
OR I G I N A L A R T I C L E

Impact of gas ultrafine bubbles on the efficacy of
antimicrobials for eliminating fresh and aged Listeria
monocytogenes biofilms on dairy processing surfaces

Phoebe Unger | Amninder Singh Sekhon | Sonali Sharma | Alexander Lampien |

Minto Michael

School of Food Science, Washington State

University, Pullman, Washington, USA

Correspondence

Minto Michael, School of Food Science,

Washington State University, Pullman,

WA 99164, USA.

Email: minto.michael@wsu.edu

Funding information

BUILD Dairy program of the Western Dairy

Center

Abstract

Ultrafine bubbles (UFB) are a novel concept that has the potential to enhance the

potency of antimicrobials to eliminate biofilms. This study investigated the impact of

incorporating gas (air, CO2, and N2) UFB on the potency of chlorine (Cl2; 50, 100, and

200 ppm) and peracetic acid (PAA; 20, 40, and 80 ppm) antimicrobial (AM) solutions

against fresh (3 days) and aged (30 days) Listeria monocytogenes biofilms on

polypropylene, silicone, and stainless steel surfaces. Listeria monocytogenes biofilms

were statically grown on polypropylene, silicone, and stainless steel coupons

(7.62 � 2.54 cm) at 25�C for 3 or 30 days, by immersing in a three-strain cocktail of

L. monocytogenes in brain heart infusion (BHI) broth. The coupons were treated by

submerging in AM solutions with or without UFB for 1 min, then swabbed into

Dey-Engley neutralizing broth and enumerated on BHI agar. Incorporation of air,

CO2, and N2 UFB in AM solutions resulted in significantly increased log reductions

(0.4–1.5 logs) of fresh and aged L. monocytogenes biofilms on polypropylene and

stainless steel surfaces, whereas incorporation of CO2 UFB in AM solutions resulted

in �1 log greater reductions of fresh and aged L. monocytogenes biofilms on silicone

surfaces compared with AM solutions without UFB. This study also demonstrated

that 200 ppm Cl2 was most effective against fresh and aged L. monocytogenes bio-

films on polypropylene, silicone, and stainless steel surfaces compared with 50 ppm

Cl2, 20 ppm PAA, and 40 ppm PAA.

1 | INTRODUCTION

Listeria monocytogenes is a gram-positive rod (0.5–4 μm in diameter and

0.5–2 μm in length), nonspore forming, facultative anaerobic bacteria

(Osek et al., 2022). It is a ubiquitous bacterium that can be found in

moist environments, soil, water, animals, and can survive and even grow

under refrigeration (FDA, 2022). According to the Centers for Disease

Control (CDC), an estimated 1600 people get listeriosis, an infection

usually caused by the consumption of eating contaminated food with

L. monocytogenes, and roughly 260 die each year in the United States

(CDC, 2022a; Scallan et al., 2011). Elderly, pregnant women, newborns,

and individuals with weakened immune systems are most severely

affected by the disease (CDC, 2022a, 2022b), and common clinical con-

sequences of listeriosis include but are not limited to; sepsis, meningitis,

endocarditis, septicemia, brain infection, miscarriage, and stillbirth

(Matle et al., 2020). The success of L. monocytogenes to induce infection
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is due to its ability to internalize through the host cell (Carvalho

et al., 2014). The process of infection in host cell involves several differ-

ent stages; adhesion and invasion of host cell, internalization by the

host cell, lysis of vacuole, intercellular multiplication, and intercellular

spread to adjacent cells (Chen et al., 2009).

Past outbreaks of L. monocytogenes have been linked to raw,

unpasteurized milks and cheeses, ice cream, vegetables, fruits, raw and

undercooked poultry, sausages, hotdogs, delicatessens, seafood, and

even pet food (CDC, 2022b, FDA, 2022). According to the CDC, since

2012, 13 of the 17 reported outbreaks of L. monocytogenes have been

from dairy products, such as cheese, milk, and ice cream (CDC, 2022b).

Due to their high prevalence, ensuring the safety of dairy products by

eliminating this foodborne pathogen is vital in the dairy industry.

