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a b s t r a c t

Na -lauroyl arginate ethylester, LAE®, which was approved as GRAS by the US Food and Drug Adminis-
tration (FDA) and by the European Food Safety Authority (EFSA) in 2007, is a surfactant that exhibits
antimicrobial activity. To assess its antimicrobial effect, treated cell suspensions of Yersinia enterocolitica
and Lactobacillus plantarum were analysed for reduction of cell viability. Membrane dysfunction was
determined by staining with bis-oxonol to detect the loss of membrane potential, and with propidium
iodide to detect permeabilized membranes by flow cytometry. LAE® treatment for 30 min induced a 4
log10 reduction in cell viability in both bacteria; different subpopulations with variable degrees of cellular
damage were observed by flow cytometry. Permeabilized membranes suggested the leakage of cellular
material; this was also indicated by the loss of potassium ion(s), which was higher in L. plantarum than in
Y. enterocolitica. Structural changes involving collapse of the cytosol and alterations of the cellular en-
velopes, mainly in Y. enterocolitica, and the formation of mesosomes in L. plantarum were observed by
transmission electron microscopy.

© 2015 Published by Elsevier Ltd.
1. Introduction

Two approaches to microbiological assessment in food are mi-
crobial food safety and microbial food spoilage. The challenge in
microbial food safety is to protect public health by minimizing the
microbiological risk, an increasingly complex task in the newglobal
market, characterized by new food vehicles, trade and technologies
as well as population migrations and climate change. Over the last
decades, microbial food security has attracted considerable atten-
tion and their control is mainly based on a preventive approach,
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such as adopting good hygiene practices. In the implementation of
the Hazard Analysis and Critical Control Points system (HACCP) to
reduce the disease burden, microbiological criteria are used in the
validation and verification of procedures throughout the food
chain. Improvements in microbiological food safety have been
achieved by the implementation of international standards and
legislation, which have had a positive impact on diarrhoeal inci-
dence worldwide (Newell et al., 2010). Although it is difficult to
predict new trends in food safety issues, continuous microbial risk
assessment could reveal new emerging foodborne pathogens.

The predominant causative agents of foodborne disease,
50e60% of which are unknown, recently Salmonella, Escherichia coli
and Campylobacter, and Listeria have been the focus of attention
due to an increase of cases (Becerril, Manso, Nerin, & G�omez-Lus,
2013; Kennedy, Cronin, & Wilkinson, 2011; Newell et al., 2010;
Stopforth, Visser, Zumbrink, Dijk, & Bontenbal, 2010; Suksathit &
Tangwatcharin, 2013; Theinsathid, Visessanguan, Kruenate,
Kingcha, & Keeratipibul, 2012).

Yersinia enterocolitica is not explicitly mentioned in European
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legislation (Regulation 1441/2007), but according to the HACCP
system every company should assess hazards and specific critical
points of control in processes related to the manufactured,
distributed and/or sold product (EFSA, 2007). Therefore,
Y. enterocolitica, as an emerging foodborne pathogen with limited
documentation (Nesbakken, Eckner, & Røtterud, 2008; Ye, Wu, Hu,
Zhang, & Huang, 2016), deserves attention.

Y. enterocolitica is a psychrotrophic bacteriumwith the ability to
grow at temperatures below 4 �C. As it can survive more easily in
food stored at room and refrigeration temperatures than at an in-
termediate temperature, and has a longer persistence in cooked
than in raw foods, due to increased nutrient availability (FDA,
2012), the risk of it causing disease increases in ready-to-eat
foods. In fact, yersiniosis is currently the third most predominant
zoonose among foodborne illnesses across Europe, with around
8000 reported cases to date (ACSA, 2011). EFSA-published data
indicate that, on average, 4.8% of pork meat samples in all EU
member states contained Y. enterocolitica (EFSA, 2014). The most
common sources of yersiniosis infection are pork and lamb, and
strict slaughter hygiene is important to limit carcass contamination
with Y. enterocolitica, as well as other human pathogenic microor-
ganisms (Skjerve, Lium, Nielsen,&Nesbakken,1998). Outbreaks are
associated with the consumption of meat, especially of non-heat-
treated fermented sausages (Lindqvist & Lindblad, 2009), and un-
pasteurized milk and dairy products (FDA, 2012). Other risk factors
include cross-contamination through surfaces, utensils or hands,
and consumption of untreated well water.

The economic losses caused by microbial spoilage of foods are
another serious concern for the industry. Risk factors in food pro-
cessing include undercooking, cross-contamination from rawmeat,
food handlers or food contact surfaces, as well as poor temperature
and time control, and storage conditions tomaintain the qualitative
characteristics of the product.

