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Eugenol nanoemulsion reduces
Listeria monocytogenes biofilm by
modulating motility, quorum
sensing, and biofilm architecture
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and Abhinav Upadhyay*

!Department of Animal Science, University of Connecticut, Storrs, CT, United States, 2Department of
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Listeria monocytogenes is a major foodborne pathogen in the United States
that is capable of forming sanitizer-tolerant biofilms on diverse food contact
surfaces and under varying temperature conditions. A plethora of research in the
last decade has explored the potential of phytochemicals as antibiofilm agents.
However, the low solubility of phytochemicals is a significant challenge that
needs to be addressed to develop plant-based disinfectants that can be applied
in the industry for controlling L. monocytogenes biofilms and improving food
safety. This study investigated the efficacy of eugenol nanoemulsion (EGNE) in
inhibiting biofilm formation in two strains of L. monocytogenes (Scott A and
AT19115) on stainless steel surfaces at two temperatures (25 or 10°C). In addition,
the effect of EGNE on pathogen motility, extracellular polymeric substances
(EPS) production, eDNA production, and quorum sensing activity during biofilm
formation was studied using standard bioassays. Moreover, the efficacy of EGNE
in killing mature L. monocytogenes biofilm was also investigated against both
the strains and temperature combinations. All experiments had a completely
randomized design with duplicate samples and were repeated at least three
times. EGNE had a particle size of ~75nm, a polydispersity index of 0.25, and
a high negative surface charge. EGNE 700 mg/L inhibited L. monocytogenes
biofilm formation significantly by ~1.89 log in 72 h at 25°C and ~1.25 log on day 16
at 10°C, when compared to control (p < 0.05). EGNE at 2,750 mg/L concentration
completely inactivated (~7 log CFU/coupon reduction as compared to control) L.
monocytogenes biofilm cells developed at 25 or 10°C as early as 1 min of treatment
time (p <0.05). In addition, EGNE was able to significantly reduce the motility, EPS,
eDNA production, and quorum sensing activity which plays a major role in biofilm
formation. Both L. monocytogenes Scott A and AT19115 strains exhibited similar
sensitivity to EGNE treatments. The results suggest that EGNE could potentially
be used as a natural sanitizer to effectively control L. monocytogenes biofilms in
food processing environments.
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1. Introduction

Listeria monocytogenes is a gram-positive, psychrotolerant bacteria
that causes serious foodborne infection in humans (Scallan et al,,
2011). Even though the incidence of listeriosis is low, the infection has
a high case fatality rate of ~20% and often leads to meningitis, abortion,
and death in susceptible individuals (Radoshevich and Cossart, 2018;
WHO, 2022). Due to the low infectious dose and high case fatality
rates associated with Listeriosis, the United States Department of
Agriculture Food Safety Inspection Service (USDA-FSIS) has a zero-
tolerance policy for L. monocytogenes in poultry and ready-to-eat
(RTE) products (FSIS, 2012). Contaminated fresh produce, soft cheese,
and RTE meat products are frequently implicated in L. monocytogenes
outbreaks, and product contamination is often traced back to a
contaminated processing environment (Leong et al.,, 2014; Malley
etal, 2015; Fagerlund et al., 2022). As L. monocytogenes is ubiquitous
in natural environments such as soil, irrigation water, and animal
reservoirs (Haase et al., 2014; WHO, 2018), it is very difficult to prevent
its entry into processing areas. In such environments, L. monocytogenes
has been reported to persist for several years leading to repeated
contamination of food products (Ferreira et al., 2014; Stoller et al.,
2019; Cherifi et al., 2020; Gray et al.,, 2021). While the exact mechanism
of survival is still an area of active research, high-stress tolerance and
the capability to form sanitizer-tolerant biofilms are two factors that
facilitate high persistence rates. Bacterial biofilms are communities of
bacteria (mono-specie or multi-specie) found attached to a biotic or
abiotic surface and embedded in a self-generated matrix of extracellular
polymeric substances (EPSs). The EPSs are primarily composed of
polysaccharides, proteins, and extracellular DNA and serve as a site for
chemical signaling and nutrient assimilation (Costa et al., 2018). In
addition, EPS facilitates surface attachment, confers cohesion, and
protects against the action of various antimicrobials (Murugan et al,
2016; Zhao et al., 2022). Similarly, quorum sensing plays a major role
in biofilm formation in L. monocytogenes by facilitating cell-to-cell
communication in response to the changing external environments
and bacterial populations (Castillo et al., 2014). Autoinducer 2 (AI-2)
is a signaling molecule produced by the luxS gene that mediates
quorum sensing in L. monocytogenes (Sela et al., 2006; Garmyn et al.,
2009; Melian et al., 2019). The ability of L. monocytogenes to form
biofilm enhances the survival of the pathogen against daily cleaning
and disinfection routine (Lunden et al., 2002; Pan et al., 2006; Skowron
et al,, 2019) as cells inside a biofilm are less sensitive to disinfectants
compared to their planktonic counterparts, especially when the biofilm
is mature and well-developed (Ceri et al., 2001; Wagner and Iglewski,
2008; Korany et al,, 2018). In some instances, the sanitizer tolerance of
microbes present in the biofilm can be as high as 32-fold, as compared
to planktonic cells (Malik et al., 2017). According to the National
Institute of Health and the Centre for Disease Control, 65% of
foodborne outbreaks are due to contact of food products with biofilms
and hence its presence in food processing areas poses a significant
safety concern (Galié¢ et al., 2018).

