to exposure to SAEW in the mixed-species biofilms
cells, in which the morphology has changed. Some authors have
observed that some bacterial species such as S. aureus showed
greater resistance to antimicrobials in mixed-species biofilms
than in single-species biofilms (Oxaran et al, 2018; Carolus
et al, 2019). Furthermore, the root mean square roughness
(Rq) of the S. aureus, L. monocytogenes Scott A, and mixed-
species biofilms was significantly reduced from 97.9 to 82.8 nm,
71.2 to 61.3nm, and 114 to 91.5nm, respectively. The Rq is
one important parameter to characterize the surface texture
roughness of biofilm, and its decline will significantly reduce
the bacterial adhesion on the contact surface (Wu et al., 2018).
Tan et al. reported that SAEW coupled with photodynamic
inactivation reduced the Rq value on the surface and weakened
the connection between the mixed-species biofilms (Tan et al.,
2022).

Similar results were also observed in the three-dimensional
structure images by using a confocal laser scanning microscope
(CLSM), as shown in Figure 6. The CLSM analysis depicted
live bacteria with intact membrane stained green by SYTO9
but non-viable bacteria with damaged membrane stained red
by propidium iodide (Ong et al., 2019). In the control group,
the mixed-species biofilm in densely populated communities
is attached to the surface without membrane damage. After
SAEW treatment, the biofilms were reduced and showed
uneven distribution structures. Furthermore, the intensity of the
green channel of mixed-species biofilm significantly decreased
after 5-min of SAEW treatment. Notably, the biofilms of the
top three-dimensional structures were largely reduced, and
scattered structures were observed, mainly due to the strong
oxidative ability of the HOCI compound directly reacting with
the top layer. Several authors have observed that SAEW has

the bactericidal activity against Enterococcus faecalis biofilms,
Vibrio parahaemolyticus biofilms, and Klebsiella oxytoca biofilms
(Cheng et al, 2016; Li et al., 2020; Liu et al, 2021). Based
on the above results, we first confirmed the eradication
effects of SAEW after a shelf life of 12 months on the
mixed-species biofilm from the perspective of micro and
macro levels.

CONCLUSION

To our knowledge, this is the first study to assess the effects
of SAEW on the mixed-species biofilms of S. aureus and
L. monocytogenes Scott A during a shelf life of 12 months.
The changes in physical properties and antimicrobial activity
of SAEW are highly dependent on the storage time and
conditions, including the material and open-closed environment.
Neither spore-forming nor non-spore-forming pathogens were
detectable for a 5-min reaction throughout the whole storage
period under HDPE-closed conditions of 50 ppm SAEW.
Furthermore, the responses of the mono-species biofilms of
S. aureus and L. monocytogenes Scott A were significantly
different from the mixed-species biofilm of both S. aureus
and L. monocytogenes Scott A with the treatment of SAEW
under 12-month storage. SAEW has strong activities to inhibit
biofilm formation by preventing surface adhesions and impairing
biofilm cell membrane integrities. Mixed-species biofilms were
more significantly resistant to SAEW than single-species
biofilms after SAEW treatment. These findings will provide a
scientific basis for the research of SAEW on the antimicrobial
activity and the removal of mixed-species biofilm during the

shelf life.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Materials, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

PY was involved in the investigation, data curation, formal
analysis, and writing-original draft. RC was involved in writing-
review and editing. K-hJ, XC, H-y], and VS were involved in
the investigation. DO was involved in project administration and
supervision. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by Brain Korea (BK) 21 Plus Project
(Grant No. 4299990913942) funded by the Korean Government,
Korea, the Collabo Project funded by the Ministry of SMEs and
Startups (Grant No. C1016120-01-02), and the National Research
Foundation of Korea (NRF) (Grant No. 2018007551).

Frontiers in Microbiology | www.frontiersin.org

11

May 2022 | Volume 13 | Article 865918


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Yan et al.

SAEW and Mixed-Species Biofilm

ACKNOWLEDGMENTS

The authors would like to thank Hyun-Ah Lee at the Central
Laboratory of the Kangwon National University for instructions
and technical support with a SR-CLSM analysis.