Lactic acid bacteria are involved in diverse meat fermentation
processes and are recognized as important starter cultures. Their
cellular state under different stress conditions has recently been
studied (Bonomo, Milella, Martelli, & Salzano, 2013). Lactobacillus
plantarum is a lactic acid bacterium associated with spoilage in a
wide range of products, found in sugar distilleries (Oliva Neto et al.,
2014), and particularly in ready-to-eat meat (C�amara-Martos,
Zurera-Cosano, Moreno-Rojas, García-Gimeno, & P�erez-Rodríguez,
2012; Fern�adez-Ramírez., Smid, Abee, & Nierop Groot, 2015). An
indicator of food quality, but not safety, is the Aerobic Colony Count
(ACC). An ACC of less than 106 cfu/g is usually associated with a
mixed flora. Above this level there is usually one predominant or-
ganism, and the acceptability and organoleptic quality of the food
will depend onwhich type of organism predominates. Spoilage will
eventually occur due to the production of lactic acid related with
predominant bacteria (mainly lactobacilli and streptococci) at a
level of around 109 cfu/g (Health Protection Agency (HPA, 2009).

L. plantarum has been associated with biofilm formation, which
is a potential source of contamination. Information on environ-
mental conditions that influence biofilm formation by lactobacilli is
of relevance to food-producing industries and could assist with the
design of new intervention strategies to prevent biofilm formation
(Fern�adez-Ramirez, Smid, Abee, & Nierop Groot, 2015). To this end,
besides rational equipment designed to minimize microbial risk by
facilitating cleaningeineplace procedures and good manufacture
practicum, biocides might be added to packaging polymers (Lebert,
Leroy, & Talon, 2007; Muriel-Galet, L�opez-Carballo, Gavarra, &
Hern�andez-Mu~noz, 2015).

Na -lauroyl arginate ethylester, LAE®, is a surfactant derived
from lauric acid and arginine that exhibits antimicrobial activity
(Ma, Davidson, & Zhong, 2013; Martin et al., 2009; Muriel-Galet
et al., 2015; Pattanayaiying, H-Kittikun, & Cutter, 2014; Rodríguez,
Seguer, Rocabayera,&Manresa, 2004; Suksathit& Tangatwacharin,
2013). It is metabolized by humans to natural dietary components
and thus has been considered as GRAS by the FDA since 2005.
Another advantage is that it is odour-free and colourless, which
favours its application as an additive (EC, 2005; EFSA, 2012) in the
cosmetic and food industries (EFSA, 2012; Otero et al., 2014;
Stopforth, Visser, Zumbrink, Dijk & Bontenbal 2010; Theinsathid
et al., 2012).

Traditionally, cell count has been used to assess the effect of
antimicrobial treatment. A complementary technique is flow
cytometry, which allows the rapid measurement of several pa-
rameters within the cell. Antimicrobial treatments frequently
target the membrane, leading to alteration of membrane func-
tionality and permeability and eventually the loss of cellular ma-
terial and structural changes. Flow cytometry is a sensitive
technique for assessing membrane functionality and integrity
when combined with specific cell staining to determine different
types of cellular damage (Kennedy et al., 2011).

In this work we explored the antibacterial effect of LAE® as a
food additive against Y. enterocolitica, a model of an emerging
foodborne bacteria, and L. plantarum, active in food spoilage. To
assess the biocidal activity of LAE® against these bacteria, we used
flow cytometry, ion efflux and transmission electron microscopy.

2. Material and methods

2.1. Materials

Lauroyl arginate ethyl (LAE®), CAS registration number 60372-
77-2 of 91.7% purity was supplied by VEDEQSA SA (Barcelona,
Spain). A stock solution of powdered LAE® was prepared before use
in bi-distilled water (Millipore, MA, USA). Molecular dyes were
supplied by Molecular Probes Europe (BV, Leiden. Netherlands).
Microbiological products were supplied by Pronadisa (Barcelone,
Spain) and Oxoid (Oxoid Ltd, Basingstoke, UK). All chemicals and
reagents were of analytical grade and supplied by Panreac (Barce-
lona, Spain) or SigmaeAldrich (St Louis, USA).

2.2. Microorganisms

Y. enterocolitica ATCC 9610 and L. plantarum ATCC 8014 strains
were maintained frozen in cryovials (AES Laboratoire, Combourg,
France) at �80 �C and sub-cultured weekly on trypticase soya agar
(TSA; Pronadisa, Barcelona, Spain).