Regular cleaning and disinfection are the primary tools to control
L. monocytogenes in the food processing industry (Tompkin, 2002; FSIS,
2016). However, FDA-approved disinfectants such as quaternary
ammonium compounds and hypochlorite are not effective in controlling
L. monocytogenes biofilms completely in the processing environment
(Soumet et al,, 2005; Pan et al., 2006; Clayton et al., 2021). There is also
a concern about using the abovementioned chemical compounds as a
sanitizer due to the production of secondary metabolites which are of

Frontiers in Sustainable Food Systems

10.3389/fsufs.2023.1272373

high health risk to handlers (Zhang and Farber, 1996; Parish et al., 2003;
Donato and Zani, 2010). Moreover, the abovementioned compounds
are tested against planktonic cells, and their efficacy against complex
bacterial communities present in the industry setting is not completely
known (Coughlan et al.,, 2016). Therefore, there is a need to develop an
alternative biofilm control strategy that is safe, efficient, and simple to
implement in the food processing industry. In the past decade, the use
of plant compounds as natural antimicrobial agents to control
pathogenic microorganisms has gained significant interest. Eugenol
(4-allyl-2-ethoxyphenol), obtained from clove (Eugenia caryophyllus), is
a phytochemical with Generally Recognized as Safe (GRAS) status
according to the Code of Federal Regulations 21 Part 172. Several
studies have demonstrated the antibiofilm capability of eugenol against
pathogens such as Vibrio parahaemolyticus (Ashrafudoulla et al., 2020),
Porphyromonas gingivalis (Zhang et al., 2017), methicillin-resistant
Staphylococcus aureus (Al-Shabib et al., 2017), and L. monocytogenes
(Upadhyay et al., 2013). However, eugenol oil has low solubility in water
(2,460mg/L at 25°C), which limits its application as a water-soluble
disinfectant in the food processing industry (Yalkowsky and Banerjee,
1992). To overcome this challenge, we used GRAS status emulsifiers
(gum Arabic and lecithin) to prepare eugenol nanoemulsion and
thereby improve the dispersion of eugenol in water.

The goal of this study was to investigate the efficacy of eugenol
nanoemulsion (EGNE) prepared with a combination of gum Arabic
and lecithin in inhibiting and inactivating L. monocytogenes biofilms
on stainless steel surfaces at 25 or 10°C. In addition, the effects of
EGNE on EPS synthesis, extracellular DNA release, pathogen motility,
and quorum sensing activity were tested.

2. Materials and methods
2.1. Bacterial strains and culture conditions

This study included two strains of L. monocytogenes, namely, Scott
A and AT19115. The organisms were inoculated onto Oxford agar plates
(Oxoid Ltd., United Kingdom) from the glycerol stock and thereafter
incubated at a temperature of 37°C for a duration of 48h. Individual
colonies were selected and cultured in 10 ml of tryptic soy broth (TSB,
Fisher Scientific Co LLC, Hanover Park, IL) at 37°C for 24h. For
inoculum preparation, the individual overnight culture was centrifuged
at 5,500 ¢ for 15min at 25°C. The bacterial pellet was washed three times
and resuspended in 10ml of sterile 1X PBS (pH 7.0). The average
inoculum for the inhibition and inactivation assay was ~6 log CFU/ml.
The confirmation of the bacterial population’s concentration in the
initial culture was achieved through plating on Oxford agar, followed by
incubation at a temperature of 37°C for a duration of 24-48h.

2.2. Preparation of eugenol nanoemulsion

The preparation of eugenol nanoemulsion was conducted
according to the method by Hu et al. (2016). A 4% stock solution of
gum Arabic or lecithin was separately made in water (w/v). These
solutions were then combined in equal quantities to create a mixture
of gum Arabic and lecithin. Eugenol in ethanol was gradually added
into a solution comprising gum Arabic and lecithin. The addition was
carried out drop-by-drop until a final concentration of 1.25% was
achieved. The formulation, with a total volume of 120 ml, underwent
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sonication utilizing the high-speed homogenizer Q 700 (QSonica
L.L.C, Newtown, CT, USA) for 10min. The sonication process
involved a cycle of 10s of operation followed by 55 of rest, with an
amplitude of 60 Watts. According to Balasubramanian et al. (2022),
the nanoemulsion’s composition consisted of 1.25% eugenol, 0.5%
gum Arabic, 0.5% lecithin, and 16.66% ethanol.

2.3. Characterization of eugenol
nanoemulsion stability during storage at 25
or 10°C for 4 months

The eugenol nanoemulsion was stored at 25 or 4°C for 4 months.
The stability of the nanoemulsion was measured by characterizing the
size, polydispersity index (PDI), and zeta potential on months 0, 2, and
4 using Nano Zetasizer ZS (Malvern Instruments, Ltd., Worcestershire,
UK). By determining the minimum bactericidal concentration, the
effectiveness of the antibacterial efficacy was determined (CLSI, 2019).

2.4. Determination of sub-inhibitory and
minimum bactericidal concentration of EG
or EGNE against L. monocytogenes

The sub-inhibitory (SIC)
concentration (MBC) of EG or EGNE were determined as previously

and minimum bactericidal

described (Johny et al., 2010). Sterile 24-well polystyrene tissue
culture plates (Costar, Corning Incorporated, Corning, NY)
containing TSB (1 ml/well) were inoculated separately with ~6.0 log
CFU/ml of L. monocytogenes, followed by the addition of EG or
EGNE at various concentrations (Sigma Aldrich). The plates were
incubated at 37°C for 24 h, and bacterial growth was determined by
culturing on duplicate tryptic soy agar (TSA) and Oxford agar plates.
The two highest concentrations of EG or EGNE below its minimum
inhibitory concentration (MIC) that did not inhibit bacterial growth
after 24 h of incubation as compared to control samples were selected
as the SICs for this study, whereas the lowest concentration of EG or
EGNE that reduced L. monocytogenes population in TSB by ~5.0 log
CFU/ml after incubation at 37°C for 24 h was taken as the MBC.

2.5. Preparation of stainless steel coupons

Stainless steel coupons (type 304; diameter 1 cm) with no. 4 finish
were prepared, as described by Djordjevic et al. (2002). Coupons were
cleaned with 100% ethanol and rinsed in distilled water. Finally, the
coupons were sterilized in an autoclave for 15min at 121°C.

2.6. Effect of sub-inhibitory concentration
of EGNE in inhibiting L. monocytogenes
biofilm formation, motility, EPS, quorum
sensing activity, and eDNA production

2.6.1. Biofilm formation assay on stainless steel
surface

The inhibition of L. monocytogenes biofilm formation by EGNE
on stainless steel coupons was determined as previously described
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(Kim et al.,, 2008). In brief, sterile stainless steel coupons were
individually placed in each well of a 24-well cell culture plate
containing 1 ml of TSB with or without (control) SIC of EG or
EGNE. Each L. monocytogenes strain (~6.0 log CFU/ml; 1ml in
TSB) was added to the wells and incubated at 25°C for 96 h or 10°C
for 24 days. At regular intervals (24, 48, 72, or 96 h at 25°C and 8th,
16th, or 24th day at 10°C), coupons were washed with 1 ml of sterile
deionized water (DI) with gentle agitation for 5s and transferred to
a sterile centrifuge tube containing 1 ml of Dey-Engley neutralizing
(DE) broth with sterile glass beads. The tubes were vortexed for
1 min to detach the L. monocytogenes from the coupons. The DE
broth suspension was serially diluted and surface-plated (0.1 ml, in
duplicate) on TSA and Oxford agar plates and incubated at 37°C
for 48 h for pathogen enumeration (Upadhyay et al., 2013).