Listeria monocytogenes can contaminate raw milk on the farm

through milking animals, farm workers, and the farm environment, but

L. monocytogenes is killed during pasteurization. However, postpas-

teurization recontamination can occur in dairy products through

workers and processing environment (Bourdichon et al., 2019). Listeria

monocytogenes is frequently found in moist areas, including drains,

floors, coolers, conveyors, and washing areas of food processing facili-

ties (Cornell University, 2008). So, it is vital for dairy processing facili-

ties to have well-established sanitation procedures to control

foodborne pathogens; however, some foodborne pathogens, such as

L. monocytogenes, have the ability to form biofilms and present an

additional hurdle in sanitation.

A biofilm is defined as an aggregate of microorganisms in which

cells that are embedded within a self-produced matrix of extracellular

polymeric substance (EPS) adhere to each other and/or surface (Vert

et al., 2012). The EPS, also referred to as slime, which is a polymeric

conglomeration generally composed of polysaccharides, proteins,

lipids, and extracellular DNA can protect bacteria against various

foodborne pathogen control steps such as antimicrobial (AM) and heat

treatments, and cleaning and sanitization processes (Bremer

et al., 2015; Flemming & Wingender, 2010). Biofilms not only cause a

hindrance during cleaning and sanitization resulting in microbial con-

tamination, but they can also affect the process efficiency by restrict-

ing flow in equipment, reducing heat transfer in heat exchangers, and

promoting surface corrosion on equipment (Bremer et al., 2015).

Therefore, inhibition, disruption, and elimination of biofilms in dairy

processing facilities are vital steps to ensure food safety.

Due to biofilms stubborn and persistent nature in the dairy indus-

try, food scientists are continuously exploring novel technologies to

help eliminate biofilms and further improve product safety. Ultrafine

bubbles (UFB) technology is a novel concept that has the potential to

enhance the potency of commonly used AMs in cleaning and sanita-

tion. The UFB are defined by the International Organization for Stan-

dardization (ISO) as a gas in a medium enclosed by an interface with a

volume equivalent diameter of <1 μm (International Organization for

Standardization (ISO), 2017). Therefore, the term nanobubbles was uni-

fied with UFB in 2017. The UFB technology is still new in the field of

food safety; however, it is hypothesized to improve the potency of

AMs against foodborne pathogens and biofilms. This improved AM

potency with the incorporation of UFB is attributed to the increased

stability of the bubbles, larger surface area, negative zeta potential, the

generation of free radicals in solutions, and better delivery of AMs

(Agarwal et al., 2011; Ghadimkhani et al., 2016; Guo et al., 2019;

Martirosyan et al., 2012; Sikin et al., 2017; Takahashi et al., 2021).

Despite being novel in the field of food safety, UFB have been

effectively utilized in several other sectors such as agriculture

(improved seed germination, plant growth, and wastewater treat-

ment), fisheries (accelerated shellfish growth), and medicine (inhibition

of tumor cells; Ahmed et al., 2018; Asada et al., 2010; Hayakumo

et al., 2014; Liu et al., 2017; Liu, Oshita, Kawabata, et al., 2016; Liu,

Oshita, Makino, et al., 2016; Owen et al., 2016).

The UFB can be made with any gas; however, in the field of food

science carbon dioxide (CO2), nitrogen (N2), and ozone (O3) are com-

monly studied (Khalesi et al., 2016; Phan et al., 2020). Multiple genera-

tion methods to create gas UFB can be used, but the most common

techniques in UFB generation include venturi flow or cavitation type,

pressurized dissolution type, swirl liquid flow type, and membrane type

(Arumugam, 2015; Dhungana & Bhandari, 2021; Phan et al., 2021).