REFERENCES

Busch, M., Simic, N., and Ahlberg, E. (2019). Exploring the mechanism of
hypochlorous acid decomposition in aqueous solutions. Phys. Chem. Chem.
Phys. 21, 19342-19348. doi: 10.1039/C9CP03439K

Carolus, H., Van Dyck, K., and Van Dijck, P. (2019). Candida albicans and
Staphylococcus species: a threatening twosome. Front. microbiol. 10, 2162.
doi: 10.3389/fmicb.2019.02162

Cheng, X., Tian, Y., Zhao, C., Qu, T., Ma, C,, Liu, X,, et al. (2016). Bactericidal effect
of strong acid electrolyzed water against flow enterococcus faecalis biofilms. J.
Endod. 42, 1120-1125. doi: 10.1016/j.joen.2016.04.009

da Silva Fernandes, M., Kabuki, D. Y., and Kuaye, A. Y. (2015). Behavior of
Listeria monocytogenes in a multi-species biofilm with Enterococcus faecalis and
Enterococcus faecium and control through sanitation procedures. Int. J. Food
Microbiol. 200, 5-12. doi: 10.1016/j.ijfoodmicro.2015.01.003

Dewi, F. R, Stanley, R., Powell, S. M., and Burke, C. M. (2017). Application
of electrolysed oxidising water as a sanitiser to extend the shelf-life
of seafood products: a review. J. Food Sci. Technol. 54, 1321-1332.
doi: 10.1007/s13197-017-2577-9

Hager, C. L., Isham, N, Schrom, K. P., Chandra, J., McCormick, T.,
Miyagi, M., et al. (2019). Effects of a novel probiotic combination on
pathogenic bacterial-fungal polymicrobial biofilms. MBio 10, €00338-e00319.
doi: 10.1128/mBi0.00338-19

Hussain, M. S., Kwon, M., Park, E.-j., Seheli, K., Huque, R., and Oh, D.-H.
(2019). Disinfection of Bacillus cereus biofilms on leafy green vegetables with
slightly acidic electrolyzed water, ultrasound and mild heat. LWT 116, 108582.
doi: 10.1016/j.1wt.2019.108582

Ibusquiza, P. S., Herrera, J. J., Vazquez-Sanchez, D., and Cabo, M. L. (2012).
Adherence kinetics, resistance to benzalkonium chloride and microscopic
analysis of mixed biofilms formed by Listeria monocytogenes and Pseudomonas
putida. Food Control 25, 202-210. doi: 10.1016/j.foodcont.2011.10.002

Ippolito, A., Mincuzzi, A., Surano, A., Youssef, K., and Sanzani, S. M. (2021).
“Electrolyzed water as a potential agent for controlling postharvest decay of
fruits and vegetables,” in Postharvest Pathology, eds D. Spadaro, S. Droby, and
M. L. Gullino (Springer), 181-202.

Karygianni, L., Ren, Z., Koo, H., and Thurnheer, T. (2020). Biofilm matrixome:
extracellular components in structured microbial communities. Trends
Microbiol. 28, 668-681. doi: 10.1016/.tim.2020.03.016

Lee, S., Cappato, L., Corassin, C., Cruz, A, and Oliveira, C. (2016). Effect
of peracetic acid on biofilms formed by Staphylococcus aureus and Listeria
monocytogenes isolated from dairy plants. Int. J. Dairy Sci. 99, 2384-2390.
doi: 10.3168/jds.2015-10007

Lee, W.-N,, and Huang, C.-H. (2019). Formation of disinfection byproducts in
wash water and lettuce by washing with sodium hypochlorite and peracetic acid
sanitizers. Food Chemistry X 1, 100003. doi: 10.1016/j.fochx.2018.100003

Len, S.-V., Hung, Y.-C., Chung, D., Anderson, J. L., Erickson, M. C., and Morita,
K. (2002). Effects of storage conditions and pH on chlorine loss in electrolyzed
oxidizing (EO) water. J. Agric. Food Chem. 50, 209-212. doi: 10.1021/jf010822v