2.6.2. Bacterial motility assay

The motility of L. monocytogenes in the presence or absence
(control) of a sub-inhibitory concentration of EGNE was assessed by
measuring the zone of motility in 0.3% semi-solid agar after incubating
at room temperature for 6 days (Niu and Gilbert, 2004). Separate Luria
Bertani (LB) agar (0.3%) plates containing the respective SICs of EG or
EGNE were prepared. Luria Bertani agar plates not supplemented with
EG or EGNE were served as controls. An overnight culture of
L. monocytogenes was centrifuged at 5,500¢ for 15min at 25°C and
washed three times with sterile 1X PBS. Then, 5 pl of resuspended culture
(~6log CFU) was spot inoculated at the center of agar plates followed by
incubation at 25°C for 6 days. The zone of motility (distance traveled by
the bacteria from the center spot to the agar edge) was measured in cm.

2.6.3. Extracellular polymeric substances
production assay

The effect of SIC of EGNE on exopolysaccharide production
during biofilm formation was determined using a ruthenium red
staining assay. Sterile 96-well polystyrene plates were inoculated with
200 pl of the culture suspension (~6.0 log CFU), followed by the
addition of SICs of EG or EGNE. The culture plates were incubated at
25°C for 96h for biofilm development. After the incubation, the
biofilms were washed with sterile 1X PBS three times followed by the
addition of 0.01% ruthenium red (Sigma Aldrich) to each well. For
blank, the wells without biofilm were added with 200 pl of stain. The
plates were incubated at room temperature for 60 min. After the
incubation period, the residual stain was transferred to a fresh plate
and optical density was measured at 450nm using a synergy HT
multi-mode microplate reader (BioTek). The amount of dye bound to
the biofilm was determined by the formula ODgz = ODp—ODys, where
OD; refers to an optical density (450 nm) measured for blanks and
OD; refers to the optical density (450 nm) obtained from residual stain
collected from sample wells (Zameer et al., 2010).

2.6.4. Quorum sensing inhibition assay

The effect of a sub-inhibitory concentration of EGNE on
autoinducer-2 (AI-2) levels of L. monocytogenes was determined
by Vibrio harveyi bioluminescence assay as per the published
protocol with slight modifications (Melian et al., 2019). In brief,
L. monocytogenes was cultured for 12 h in the presence or absence
of SIC of EGNE at 25°C followed by centrifugation at 5500 g for
15 min. The supernatant was filtered using a 0.2-pm syringe filter
to obtain cell-free supernatant (CFS). AI-2 levels in the
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supernatant were detected by the V. harveyi BB170 reporter
strain. The V. harveyi BB170 was cultured aerobically in Luria
Bertani broth for 24 h at 30°C. The culture was then diluted in an
autoinducer assay medium in the ratio of 1:5,000 (~3log CFU/
ml). V. harveyi BB152 strain was used as a positive control in this
assay. Ninety microliters of reporter strain (BB170) were added
to the 96-well plate followed by the addition of CFS of
L. monocytogenes cultured in the presence or absence of EGNE
or CFS of V. harveyi BB152 (positive control) or autoinducer
assay medium (negative control). Bioluminescence of the mixture
was measured for 8 h at 30°C using Cytation 5 multi-mode reader
(BioTek), and self-induction of bioluminescence in BB170 was
deducted from positive control and treatments before the
data analysis.

2.6.5. eDNA visualization using confocal
microscopy

To study the effect of EGNE on eDNA production,
L. monocytogenes was allowed to develop biofilm in the presence
or absence of SIC of EGNE on Lab-Tech four-chamber no. 1
borosilicate glass coverslip (Lab-tek, Nalge Nunc International,
Rochester, NY) at 25°C for 96 h as described in section (2.6.1).
The biofilms were washed with sterile PBS three times followed
by staining with 0.0025 mM SYTO, 0.005 mM propidium iodide,
and 300 nM DAPI. In situ, confocal laser scanning microscopy
was performed using a Leica true confocal scanner SP2
microscope with a water immersion lens. Fluorochromes were
excited using a krypton-argon mixed-gas laser with a PMT?2 filter.
The laser was excited at 488 nm, and the emission was observed
at 528 nm for SYTO and 645 nm for propidium iodide. For DAPI,
excitation and emission of 358 and 461 nm were used. For each
treatment, four randomly selected fields were analyzed
(Upadhyay et al., 2013).

2.7. Effect of minimum bactericidal
concentration of EGNE in inactivating
L. monocytogenes mature biofilm on
stainless steel surface

2.7.1. Biofilm inactivation assay

To investigate the bactericidal effect of EGNE on fully formed,
mature L. monocytogenes biofilms, the sterile coupons were placed
separately in 1ml of TSB containing ~6 log CFU/ml of
L. monocytogenes and incubated for 96 h at 25 or 10°C for 24 days
to facilitate biofilm formation. After the development of mature
biofilm, at regular intervals (24, 48, 72, or 96 h at 25°C and 8th,
16th, or 24th day at 10°C), the coupons were rinsed in 1 ml of
sterile DI water three times with gentle agitation for 5, transferred
to a sterile petri dish containing the MBC and a concentration
greater than the MBC of EG or EGNE, and then incubated at 25°C
for 1, 5, 10, 15, or 30 min. After treatment, the coupons were
transferred to a centrifuge tube containing 1 ml of DE broth with
sterile glass beads. The tubes were vortexed for 1 min to detach the
L. monocytogenes from the coupons. The DE broth suspension was
serially diluted and surface-plated (0.1 ml, in duplicate) on TSA
and Oxford agar plates and incubated at 37°C for 24-48h
(Upadhyay et al., 2013).