Minimal studies have been conducted on the use of UFB to eradi-

cate or reduce biofilms to improve dairy products safety. It is hypothe-

sized that the gas UFB could disrupt the physical structural integrity of

biofilms, which could help eliminate the bacterial cells in the biofilms

(Horejs, 2018). In previous research, we assessed the impact of gas

UFB (referred as microbubbles–nanobubbles) on the efficacy of com-

monly used AMs in the food industry and demonstrated that the use of

CO2 UFB increased the potency of 200 ppm Cl2 and 28.4 ppm PAA

solutions against Escherichia coli O157: H7 and L. monocytogenes in

growth media compared with these AM solutions without UFB (Singh

et al., 2021). In another preliminary study, we evaluated the impact of

UFB on the efficacy of AMs against fresh L. monocytogenes biofilms on

stainless steel surfaces and revealed that the incorporation of air and

CO2 UFB in 100 ppm Cl2 led to significantly greater log reductions in

L. monocytogenes compared with 100 ppm Cl2 without UFB (Sekhon

et al., 2021). After proving the potency of AM in growth media and

fresh L. monocytogenes biofilms could be improved by incorporating gas

UFB, the next logical step was to evaluate the effectiveness of gas

UFB against pathogenic biofilms (such as L. monocytogenes) on differ-

ent dairy processing surfaces using more robust experimental design.

Thus, the primary objective of this research was to investigate the

impact of incorporating gas (air, CO2, and N2) UFB on the potency of

Cl2 (50, 100 and 200 ppm) and PAA (20, 40 and 80 ppm) AM solutions

against fresh and aged L. monocytogenes on polypropylene, silicone,

and stainless steel surfaces.

2 | MATERIALS AND METHODS

2.1 | Culture propagation

Three strains of L. monocytogenes were acquired from the American

Type Culture Collection (ATCC®, Manassas, Virginia; ATCC 19111,

ATCC 19115, and ATCC 5414). Propagated cultures were transferred

individually onto glycerol protectant cryogenic beads (Microbank™,
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Bacterial and Fungal Preservation System, Pro-lab Diagnostics, Round

Rock, Texas) and stored in a � 80�C freezer (Panasonic Healthcare

Co., Ltd.; Wood Dale, Illinois). At the beginning of this research, indi-

vidual beads of respective bacteria were transferred into 10 mL of

brain heart infusion (BHI) broth (Difco, Becton, Dickinson and

Company, Sparks, Maryland), incubated at 37�C for 24 h, and stored

as stock culture at 4�C. Using API® Lister (bioMérieux, Inc., Durham,

North Carolina) all stock cultures were confirmed as L. monocytogenes.

2.2 | Biofilm preparation

For each replication, 0.2 mL of each stock culture was individually

transferred into 20 mL of BHI broth and incubated at 37�C for 24 h.

Freshly grown cultures were mixed in equal proportions to obtain a

master inoculum of a three-strain L. monocytogenes cocktail. Fresh

biofilms were grown on polypropylene, silicone, and stainless steel

(SS-304) coupons (7.62 � 2.54 cm) through static incubation at 25�C

for 72 h by immersing vertically in 40 mL L. monocytogenes inoculated

BHI broth inoculated with 1 mL of three-strain L. monocytogenes mas-

ter inoculum (9.49 ± 0.04 log CFU/mL). During biofilm development,

20 mL of inoculated BHI broth was replaced by fresh BHI broth after

36 h of incubation.

Similarly, aged biofilms were grown on polypropylene, silicone, and

stainless steel (SS-304) coupons (7.62 � 2.54 cm) through static incuba-

tion at 25�C for 30 days. During biofilm development, 20 mL of inocu-

lated BHI broth was replaced by fresh BHI after every 5 days of

incubation. After the 72 h or 30-day incubation period, the coupons were

gently removed from inoculated BHI broth and placed vertically into ster-

ile water for 30 s to remove the loosely adhered cells and excess broth.

The coupons were then dried inside the biosafety cabinet for 5 min.