Li, Y, Tan, L, Guo, L., Zhang, P., Malakar, P. K, Ahmed, F., et al
(2020). Acidic electrolyzed water more effectively breaks down mature
Vibrio parahaemolyticus biofilm than DNase 1. Food Control 117, 107312.
doi: 10.1016/j.foodcont.2020.107312

Liu, F,, Tang, C., Wang, D., Sun, Z., Du, L., and Wang, D. (2021). The synergistic
effects of phenyllactic acid and slightly acid electrolyzed water to effectively
inactivate Klebsiella oxytoca planktonic and biofilm cells. Food Control 125,
107804. doi: 10.1016/j.foodcont.2020.107804

Mazaheri, T., Cervantes-Huaman, B. R., Bermudez-Capdevila, M., Ripolles-Avila,
C., and Rodriguez-Jerez, J. J. (2021). Listeria monocytogenes biofilms in the food

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2022.865918/full#supplementary-material

industry: is the current hygiene program sufficient to combat the persistence of
the pathogen? Microorganisms 9, 181. doi: 10.3390/microorganisms9010181

Mohammadi, S., and Ebadi, T. (2021). Production of a water disinfectant
by membrane electrolysis of brine solution and evaluation of its
quality change during the storage time. Arab. J. Chem. 14, 102925.
doi: 10.1016/j.arabjc.2020.102925

Nijjer, J., Li, C., Zhang, Q., Lu, H., Zhang, S., and Yan, J. (2021). Mechanical forces
drive a reorientation cascade leading to biofilm self-patterning. Nat. Commun.
12, 1-9. doi: 10.1038/541467-021-26869-6

Ong, T. H., Chitra, E., Ramamurthy, S., Ling, C. C. S,, Ambu, S. P, and
Davamani, F. (2019). Cationic chitosan-propolis nanoparticles alter the zeta
potential of S. epidermidis, inhibit biofilm formation by modulating gene
expression and exhibit synergism with antibiotics. PLoS ONE 14, €0213079.
doi: 10.1371/journal.pone.0213079 eCollection 2019

Oxaran, V., Dittmann, K. K, Lee, S. H., Chaul, L. T. Fernandes de
Oliveira, C. A., Corassin, C. H., et al. (2018). Behavior of foodborne
pathogens Listeria monocytogenes and Staphylococcus aureus in mixed-species
biofilms exposed to biocides. Appl. Environ. Microbiol. 84, €02038-e02018.
doi: 10.1128/AEM.02038-18

Qian, W., Liu, M., Fu, Y., Zhang, J, Liu, W, Li, J, et al. (2020).
Antimicrobial mechanism of luteolin against Staphylococcus aureus and Listeria
monocytogenes and its antibiofilm properties. Microb. Pathog. 142, 104056.
doi: 10.1016/j.micpath.2020.104056

Quan, Y., Choi, K.-D., Chung, D., and Shin, L-S. (2010). Evaluation of
bactericidal activity of weakly acidic electrolyzed water (WAEW) against Vibrio
vulnificus and Vibrio parahaemolyticus. Int. J. Food Microbiol. 136, 255-260.
doi: 10.1016/j.ijfoodmicro.2009.11.005

Rahman, S., Khan, I, and Oh, D. H. (2016). Electrolyzed water as a novel sanitizer
in the food industry: current trends and future perspectives. Compr Rev Food
Sci Food Saf. 15, 471-490. doi: 10.1111/1541-4337.12200

Rahman, S., Park, J. H., Wang, J, and Oh, D.-H. (2012). Stability
of low concentration electrolyzed water and its sanitization
potential against foodborne pathogens. J. Food Eng 113, 548-553.
doi: 10.1016/j.jfoodeng.2012.07.011

Rieu, A., Lemaitre, J.-P., Guzzo, J., and Piveteau, P. (2008). Interactions in
dual species biofilms between Listeria monocytogenes EGD-e and several
strains of Staphylococcus aureus. Int. ]J. Food Microbiol. 126, 76-82.
doi: 10.1016/j.ijfoodmicro.2008.05.006