Frontiers in Sustainable Food Systems

10.3389/fsufs.2023.1272373

2.7.2. Visualization of live-dead L. monocytogenes
cells in biofilm using confocal microscopy

To study the effect of MBC of EGNE on L. monocytogenes
biofilm, the pathogen was allowed to form biofilm at 25°C for 96 h
in TSB using a Lab-Tech four-chamber no. 1 borosilicate glass
coverslip system (Lab-tek) followed by EGNE treatment as
described in section (2.7.1). Live and dead bacteria in the biofilm
were imaged after staining with 0.0025mM SYTO (Molecular
Probes, Oregon) and 0.005 mM propidium iodide (PI; Molecular
probes) for 20 min.

2.8. Statistical analysis

The entire study was designed in a completely randomized model
with duplicate/triplicate samples, and the study was repeated at least
three times (n=9). For each treatment and control, the data from
independent replicate trials were pooled and analyzed using two-way
ANOVA in R version 4.0.1. A p-value<0.05 was considered
statistically significant.

3. Results

3.1. Average particle size, PDI, and zeta
potential of eugenol nanoemulsion

The average particle size, PDI, and zeta potential of EGNE are
presented in Table 1. The average particle size, PDI, and zeta potential
of freshly prepared EGNE on day 0 were ~75.25+0.25nm, 0.25+0.01,
and —34.75+0.25mV, respectively. The prepared nanoemulsion was
homogenous in nature with a high surface negative charge. EGNE
stored at 4°C maintained its particle size of ~77.50+0.50 nm, PDI of
~0.28+0.01, and zeta potential of ~ —31.75+0.75mV till 2 months of
storage (p>0.05). However, a slight increase in size (~4.00nm) and PDI
(~0.04) was observed at 4 months (p<0.05). No significant changes
were observed in zeta potential after storage for 4 months (p<0.05).

When EGNE was stored at 25°C, a slight increase in size
(~3.50nm) was observed after 1 month. Changes in PDI (~0.28 £0.00)
and zeta potential (~—30.25+0.25mV) were observed after 4 and
2 months, respectively (p <0.05). Even though we observed significant
changes, all values remained within the acceptable criteria for a good-
quality nanoemulsion.

3.2. Sub-inhibitory and minimum
bactericidal concentration of EG or EGNE
against L. monocytogenes

The SIC of EG or EGNE against L. monocytogenes Scott A and
AT19115 was 700 and 600mg/L, respectively. The SIC and one
concentration below SIC were chosen for the biofilm inhibition assay.

The MBC of EG or EGNE against L. monocytogenes Scott A was
2,300mg/L. The MBC of EG or EGNE against L. monocytogenes
AT19115 was 1,250mg/L, respectively. The MBC and two
concentrations above MBC were chosen for the biofilm inactivation
assay. No change in the MBC of EG or EGNE was observed upon
storage at 25 or 4°C for 4months (p>0.05; Table 1).
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TABLE 1 Minimum bactericidal concentration, average particle size, PDI, and zeta potential of EGNE during storage at 25 or 4°C for 4 months.

MBC (mg/L) : ;

Months Size (nm) Zeta potential (mV)

Scott A AT19115
EGNE 25°C
0 2,300 1,250 75.25+0.25 0.25+0.01° —34.75+0.25
1 2,300 1,250 78.50+0.50" 0.28+0.01* —33.75+0.75
2 2,300 1,250 79.00+0.50" 0.28+0.01* —30.25+0.25
4 2,300 1,250 78.50+0.50" 0.28+0.00° —30.50+0.50"
EGNE 4°C
0 2,300 1,250 75.25+0.25 0.25+0.01" —34.75+0.25
1 2,300 1,250 75.50+0.50% 0.27+0.01* —32.75+2.75"
2 2,300 1,250 77.50 £0.50° 0.28+0.01® —31.75+0.75
4 2,300 1,250 79.00+1.00° 0.29+0.00° —30.25+0.25

Values are expressed as mean + SE. Superscripts with different letters represent significant changes in size, PDI, or zetapotential during storage.

3.3. Effect of sub-inhibitory concentration
of EGNE in inhibiting L. monocytogenes
biofilm formation on the stainless steel
surface

3.3.1. Biofilm formation assay at 25 or 10°C

To investigate the effect of EGNE in inhibiting biofilm formation,
L. monocytogenes strains were allowed to develop biofilms in the
presence or absence of EGNE for 96 h at 25°C (Table 2A) or 24 d at
10°C (Table 2B).

At 25°C, a gradual increase in the L. monocytogenes population
in the developing biofilm was observed during the incubation
period. L. monocytogenes Scott A population increased from ~6 log
CFU/coupon to 7.15 log CFU/coupon in 72h during biofilm
formation (p<0.05). In the case of AT19115, the bacterial
population increased from ~6.32 log CFU/coupon at 24 h to ~7.4
at 48h (p<0.05). When the biofilm was developed at 10°C, a
pathogen population of ~5.94 log CFU/coupon was observed for
Scott A strain in the biofilm after 8days of incubation. The
pathogen population did not significantly increase during further
incubation for 24 days. A strain difference was observed with
AT19115 wherein the pathogen population in the biofilm gradually
increased from d 8 (~6.4 log CFU/coupon) to d 16 (~7.16 log CFU/
coupon) of incubation (p <0.05). No further increase in pathogen
load in the biofilm was observed from d 16 to 24. Since EGNE
nanoemulsion was prepared with ethanol as a co-surfactant, the
effect of ethanol on biofilm formation was tested. The presence of
ethanol did not significantly modulate biofilm formation as
compared to the control at 25 or 10°C (p>0.05). The presence of
EGNE at its SIC inhibited biofilm formation (as indicated by lower
pathogen load in biofilm) in both strains of L. monocytogenes as
early as 24 h (at 25°C) or d 8 (at 10°C) of incubation (Tables 2A,B).
At 25°C, EGNE reduced pathogen load (both strains) in the
biofilm by ~1-1.5 log after 24 h of incubation (p <0.05). While a
gradual increase in pathogen load was observed in the control
biofilm upon incubation, the presence of SIC of EGNE exerted an
inhibitory effect. At 96h of incubation, the pathogen load in
control biofilm and biofilm developed in the presence of SIC of
EGNE differed by ~1.5 log CFU/coupon in both strains (p <0.05).
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In the case of EG, no reduction in pathogen load was observed
until 72 h of incubation at 25°C. Thereafter, a minor reduction of
~0.5-0.9 log was observed as compared to control. EGNE
treatments were more effective than corresponding EG controls in
reducing pathogen load (both strains) at 24 and 48 h of incubation.
At 72h of incubation, all EGNE treatments (except EGNE
500 mg/L against AT19115) were more effective in reducing
L. monocytogenes in the biofilm as compared to the corresponding
EG control. At 96h of incubation, EG and EGNE had similar
efficacy in reducing L. monocytogenes counts in biofilm as
compared to the control (Table 2A). At 10°C, EGNE treatments
were consistently more effective than corresponding EG treatments
at d 16 and d 24 and reduced L. monocytogenes (both strains) in
the biofilm by ~1-1.5 log/coupon, as compared to the control
(p<0.05; Table 2B).