2.3 | UFB generation

In this study, a microbubble–nanobubble generator (LEA15; Living

Energies & Co., Shizuoka, Japan) equipped with a pressure gauge, gas

flow meter, liquid relief valve, gas relief valve, gas inlet pipe, outlet

valve, and inlet and outlet hoses, was used to generate UFB (Singh

et al., 2021). As per the certificate of analysis from the manufacturer,

the mean size and concentration of bubbles measured using NANO-

SIGHT (Nanoparticle Tracking Analysis) should be 163.9 ± 4.3 nm and

1.03 � 109 ± 2.01 � 107 particles/mL, respectively. The gas (CO2 or

N2) UFB were generated using food-grade compressed cylinders of

CO2 or N2 gas, and natural air from the laboratory was used to prepare

air UFB. Briefly, UFB were generated in water by adjusting the solution

outlet valve position at 58.01 psi on the pressure gauge, and the gas

inlet flow rate to 0�6 L min�1. The UFB generator was allowed to run

for 5 min after the pressure at the outlet gauge reached 58.01 psi. Dur-

ing the experiment, the water solutions of various gas UFB were also

sent to a third-party laboratory for confirming the presence of UFB

and determine their mean size using NANOSIGHT, and all samples

were analyzed within 36 h. The mean size and concentration of the

UFB produced were 227.6 ± 3.4 nm and 3.41 � 108 ± 5.3 � 107 parti-

cles/mL, 213.9 ± 2.4 nm and 1.98 � 108 ± 2.2 � 107 particles/mL, and

228.4 ± 7.16 nm and 2.63 � 108 ± 5.8 � 107 particles/mL for air, CO2,

and N2 UFB, respectively.

2.4 | AM solution preparation

The AM solutions were prepared to attain 50, 100, and 200 ppm free

Cl2, and 20, 40, and 80 ppm PAA using city water (with or without

UFB). The different Cl2 solutions were prepared using bleach (7.5%

available Cl2; The Clorox Company, Oakland, California); whereas, the

PAA solutions were prepared using 35% PAA stock solutions (Pfaltz &

Bauer, Waterbury, Connecticut). All solutions were prepared and used

at ambient air temperature (�20�C). Respective solutions were indi-

vidually transferred to sterile 50 mL centrifuge tubes (VWR Interna-

tional, Radnor, Pennsylvania) to be used for further testing AM

activity against fresh and aged L. monocytogenes biofilms on polypro-

pylene, silicone, and stainless steel coupons. The concentration of the

Cl2 and PAA solutions was confirmed using Cl2 (AquaCheck, Loveland,

Colorado) and PAA concentration test strips (Hydrion, Micro Essentia

Laboratory Inc., Brooklyn, New York).

2.5 | AM treatment of biofilms

The biofilm-laden polypropylene, silicone, and stainless-steel coupons

were immersed vertically in the respective AM solutions for 1 min.

Following the respective treatments, individual coupons were

swabbed with a sterilized cotton swab on one side (Puritan®, Guilford,

Maine), and the swab was transferred aseptically to a 10 mL of Dey-

Engley (DE) neutralizing broth (Hardy Diagnostics, Santa Maria,

TABLE 1 The p-values of ultrafine bubble (UFB), antimicrobial
(AM), and their interactions for the log reductions of Listeria
monocytogenes (LM) in fresh polypropylene (Fresh-PP), fresh silicone
(Fresh-S), fresh stainless steel (Fresh-SS), aged polypropylene
(Aged-PP), aged silicone (Aged-S), aged stainless steel (Aged-SS)
biofilms, and the Eh and pH of AM solutions.

p-Value

Parameters UFB AM AM � UFB

LM fresh-PP <0.001* <0.001* 0.925

LM fresh-S <0.001* <0.001* 0.939

LM fresh-SS 0.005* <0.001* 0.681

LM aged-PP <0.001* <0.001* 0.484

LM aged-S <0.001* <0.001* 0.762

LM aged-SS <0.001* <0.001* 0.992

Eh <0.001* <0.001* <0.001*

pH <0.001* <0.001* <0.001*

Note: UFB: air, carbon dioxide, and nitrogen, and no gas; AM: 20 ppm

peracetic acid (PAA), 40 ppm PAA, 80 ppm PAA, 50 ppm Cl2, 100 ppm Cl2,

and 200 ppm Cl2.

*Effects are significant if p ≤ 0.05.
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California), to neutralize the lethality effect of the AM solutions. This

procedure was then repeated with a second swab on the same side,

being transferred into the same 10 mL of DE neutralizing broth as the

first swab. Samples were then vortexed for 1 min at 3,000 rpm.