Rodriguez-Melcon, C., Alonso-Hernando, A., Riesco-Peldez, F., Garcia-
Fernandez, C., Alonso-Calleja, C., and Capita, R. (2021). Biovolume and spatial
distribution of foodborne Gram-negative and Gram-positive pathogenic
bacteria in mono-and dual-species biofilms. Food Microbiol. 94, 103616.
doi: 10.1016/.fm.2020.103616

Sharma, D., Misba, L., and Khan, A. U. (2019). Antibiotics versus biofilm: an
emerging battleground in microbial communities. Antimicrob. Resist. Infect.
Control. 8, 1-10. doi: 10.1186/s13756-019-0533-3

Tan, L., Zhao, Y., Li, Y., Peng, Z., He, T., Liu, Y., et al. (2022). Potent eradication
of mixed-species biofilms using photodynamic inactivation coupled with
slightly alkaline electrolyzed water. LWT 155, 112958. doi: 10.1016/j.lwt.2021.1
12958

Tan, Y., Leonhard, M., and Schneider-Stickler, B. (2017). Evaluation of culture
conditions for mixed biofilm formation with clinically isolated non-albicans
Candida species and Staphylococcus epidermidis on silicone. Microb. Pathog.
112, 215-220. doi: 10.1016/j.micpath.2017.10.002

Tong, S. Y., Davis, J. S., Eichenberger, E., Holland, T. L., and Fowler Jr, V.
G. (2015). Staphylococcus aureus infections: epidemiology, pathophysiology,
clinical manifestations, and management. Clin. Microbiol. Rev. 28, 603-661.
doi: 10.1128/CMR.00134-14

Frontiers in Microbiology | www.frontiersin.org

May 2022 | Volume 13 | Article 865918


https://www.frontiersin.org/articles/10.3389/fmicb.2022.865918/full#supplementary-material
https://doi.org/10.1039/C9CP03439K
https://doi.org/10.3389/fmicb.2019.02162
https://doi.org/10.1016/j.joen.2016.04.009
https://doi.org/10.1016/j.ijfoodmicro.2015.01.003
https://doi.org/10.1007/s13197-017-2577-9
https://doi.org/10.1128/mBio.00338-19
https://doi.org/10.1016/j.lwt.2019.108582
https://doi.org/10.1016/j.foodcont.2011.10.002
https://doi.org/10.1016/j.tim.2020.03.016
https://doi.org/10.3168/jds.2015-10007
https://doi.org/10.1016/j.fochx.2018.100003
https://doi.org/10.1021/jf010822v
https://doi.org/10.1016/j.foodcont.2020.107312
https://doi.org/10.1016/j.foodcont.2020.107804
https://doi.org/10.3390/microorganisms9010181
https://doi.org/10.1016/j.arabjc.2020.102925
https://doi.org/10.1038/s41467-021-26869-6
https://doi.org/10.1371/journal.pone.0213079
https://doi.org/10.1128/AEM.02038-18
https://doi.org/10.1016/j.micpath.2020.104056
https://doi.org/10.1016/j.ijfoodmicro.2009.11.005
https://doi.org/10.1111/1541-4337.12200
https://doi.org/10.1016/j.jfoodeng.2012.07.011
https://doi.org/10.1016/j.ijfoodmicro.2008.05.006
https://doi.org/10.1016/j.fm.2020.103616
https://doi.org/10.1186/s13756-019-0533-3
https://doi.org/10.1016/j.lwt.2021.112958
https://doi.org/10.1016/j.micpath.2017.10.002
https://doi.org/10.1128/CMR.00134-14
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Yan et al.