3.3.2. Effect of sub-inhibitory concentration of
EGNE on L. monocytogenes motility

The effect of EGNE on L. monocytogenes motility is presented in
Figures 1A,B. EG and EGNE reduced the motility of both strains of
L. monocytogenes, as indicated by a reduced zone of muotility,
compared to the control (p <0.05). EGNE was more effective than EG
in reducing L. monocytogenes motility (p <0.05).

3.3.3. Effect of sub-inhibitory concentration of
EGNE on L. monocytogenes extracellular
polymeric substances production

Biofilm developed in the presence of SIC of EGNE exhibited a
significant reduction in EPS production, as compared to control
and EG (Figures 2A,B; p<0.05) in both L. monocytogenes Scott A
and AT19115 strains. EG had no effect in reducing the EPS
production during biofilm formation, as compared to the control
(p>0.05).

3.3.4. Effect of sub-inhibitory concentration of
EGNE on quorum sensing activity of
L. monocytogenes

The effect of EGNE on quorum sensing activity is presented in
Figures 3A,B. The AI-2 levels in the CFS of untreated L. monocytogenes
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TABLE 2 Effect of sub-inhibitory concentration of EGNE on L. monocytogenes (Scott A, AT19115) biofilm formation on stainless steel surface at 25 or
10°C.

Treatments

L. monocytogenes counts in biofilm log CFU/coupon (Scott A)

Control 6.19+0.128 6.32+0.26 7.15+0.03" 7.15+0.02"
Ethanol control 6.43+0.078 6.48+0.22¢ 7.13+0.03" 7.13+0.02"
EG 600 mg/L 6.32£0.07¢ 6.24+0.048 6.30£0.07¢ 6.57£0.048"
EG 700 mg/L 6.17£0.09% 6.26+0.07% 6.29+0.08¢ 6.05+0.10°%
EGNE 600 mg/L 4.79+0.07° 4.55+0.28% 5.37£0.06% 5.47 +0.05%
EGNE 700 mg/L 4.91£0.14%¢ 4.17£0.26" 5.26+0.03% 5.52+0.04%
L. monocytogenes in biofilm log CFU/coupon (AT19115)

Control 6.32£0.06 7.39£0.06" 7.04£0.03" 6.98£0.02"
Ethanol control 6.34+0.058 7.40£0.05" 7.09+0.04" 6.98+0.05"
EG 500mg/L 5.94+0.03% 7.09£0.04" 6.30£0.07°% 6.02:+£0.026%%
EG 600 mg/L 5.92£0.03% 7.04£0.03" 6.29£0.08 5.99 +£0.03%
EGNE 500 mg/L 5.07+0.38" 6.09+0.28%% 5.62 +0.10<" 5.49 +£0.10%
EGNE 600 mg/L 4.65+0.04° 5.83+0.26°% 5.53+0.05" 5.46+0.07"¢

Treatments

L. monocytogenes counts in biofilm log CFU/coupon (Scott A)

Control 5.94+0.03¢ 5.89+0.25° 5.65+0.06"
Ethanol control 5.78+0.08° 5.97+0.19¢ 5.75+0.03¢
EG 600mg/L 4.97+0.02* 5.95+0.04° 5.94+0.02¢
EG 700 mg/L 5.01+0.03* 5.93+0.03¢ 3.53+0.07¢
EGNE 600 mg/L 4.82+0.06" 5.08+£0.13® 4.63+0.06"
EGNE 700 mg/L 4.79+0.06" 4.64+0.31° 4.55+0.03*
L. monocytogenes counts in biofilm log CFU/coupon (AT19115)

Control 6.47+0.04° 7.16+0.04' 7.05+0.03"
Ethanol control 6.43+0.05% 7.17+0.03 7.11+0.02
EG 500mg/L 6.22+0.04° 6.19£0.06° 6.26+0.04¢
EG 600mg/L 6.26+0.01 6.31+0.01 6.23+0.05°
EGNE 500 mg/L 5.86+0.02" 5.85+0.04" 5.56+0.05°
EGNE 600 mg/L 5.82+0.03" 5.69+0.05" 5.52+0.06

Microbial count data are expressed in mean + SE and presented as log CFU/coupon. Superscripts with different letters represent significant differences. The detection limit of the assay was 1
log CFU/ml. The SIC of eugenol nanoemulsion against L. monocytogenes Scott A and AT19115 was 700 or 600 mg/L, respectively. Biofilms were developed for 96h (A) and 24 d (B) at 25 or

10°C, respectively, in the presence or absence (control) of EG or EGNE treatments.

determined by luminescence measurement were ~1,438 and 4,109
relative light units (RLU) for Scott A and AT19115, respectively. The
presence of EG and EGNE reduced the AI-2 levels in both strains of
L. monocytogenes (p<0.05). No significant difference between the
efficacy of EG and EGNE was observed. The presence of ethanol did
not influence quorum sensing activity, as compared to control
(p>0.05).

3.3.5. eDNA visualization using confocal
microscopy

The effect of SIC of EGNE on L. monocytogenes eDNA is presented
in Figure 4A-C. The biofilm developed in the presence of SIC of EGNE
appeared to have reduced eDNA (stained blue by DAPI) in the

Frontiers in Sustainable Food Systems

biofilm. Moreover, there was a reduction in the number of bacteria
present in the biofilm architecture as observed by a reduction in SYTO
and PI-stained cells.