Untreated coupons also underwent the same swabbing procedure

after rinsing in water and air drying for 5 min (but without any AM dip

treatment) and were used to determine the initial untreated bacterial

population of the biofilms on respective surfaces.

2.6 | Microbial analyses

Microbial populations of the biofilms on the coupon were enumerated

on nutrient-rich agar. First, the samples of vortexed DE broth were

serially diluted using 0.1% of peptone water (Difco™, Becton,

Dickinson, and Company, Sparks, Maryland) and then plated in dupli-

cates on BHI agar (Difco™, Becton, Dickinson, and Company, Sparks,

Maryland). The agar plates were incubated at 37�C for 48 h and the
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F IGURE 1 Listeria monocytogenes reductions (Log CFU/cm2) in (a) fresh biofilms on polypropylene (Fresh-PP), (b) aged biofilms on
polypropylene (Aged-PP), (c) fresh biofilms on silicone (Fresh-S), (d) aged biofilms on silicone (Aged-S), (e) fresh biofilms on stainless steel
(Fresh-SS), and (f ) aged biofilms on stainless steel (Aged-SS) surfaces as a function of gas ultrafine bubbles [no gas, air, carbon dioxide (CO2), and
nitrogen (N2)]. A–C: Bars are averaged for L. monocytogenes reductions for all antimicrobial treatments within respective ultrafine bubbles (mean
± SE, n = 18) and bars with different letters are significantly different (p ≤ 0.05).
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bacterial colonies were counted. The log reductions (log CFU/cm2) for

the respective treatments were calculated by subtracting the post-

treatment biofilm bacterial population from the untreated biofilm

bacterial population.

Biofilm log reductions (log CFU/cm2) = log CFU/cm2

L. monocytogenes population on untreated biofilm – log CFU/cm2

L. monocytogenes population posttreatment.

2.7 | pH and redox potential determination

The pH and Redox potential (Eh) of the AM solutions were measured at

25�C using calibrated pH and Eh meters. A Thermo Scientific™ Orion™

Eh meter (Thermo Fisher Scientific, Chelmsford, Massachusetts), and a

Mettler Toledo™ pH meter (Mettler Toledo, Columbus, Ohio) were used

for measuring Eh and pH, respectively.
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F IGURE 2 Listeria monocytogenes reductions (Log CFU/cm2) in (a) fresh biofilms on polypropylene (Fresh-PP), (b) aged biofilms on
polypropylene (Aged-PP), (c) fresh biofilms on silicone (Fresh-S), (d) aged biofilms on silicone (Aged-S), (e) fresh biofilms on stainless steel (Fresh-

SS), and (f) aged biofilms on stainless steel (Aged-SS) surfaces as a function of antimicrobial treatments (50 ppm chlorine [50 Cl], 100 ppm
chlorine [100 Cl], 200 ppm chlorine [200 Cl], 20 ppm peracetic acid [20 PAA], 40 ppm peracetic acid [40 PAA], 80 ppm peracetic acid [80 PAA]).
A–E: Bars are averaged for L. monocytogenes reductions for all types of ultrafine bubbles within respective antimicrobial treatment (mean ± SE,
n = 12) and bars with different letters are significantly different (p ≤ 0.05).

UNGER ET AL. 5 of 10

 17454565, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jfs.13057 by C

ochraneA
rgentina, W

iley O
nline L

ibrary on [05/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2.8 | Experimental and statistical design

The fresh and aged, polypropylene, silicone, and stainless steel

experiments were considered independent studies. Each study was

designed as a two-factorial (4 � 6) randomized complete block design

with three replications as blocks. The two factors were four gas types

(air, CO2, N2, and no gas) and six AM (50 ppm Cl2, 100 ppm Cl2,

200 ppm Cl2, 20 ppm PAA, 40 ppm PAA, and 80 ppm PAA). Within

each replication, biofilms of L. monocytogenes were randomly treated

with AM solutions (with or without UFB). Data were analyzed using

two-way ANOVA, and Tukey's test was used to determine significant

differences among the mean values at p ≤ 0.05 using Minitab

19 (Minitab Inc., State College, Pennsylvania).