SAEW and Mixed-Species Biofilm

Wang, H., Duan, D., Wu, Z,, Xue, S., Xu, X., and Zhou, G. (2019). Primary concerns
regarding the application of electrolyzed water in the meat industry. Food
Control 95, 50-56. doi: 10.1016/j.foodcont.2018.07.049

Whitehead, K. A., and Verran, J. (2015). Formation, architecture and functionality
of microbial biofilms in the food industry. Curr. Opin. Food Sci. 2, 84-91.
doi: 10.1016/j.cofs.2015.02.003

Wu, S., Altenried, S., Zogg, A., Zuber, F., Maniura-Weber, K., and Ren,
Q. (2018). Role of the surface nanoscale roughness of stainless steel on
bacterial adhesion and microcolony formation. ACS omega 3, 6456-6464.
doi: 10.1021/acsomega.8b00769

Yan, P., Chelliah, R., and Oh, D. H. (2021a). Research trends on the application
of electrolyzed water in food preservation and sanitation. Processes 9, 2240.
doi: 10.3390/pr9122240

Yan, P., Dalirii E. B.-M., and Oh, D.-H. (2021b). New clinical
applications of electrolyzed water: a review. Microorganisms 9, 136.
doi: 10.3390/microorganisms9010136

Yan, P., Jo, H. Y., and Oh, D. H. (2022). Optimization and effect of water hardness
for the production of slightly acidic electrolyzed water on sanitization efficacy.
Front. Microbiol. 13, 816671. doi: 10.3389/fmicb.2022.816671

Yuan, L., Hansen, M. F., Roder, H. L., Wang, N., Burmelle, M., and He,
G. (2020). Mixed-species biofilms in the food industry: current knowledge
and novel control strategies. Crit. Rev. Food Sci. Nutr. 60, 2277-2293.
doi: 10.1080/10408398.2019.1632790

Zameer, F., Kreft, ]., and Gopal, S. (2010). Interaction of Listeria monocytogenes and
Staphylococcus epidermidis in dual species biofilms. J. Food Saf. 30, 954-968.
doi: 10.1111/j.1745-4565.2010.00254.x

Zhao, X., Zhen, Z., Wang, X., and Guo, N. (2017). Synergy of a combination of
nisin and citric acid against Staphylococcus aureus and Listeria monocytogenes.
Food Addit. Contam. Part A Chem. Anal. Control Expo. Risk Assess. 34,
2058-2068. doi: 10.1080/19440049.2017.1366076

Conflict of Interest: PY, RC, K-h], H-y], and DO were employed by SeouLin
Bioscience Company and Limited.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Yan, Chelliah, Jo, Selvakumar, Chen, Jo and Oh. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org

13

May 2022 | Volume 13 | Article 865918


https://doi.org/10.1016/j.foodcont.2018.07.049
https://doi.org/10.1016/j.cofs.2015.02.003
https://doi.org/10.1021/acsomega.8b00769
https://doi.org/10.3390/pr9122240
https://doi.org/10.3390/microorganisms9010136
https://doi.org/10.3389/fmicb.2022.816671
https://doi.org/10.1080/10408398.2019.1632790
https://doi.org/10.1111/j.1745-4565.2010.00254.x
https://doi.org/10.1080/19440049.2017.1366076
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

	Stability and Antibiofilm Efficiency of Slightly Acidic Electrolyzed Water Against Mixed-Species of Listeria monocytogenes and Staphylococcus aureus
	Introduction
	Materials and Methods
	Bacterial Cultures and Growth Condition
	SAEW Preparation
	Procedure of Storage Experiment
	SAEW Treatment of Planktonic Cells
	Biofilm Development
	SAEW Treatment of Detached Biofilm
	Quantification of Biofilm Adherence by Using Crystal Violet Staining
	Detection of Viable Cells
	Atomic Force Microscopy (AFM) and Confocal Laser Scanning Microscopy (CLSM)
	Statistical Analysis

	Results and Discussion
	Effect of SAEW on Inactivation of E. coli O157:H7, B. cereus, and S. aureus
	Effects of Storage Condition on the SAEW Physical Properties
	Bactericidal Activity of SAEW Under Storage Conditions
	Eradication Efficiency of SAEW Against Mixed-Species Biofilms
	Changes in Cell Membrane Permeability of Mixed-Species Biofilm

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