3.4. Effect of minimum bactericidal
concentration of EG or EGNE in
inactivating L. monocytogenes mature
biofilm on stainless steel surface

The efficacy of EG and EGNE in inactivating the mature biofilm
on stainless steel coupons at 25 or 10°C is presented in Tables 3, 4,
respectively. The average population of L. monocytogenes recovered in
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Effect of sub-inhibitory concentration of EGNE on the motility of L monocytogenes. (A) L. monocytogenes Scott A. (B) L. monocytogenes AT19115.
The error bar represents mean + SE. Superscripts with different letters represent significant differences between treatments.

control coupons after incubation at 25 for 96 h or 10°C for 24 days was
~6-7 log CFU/coupon. No increase in pathogen load in the biofilm
was observed from d 16 to 24 at 10°C, and thus we conducted
inactivation assay on d 16. Washing coupons with sterile DI water did
not reduce the L. monocytogenes population in mature biofilm at 25
or 10°C (p>0.05). Increasing the washing time with DI water had no
significant effect in reducing the pathogen population in the biofilm
(p>0.05). Similarly, exposure to ethanol did not reduce the pathogen
population in the mature biofilm even after 30 min of treatment time,
as compared to control (p <0.05). All doses of EG (2,300, 2,750, and
3,500 mg/L) significantly reduced L. monocytogenes Scott A population
in the mature biofilm by at least ~2.65 log as early as 1 min of treatment
time at 25°C. Time and dose-dependent effect was observed in EG
treatments wherein increasing the treatment time and concentration
resulted in better reduction (p<0.05). The highest dose of EG, by
30min of treatment time, reduced the L. monocytogenes Scott A
population in the biofilm by ~4 log/coupon (p<0.05). However,

Frontiers in Sustainable Food Systems

EGNE 2,300 mg/L reduced the biofilm cells below the detection limit
as early as 30 min of treatment time at 25°C (p < 0.05). Concentrations
above MBC, EGNE 2,750, or 3,500 resulted in below detection limit
as early as 1 min of treatment time in L. monocytogenes Scott A biofilm
on a stainless steel surface (p<0.05). A similar trend was observed in
L. monocytogenes AT19115, where MBC of EGNE 1,250 mg/L
exhibited a significant effect in reducing the biofilm cells below the
detection limit as early as 30 min of treatment time (p <0.05). EGNE
2,300 or 2,750mg/L completely inactivated the mature biofilm to
below the detection limit as early as 1 min of treatment time at 25°C
(p<0.05; Table 3). The treatments with below detection limit were
enriched in Listeria enrichment broth and found to be enrichment
negative. Similar results were observed at 10°C for both
L. monocytogenes Scott A and AT19115 strains (Table 4). Being
eugenol as an antimicrobial agent, it showed reduced efficacy
compared to its nanoemulsion form suggesting that solubility and
uniform distribution play a major role in its antibiofilm activity.
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Treatment groups

Effect of sub-inhibitory concentration of EGNE on the EPS production of L. monocytogenes biofilm. (A) L. monocytogenes Scott A. (B) L.
monocytogenes AT19115. The error bar represents mean + SE. Superscripts with different letters represent significant differences between treatments.

3.4.1. Visualization of live-dead
L. monocytogenes cells in biofilm using confocal
microscopy

Qualitative confocal microscopy revealed that the control biofilm
(not exposed to EG or EGNE treatments) consists of a dense and
uniform layer of live cells stained green by SYTO dye. Biofilm treated
with EGNE showed the presence of dead cells stained red by
propidium iodide dye (Figure 5A-C).

4. Discussion

The presence of L. monocytogenes biofilms in food processing
facilities increases the risk of product contamination and subsequent
human infections (Chmielewski and Frank, 2006; Mazaheri et al., 2021).
Therefore, developing efficient biofilm control strategies is critical for
safeguarding human health. Numerous studies conducted in the past
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decade have examined the effectiveness of phytochemicals as a viable
strategy for controlling biofilms (Borges et al., 2016; Unlu et al.,, 2018;
Wagle et al., 2019; Gongalves et al., 2023). However, the low solubility
of phytochemicals is a significant disadvantage for uniform application,
scale-up operations, and cost. To overcome this challenge, we developed
a nanoemulsion of eugenol using food-grade emulsifiers and assessed
its effectiveness in controlling L. monocytogenes biofilms. Encapsulation
of phytochemicals using emulsifiers enhances their water dispersibility,
resistance to environmental conditions, and antimicrobial potency (Ray
etal, 2016; Ferreira and Nunes, 2019). Several researchers (Moghimi
et al, 2016; Rinaldi et al., 2021) including our lab (Balasubramanian
etal, 2022; Allen et al., 2023) have reported that antibacterial potency
of volatile essential oils is augmented in nanoemulsion form as
compared to its corresponding oil form against various food borne
pathogens. In this study, we used gum Arabic and lecithin which are
food-grade emulsifiers and are widely employed in the food industry
(Patel and Goyal, 2015; Sethuraman and Rajendran, 2019). Eugenol
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FIGURE 3
Effect of sub-inhibitory concentration of EGNE on quorum sensing inhibition in L. monocytogenes biofilm. (A) L. monocytogenes Scott A. (B) L.
monocytogenes AT19115. The error bar represents mean + SE. Superscripts with different letters represent significant differences between treatments.

nanoemulsion was prepared by high-energy sonication which uses a
minimal concentration of emulsifiers with high efficiency in generating
small particle sizes (Kaltsa et al., 2013; Espinosa-Sandoval et al., 2021).
Prepared nanoemulsion exhibited stability for a minimum of 4 months
at 25 or 4°C (Table 1). This could be attributed to the hydrophilic
portion of gum Arabic that provides stability against droplet aggregation
through steric and electrostatic repulsion (Anarjan and Tan, 2013).
Both strains of L. monocytogenes (Scott A, 19115) exhibited the ability
to attach and form biofilm on stainless steel coupons, regardless of the
temperature (25 or 10°C). Biofilm counts recovered from the stainless
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steel coupons were ~7 log CFU/coupon after 96h of incubation at
25°C. Similar results were reported by Upadhyay et al. (2013), where ~7.5
log CFU/coupon of L. monocytogenes counts in biofilm formed on a
stainless steel surface were recovered at 25°C. L. monocytogenes adaptation
to low temperatures is one of the crucial factors for its survival and
persistence in the food processing areas (Santos et al., 2019). We observed
that both strains of L. monocytogenes formed biofilms at 10°C. The
pathogen load reached 6-7 log CFU/coupon by 8days of incubation.
Similar to our study, Melian et al. (2022) reported that various strains of
L. monocytogenes including Scott A were able to form biofilm at 10°C.
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A Control B Ethanol control

C EGNE

FIGURE 4

Effect of sub-inhibitory concentration of EGNE on eDNA present in L. monocytogenes Scott A biofilm developed at 25°C. (A) Control. (B) Ethanol
control. (C) EGNE. Green and red color indicates live or dead bacterial cells respectively, in the biofilm. Blue color indicates presents of eDNA in the
biofilm matrix

TABLE 3 Effect of minimum bactericidal concentration of EGNE in inactivating L. monocytogenes biofilms developed at 25°C on stainless steel surface.