3 | RESULTS

The initial population of L. monocytogenes of the untreated fresh

biofilms were 5.8 ± 0.22, 5.4 ± 0.11, and 5.3 ± 0.16 log CFU/cm2 on

polypropylene, silicone, and stainless steel surfaces, respectively. Simi-

larly, the initial population of L. monocytogenes of the untreated aged

biofilms were 5.5 ± 0.09, 5.3 ± 0.07, and 5.6 ± 0.11 log CFU/cm2 on

polypropylene, silicone, and stainless steel surfaces, respectively.

Table 1 displays the p-values of the main effects (UFB and AM) and

the interactions of the main effects for the microbial population

reductions of the L. monocytogenes biofilms, and the Eh, and pH of

AM solutions.

The log reduction of L. monocytogenes biofilms on fresh and aged

polypropylene, silicone, and stainless steel was all significantly

affected by the UFB, and the AMs used in the study; however, they

were not significantly impacted by the interaction of UFB and AMs

(Table 1). The incorporation of air, CO2, and N2 UFB in various AM

solutions resulted in significantly greater L. monocytogenes reductions

in fresh and aged biofilms on polypropylene and stainless steel sur-

faces compared with solutions without UFB (Figure 1). Similarly, the

incorporation of CO2 UFB in AM solutions resulted in greater log

reductions in L. monocytogenes fresh and aged biofilms on a silicone

surface compared to solutions without UFB; however, the incorpora-

tion of air UFB resulted in similar log reductions on silicone surfaces

as solutions without UFB (Figure 1).

The 200 ppm Cl2 solution resulted in significantly greater log

reductions in L. monocytogenes biofilms on fresh and aged polypropyl-

ene, silicone, and stainless steel surfaces compared with 50 ppm Cl2,

20 ppm PAA, and 40 ppm PAA (Figure 2). The 20 ppm PAA solution

resulted in the lowest log reduction of L. monocytogenes in fresh and

aged biofilms on all surfaces (Figure 2). In general, the log reductions

in the aged L. monocytogenes biofilms were less than or equal to the

log reductions of fresh L. monocytogenes biofilms on all three surfaces

when compared at the same AM concentration or UFB type

(Figures 1 and 2).
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The Eh and pH were not only significantly impacted by the effects

of gas UFB and AMs, but also their interactions (Table 1). The Eh of

city water used for preparing the AM solutions was 562 ± 28.2 mV;

while the Eh of the water with air, CO2 and N2 was 616 ± 31.5,

646 ± 25.1, and 604 ± 40.6 mV, respectively (data not presented).

The incorporation of CO2 UFB in Cl2 solutions resulted in a signifi-

cantly greater Eh, compared with Cl2 solutions with air and N2 UFB,

and without UFB (Figure 3). On the contrary, the incorporation of air,

N2, and CO2 UFB in PAA solutions resulted in similar Eh to PAA solu-

tions without UFB. The Eh of the Cl2 solutions was significantly

greater than the Eh of PAA solutions (Figure 3).

The pH of the city water used for preparing various AM solutions

was 7.75 ± 0.03; whereas the pH of the city water in air, CO2, and N2

UFB was 7.67 ± 0.33, 6.24 ± 0.10, and 7.60 ± 0.08, respectively (data

not presented). The pH of the AM solutions was affected by the UFB,

AMs, and the interaction between UFB and AMs (Table 1). The AM solu-

tions with CO2 UFB had significantly lower pH than respective AM con-

centration solutions with air and N2 UFB, and without UFB (Figure 4).

The pH of the Cl2 solutions was significantly greater than the pH of the

PAA solutions within the respective UFB incorporation (Figure 4).

4 | DISCUSSION

It is important to first understand the structure of biofilms, to better

understand the impact of UFB AM solutions on the elimination of

the biofilms. As stated previously, biofilms are embedded in an EPS,

which is composed of polysaccharides, proteins, lipids, and nucleic

acids as well as water-insoluble compounds such as cellulose and

amyloids (Bremer et al., 2015; Flemming et al., 2021; Flemming &

Wingender, 2010). The EPS is self-secreted and protective matrix

that surrounds and immobilizes microbial cells, which can establish

stable spatial interactions (Flemming et al., 2021). This EPS matrix

strengthens the biofilm structurally and is responsible for the foun-

dation of structured microbial communities within a biofilm with

emergent properties that are distinctly different from individual

planktonic cells, leading to the stubborn and persistent nature of

the biofilm (Flemming et al., 2016). The cells improved tolerance to

AMs is postulated to be from the binding of EPS to the AM com-

pounds, physical inhibition of the diffusion of AM compounds by

EPS, and the chemical reactions of AM compounds with compo-

nents of the EPS matrix, all of which decrease the concentration of

AM compounds reaching the microbial cells within the biofilm

(Bremer et al., 2015; Thurnheer et al., 2003).

As discussed earlier, the enhanced potency of AMs with the

incorporation of UFB is strongly related to the physical properties of

the UFB; increased stability, negative zeta potential, large specific sur-

face area, high gas dissolution rate, and generation of free radicals

(Demangeat, 2015; Ghadimkhani et al., 2016; Liu et al., 2014;

Ushikubo et al., 2010). The stability of UFB in solution is attributed to

the Brownian motion, selective adsorption of anions at the gas–liquid

interface, and the negative zeta potential (Takahashi, 2005; Ushikubo
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et al., 2010). These phenomena inhibit accumulation and coalescence

of UFB and reduce the internal pressure within the bubbles by

decreasing surface tension, which ultimately lead to enhanced stability

in solution (Phan et al., 2020).

The presence of reactive oxygen species such as hydroxyl radical

ions (˙OH) has been confirmed in water by using a florescent probe

by Liu, Oshita, Kawabata, et al. (2016) and Liu, Oshita, Makino, et al.

(2016). Similarly, Agarwal et al. (2011) also established the presence

of hydroxyl radical ions and shock waves due to collapse of micro-

scopic bubbles with high oxidizing power. The presence of hydroxyl

radicals is significant since they are one of the most reactive free radi-

cals and can react aggressively with organic and inorganic molecules,

including DNA, carbohydrates, lipids, and proteins, all of which are

found in the EPS of biofilms (Tvrda & Benko, 2020). Many scientists

have demonstrated that these free radical ions were produced during

UFB generation (Agarwal et al., 2011; Li et al., 2009; Liu et al., 2014;

Takahashi et al., 2007; Takahashi et al., 2021). During the generation

of UFB, macrobubbles and microbubbles are also produced; Takahashi

et al. (2021) demonstrated that microbubbles shrink and collapse

underwater within several minutes, leading to the generation of free

radical such as hydroxyl radical ions. Similarly, Agarwal et al. (2011)

confirmed the presence of hydroxyl radicals ions due to the collapse

of microscopic bubbles with high oxidating power, which could be

responsible for the promising AM capabilities of UFB. When UFB are

generated, they tend to shrink underwater due to the rapid dissolu-

tion of their internal gas and the pressurized conditions. This dissolu-

tion is due to the high surface area to volume ratio, whereas surface

tension is responsible for creating pressurized conditions (Agarwal

et al., 2011; Gurung et al., 2016; Takahashi et al., 2021).

It is also well established that the gas–water interfaces are

negatively charged over a wide pH range, which results in an increased

zeta potential of the UFB, which can indicate excessive accumulation

of adsorbed ions (mainly hydroxyl ions; Takahashi, 2005; Takahashi

et al., 2007; Takahashi et al., 2021). The complete dissolution of the

internal gas in the UFB can result in the disappearance of the

gas–water interface, which can in turn activate radical generation by

scattering the increased electric potential that accumulated due to the

adsorbed ions at the interface (Agarwal et al., 2011; Li et al., 2009;

Takahashi et al., 2007). In this study the overall increased log reduc-

tions in fresh and aged L. monocytogenes biofilms on polypropylene, sili-

cone, and stainless surfaces with the incorporation of air, CO2, and N2

UFB may be attributed to the accelerated accumulation of hydroxide

ions and subsequent higher generation of hydroxyl radical ions.