Treatments 1min 5min 15 min 30 min

L. monocytogenes counts in biofilm log CFU/coupon (Scott A)

Control 6.82+0.04% 7.02£0.02% 6.97 +0.02" 6.98+0.03%
Ethanol control 6.86+0.03 7.00+0.03% 6.99+0.02" 7.01+0.02%
EG 2,300 mg/L 4.17£0.05 4.02+£0.43" 3.77+0.05%" 3.50+0.06"
EG 2,750 mg/L 3.89+0.07" 3.48£0.01* 3.53+0.07% 3.33+0.04¢
EG 3,500 mg/L 3.61+0.07 3.54+0.07% 3.57+0.05 2.979+0.03¢
EGNE 2,300 mg/L 3.98+0.03" 3.84+0.03¢" 2.44+0.05° BDL*
EGNE 2,750 mg/L BDL* BDL* BDL* BDL*
EGNE 3,500 mg/L BDL* BDL* BDL* BDL*

L. monocytogenes counts in biofilm log CFU/coupon (AT19115)

Control 6.87+0.03' 6.96+0.09' 6.91+0.03 6.90+0.04'
Ethanol control 6.95+0.03' 6.95+0.03' 6.95+0.03' 6.95+0.02'
EG 1,250 mg/L 5.35+0.04" 5.17+0.05" 3.96+0.05 2.62+0.06°
EG 2,300 mg/L 4.19+0.05% 4.03+0.04° 3.81+0.05° 2.22+0.10°
EG 2,750 mg/L 4.12+0.05% 3.96+0.03 3.26+0.11¢ 2.07£0.05°
EGNE 1,250 mg/L 4.02+0.01°% 3.92+0.07¢ 2.79+0.04° BDL*
EGNE 2,300 mg/L BDL* BDL* BDL* BDL*
EGNE 2,750 mg/L BDL* BDL* BDL* BDL*

Microbial count data are expressed in mean + SE and presented as log CFU/coupon. Superscripts with different letters represent significant differences. The detection limit of the assay was 1 log
CFU/ml. The MBC of eugenol nanoemulsion against L. monocytogenes Scott A or AT19115 was 2,300 or 1,250 mg/L, respectively. Biofilms were developed for 96 h and subjected to various
eugenol treatments. BDL-microbial counts are below detection limit.

Generally, biofilm formation by bacterial pathogens occurs in five ~ micro-colony formation, (4) maturation, and (5) dispersion
stages. These include (1) initial/reversible attachment to a surface, (2)  ( ). During the initial/reversible attachment
colonization/irreversible attachment to a surface, (3) proliferation/  phase, the free-swimming planktonic cells attach to the surface
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TABLE 4 Effect of minimum bactericidal concentration of EGNE in inactivating L. monocytogenes biofilms developed at 10°C on stainless steel surface.

Treatments 1min 5min 15min 30 min

L. monocytogenes counts in biofilm log CFU/coupon (Scott A)

Control 6.37+0.07' 6.49+0.08' 6.39+0.07' 6.36+0.09'
Ethanol control 6.42+0.12 6.45+0.14' 6.40 £0.09" 6.48+0.08"
EG 2,300 mg/L 4.62+0.06¢ 3.70£0.06" 2.05+0.10% 2.00+0.05%
EG 2,750 mg/L 4.42+0.07* 3.38+0.168 1.87+0.09¢ 1.93+0.07
EG 3,500 mg/L 4.03+0.05" 2.98+0.06% 1.36+0.13 1.85+0.05¢
EGNE 2,300 mg/L 2.61+£0.19 2.36+0.08% 0.85+0.15° BDL*
EGNE 2,750 mg/L BDL* BDL® BDL? BDL?
EGNE 3,500 mg/L BDL* BDL® BDL* BDL?

L. monocytogenes counts in biofilm log CFU/coupon (AT19115)

Control 6.11+0.02" 6.17+0.02" 6.13+0.01" 6.12+0.03"
Ethanol control 6.18+0.03" 6.11£0.02" 6.12£0.02" 6.16%0.02"
EG 1,250 mg/L 5.89+0.04¢ 4.64+0.07" 4.52+0.11° 3.21+0.07¢
EG 2,300 mg/L 5.62+0.07¢ 4.610.08f 4.16%0.06° 1.69+0.17°
EG 2,750 mg/L 5.64+0.098 4.36+0.12 3.97+0.03¢ 1.69+0.18"
EGNE 1,250 mg/L 5.64+0.068 4.60+0.041 2.44%0.05° BDL?
EGNE 2,300 mg/L BDL? BDL? BDL* BDL?
EGNE 2,750 mg/L BDL* BDL* BDL* BDL*

Microbial count data are expressed in mean + SE and presented as log CFU/coupon. The detection limit of the assay was 1 log CFU/ml. Superscripts with different letters represent significant
differences. The MBC of eugenol nanoemulsion against L. monocytogenes Scott A or AT19115 was 2,300 or 1,250 mg/L, respectively. Biofilms were developed for 16 days and subjected to
various eugenol treatments. BDL-microbial counts are below detection limit.