The increased AM potency with the addition of UFB on biofilms

has been successfully demonstrated by several studies, including the

use of UFB alone or in combination with neutral electrolyzed water

for removing E. coli O157:H7, Vibrio parahaemolyticus, and L. Innocua

biofilms on plastic and stainless steel coupons (Shiroodi et al., 2021),

inactivation of Pseudomonas aeruginosa, and Staphylococcus aureus

biofilms by using laser induced vapor UFB (Teirlinck et al., 2019), and

the removal of P. aeruginosa biofilms on stainless steel and polypropyl-

ene surfaces as well as carbohydrate, protein, and fat removal from

stainless steel using UFB (Burfoot et al., 2017).

The increased log reductions in fresh and aged L. monocytogenes

biofilms using CO2 UFB compared with the other gas used to make

UFB could be attributed to the ability of CO2 to form carbonic acid in

aqueous solutions; hence, increasing the ability of the AMs to

penetrate through the microbial cell's membrane (Martirosyan

et al., 2012). Martirosyan et al. (2012) evaluated CO2 in combination

with calcium hypochlorite against E. coli K-12 in water purification

and determined that CO2 could penetrate the microbial cells easily,

hence increasing the efficacy of calcium hypochlorite's toxic effect on

the microbial cells. Similarly, supercritical CO2 was evaluated in com-

bination with PAA against E. coli and L. innocua by Sikin et al. (2017),

and they concluded that CO2 acted as a vector for PAA to easily pen-

etrate and inactivate the microbial cells. Similar results were observed

in a previous study conducted by Sekhon et al. (2021), in which the

incorporation of CO2 UFB in 100 ppm Cl2 led to significantly greater

log reductions in L. monocytogenes biofilms on stainless steel surfaces

compared with 100 ppm Cl2 without UFB.

The Eh of any AM solutions can depend on various factors

including, type and concentration of AM, temperature and pH of the

solution, dissolved air/oxygen, and presence of organic matter in

the solution (Lie & Welander, 1994; Wu & Wang, 2012; Yuan

et al., 2013). Even though there is no direct connection between pH

and Eh, a decline in pH usually results in an uprise in Eh, and vice versa

(Morris, 2000).

Carbon dioxide's ability to form carbonic acid in aqueous

solutions could also contribute to the significantly lower pH observed

in the CO2 UFB solutions. Singh et al. (2021) demonstrated similar

results when evaluating the incorporation of air, CO2, and N2, MNBs

on the efficacy of commonly used AMs in the food industry against

pure cultures of E. coli O157:H7 and L. monocytogenes. Debs-Louka

et al. (1999) when employed compressed CO2 to evaluate its effect

against E. coli, Saccharomyces cerevisiae, and Enterococcus faecalis in a

solid hydrophilic medium and concluded that the decreased pH of the

medium was attributed to the production of carbonic acid.

In summary, this study demonstrated that the incorporation of

air, CO2, and N2 UFB in Cl2 (50, 100, and 200 ppm) and PAA

(20, 40, and 80 ppm) solutions resulted in significantly greater log

reductions in fresh and aged L. monocytogenes biofilms on polypro-

pylene and stainless steel surfaces compared with AMs without

UFB. Also, the incorporation of CO2 UFB in AM solutions resulted

in greater reduction in fresh and aged L. monocytogenes biofilms on

silicone surfaces. This study also demonstrated that the application

of 200 ppm Cl2 resulted in significantly greater log reductions in

fresh and aged L. monocytogenes biofilms on polypropylene, silicone,

and stainless steel surfaces compared with 50 ppm Cl2, 20 ppm

PAA, and 40 ppm PAA. Due to pathogens responding differently to

different AMs and concentrations, individual pathogens should be

tested for various UFB AM solutions. Similarly, with vast difference

in surfaces textures and composition, individual surfaces should be

tested for effectiveness of various UFB AM solutions against bio-

films. Eventually, incorporation of UFB should also be studied for

the use of wash AM solutions in the fresh produce and meat

industry.
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