A Control B  Ethanol control c EGNE

FIGURE 5
Effect of minimum bactericidal concentration of EGNE on L. monocytogenes Scott A biofilms developed at 25°C by scanning confocal microscopy.
(A) Control. (B) Ethanol control. (C) EGNE. Green and red color indicates live or dead bacterial cells respectively.

through weak Van der Wall or electrostatic forces. During this stage, ~ shown the antibiofilm efficacy of EG (

it is relatively easier to prevent biofilm formation. In the subsequent ). The improved efficacy of EGNE could be due to better
stage, the bacteria attach irreversibly via collagen-binding proteins,  distribution of the active compound in the medium via nanoemulsion.
flagella, or pili. During the proliferation and maturation phases,  In L. monocytogenes, cellular motility is a major factor in attachment
significant EPS production provides a 3D structure to the bioflmand  and colonization during the initial stages of biofilm formation (
protects the underlying bacterial population from various ). One of the possible mechanisms of
environmental stressors ( ). Therefore, to eradicatea  action of EGNE could be due to the reduction of bacterial motility. In
mature biofilm, a significantly higher concentration of disinfectantsis  our study, L. monocytogenes in the presence of SIC of EGNE reduced
needed. In our study, we tested the efficacy of EGNE in inhibiting  the motility of L. monocytogenes by ~80% when compared to control
biofilm formation and their efficacy in eradicating a fully formed  suggesting that the EGNE had a direct effect on bacterial motility. In
biofilm. We observed that EGNE was more effective in inhibiting the ~ another study, reported that the antibiofilm activity
biofilm formation compared to its oil form. Previous research has  of eugenol was due to suppression of fimbriae production which is one
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of the critical factors for biofilm formation. In addition to motility,
many other factors such as temperature, surface hydrophobicity,
virulence, quorum sensing, eDNA, and extracellular polymeric
substance are involved in biofilm formation (Ibariez de Aldecoa et al.,
2017; Lou et al., 2019; Xie et al., 2019; Fan et al., 2020). EPS plays a
critical role in biofilm survival by maintaining the structure and
protecting the biofilm cells from the action of disinfectants. Mu et al.
(2021) reported that Staphylococcus epidermidis exposed to quercetin,
a plant-derived compound, reduced its biofilm-forming ability by
reducing EPS production. In other studies, Wang et al. (2018) reported
that D-limonene nanoemulsion inhibited the E. coli biofilm formation
by reducing the EPS and swarming motility without inhibiting the cell
growth. In agreement with the above findings, we observed that
EGNE reduced the EPS production during L. monocytogenes biofilm
formation at 25 and 10°C (Figure 2). Previous investigations have
demonstrated that the extracellular biofilm matrix is composed of EPS
and eDNA (Karygianni et al., 2020; Nwaiwu et al., 2021). The study by
Peng et al. (2020) reported that the interconnection of biofilm 3D
structures is facilitated by the presence of eDNA and EPS in the
surrounding environment in Bacillus subtilis. Moreover, the results of
this study contribute to a deeper understanding of the interplay
between eDNA and EPS in influencing the three-dimensional
structure of biofilms. Similarly, in L. monocytogenes, eDNA plays a
major role in biofilm formation and stabilization of the three-
dimensional biofilm structure in L. monocytogenes (Nguyen and
Burrows, 2014; Kim et al., 2018; Bohacova et al., 2019; Zetzmann
etal., 2019).

Anti-QS or quorum quenching is an effective tool in controlling
the virulence of pathogens, including biofilm formation
(Grandclémen et al., 2016; Paluch et al., 2020). We selected 12h as
the time point for the quorum sensing assay since previous studies
that the
communication during the mid to late log phase (Lu et al., 2017).

have shown compound mediates cell-to-cell
In our study, reduced AI-2 levels were observed when
L. monocytogenes were cultured in the presence of EG or
EGNE. Our results agree with previous findings where eugenol
(Zhou et al,, 2013) and other essential oils have shown an inhibitory
effect on quorum sensing in various bacteria including Salmonella
Enteritidis, S. typhimurium (Guillin et al., 2021), and Campylobacter
jejuni (Li et al., 2022). While the quorum sensing assay cannot
differentiate between reduced production of AI-2 or binding of the
compound with EG/EGNE, previous research has shown that
eugenol reduces the expression of genes involved in quorum
sensing in L. monocytogenes (Upadhyay et al., 2013; Liu et al,,
2021). Therefore, the reduced biofilm formation could be due to
reduced AI-2 production and impaired cell-to-cell communication
within the population of L. monocytogenes involved in biofilm
formation. Confocal imaging of L. monocytogenes biofilm
developed in the presence of EGNE revealed a reduction in eDNA
content in the biofilm along with reduced bacterial load. However,
since confocal imaging is qualitative in nature, the development of
a quantitative assay is recommended to further investigate the
impact of phytochemicals (or their nanoemulsions) on eDNA
production in bacteria. Our experiments investigating the effect of
higher doses (2,750 and 3,500mg/L) of EGNE on mature
L. monocytogenes biofilm showed rapid inactivation of the biofilm
formed at 25 or 10°C. These results are in agreement with previous
findings with L. monocytogenes (Upadhyay et al., 2013; Liu et al.,
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2021), Pseudomonas aeruginosa (Kim and Park, 2013), E. coli
0157:H7 (Hu et al., 2020), and C. jejuni (Wagle et al., 2019), where
they reported that the natural antimicrobial compounds were able
to reduce the biofilm formation by various pathogen by modulating
the motility, quorum sensing, and virulence factors. In particular,
Liu et al. (2021) reported that sub-MIC of eugenol inhibited
L. monocytogenes biofilms by suppressing the QS system rather
than by inhibiting flagella formation. These results corroborate
with Upadhyay et al. (2013), who demonstrated that eugenol
reduced the biofilm formation in L. monocytogenes by regulating
the motility and genes involved in the quorum sensing
and virulence.

In conclusion, EGNE was effective in inhibiting biofilm
formation and inactivating mature biofilms of L. monocytogenes
on stainless steel coupons at 25 or 10°C. In addition, EGNE
reduced pathogen motility, ability to produce EPS, eDNA
abundance, and quorum sensing activity which plays a major role
in biofilm formation. Both Scott A and AT19115 strains of
L. monocytogenes exhibited similar sensitivity to EGNE
treatments. Conducting a follow-up study to examine the
correlation between reduced biofilm formation and a
corresponding decrease in pathogen load on food products could
provide valuable insights into the efficacy of phytochemical
nanoemulsions as a potential disinfectant for the food industry.
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