2.3. Antimicrobial susceptibility test

The minimal inhibitory concentration (MIC) of LAE® was
determined using a broth microdilution assay (Woods &
Washington, 2003). Serial dilutions of LAE®, between 64 and
4 mg ml�1

final concentration, in MullereHinton Broth (Oxoid Ltd,
Basingstoke, UK) were dispensed (200 mL) in the corresponding
wells of a 96-well polypropylene microtitre plate (Costar; Corning
Incorporated, Corning, NY, USA). For the inoculum, a colony picked
from a TSA agar plate was suspended in Mueller-Hinton Broth and
incubated for 18 h; an aliquot was then inoculated in Mueller-
Hinton Broth and further incubated for 2 h. The turbidity was
adjusted to the 0.5 McFarland barium sulphate standard. The cor-
responding dilutions (200 mL) were inoculated with 10 mL suspen-
sion of the test organism in MuellereHinton Broth to a final
concentration of ca 105 CFU ml�1. The MIC was defined as the
lowest concentration of antibacterial agent that inhibited devel-
opment of visible growth after 24 h of incubation at 37 �C. TheMBC,
defined as the antimicrobial concentration corresponding to at
least 3 log reductions of viable cells, was determined by spreading



Fig. 1. Effect of LAE on bacterial count on L. plantarum (◊) and Y. enterocolitica (▫) at
the respective MIC concentration. Bacteria were suspended in buffered peptone water
and mainrained at 25 �C.
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100 ml aliquots from negative wells on trypticase soy agar (TSA,
Pronadisa, Barcelona, Spain), and the plates were incubated for 48 h
at 37 �C (Branen & Davidson, 2004; Swenson, Hindler, & Jorgensen,
2003). Experiments were conducted in triplicate.

2.4. Exposure to LAE®

Suspensions of microorganisms were obtained from an over-
night culture of each strain of L. plantarum and Y. enterocolitica on
TSA at 30 �C. Four colonies were suspended in 10 ml of peptone
buffered solution, pH 7.0. Each bacterial suspensionwas pelleted by
centrifugation at 8000 � g for 20 min, washed in the sterile filtered
peptone buffered solution, pH 7.0, centrifuged again, and finally
suspended to obtain a concentration of 107e108 CFU/mL. An
appropriate volume (250 mL) of the respective cell suspensions was
used to inoculate flasks containing 24ml of buffered peptonewater
(pH 7) to obtain a cell density of ca 105e106 CFU/mL. To flasks
containing 24ml of the respective bacterial suspensions, LAE® stock
solution (1 mL) was added to reach a final concentration of LAE®

corresponding to theMIC and 2/3 of theMIC for Y. enterocolitica and
L. plantarum. The inoculated flasks were kept in darkness at room
temperature. The contact time established for FC was 30 min. For
transmission electronmicroscopy (TEM) observations, contact time
was 3 h, then suspensions were centrifuged at 8000 � g for 30 min.
The sediment was resuspended in 2 ml of filtered peptone buffered
water, pH 7.0.

In parallel control experiments, cells were incubated in LAE®-
free buffer solution and treated under the same conditions. At the
end of the contact time, the bacterial suspensions were diluted
with the same buffer, centrifuged at 8000 � g for 30 min and
washed to eliminate the LAE®.

2.5. Bacterial counts

After contact with LAE®, reduction in bacterial viability was
calculated by viable cell counts, calculated from the colony forming
units (CFUml�1) obtained on TSA. Rapid separation of bacteria from
LAE® was achieved by centrifugation at 8000 g for 10 min in a
bench centrifuge, after an appropriate dilution in Ringer's solution,
0.1 mLwas inoculated on plates and incubated at 30 �C for 24e48 h.
Cell counting was performed per triplicate and the mean was
calculated. Based on these data, growth inhibition was calculated
according to the viability reduction as follows (Bouhdid, Abrini,
Zhiri, Espuny, & Manresa, 2009):

(1�NT/NC) � 100

where NT is the bacterial count in the treated sample and Nc is the
bacterial count in the control sample.

2.6. Flow cytometry

The staining protocols for FC experiments were as follows: 10 mL
of a 1 mg ml�1 stock solution of propidium iodide (PI) in distilled
water was added to 1 ml of the bacterial suspension, containing
107e108 CFU/mL prepared as described earlier in filtered buffered
peptone water. Staining was carried out at room temperature
before the FC analysis. To evaluate membrane potential, 2 mL of a
250 mmol/L stock solution of bis-oxonol in ethanol was added to
1 ml of the bacterial suspension. Heat-killed cells (30 min at 70 �C)
were used as a positive control for PI and bis-oxonol staining pro-
tocols. Experiments were performed in duplicate.

Flow cytometry experiments were carried out using a Cytomics
FC500 MPL flow cytometer (Beckman Coulter, Inc., Fullerton, CA,
USA). Samples were excited using a 488-nm air-cooled argon-ion
laser at 15mWpower. The instrument was set upwith the standard
configuration: green (525 nm) fluorescence for bis-oxonol, red
(675 nm) for PI. The results were collected on logarithmic scales.
Optical alignment was checked using 10-nm fluorescent beads
(Flow-Check fluorospheres, Beckman Coulter). The cell population
was selected by gating in a FS vs SS dot plot, excluding aggregates
and cell debris. Fluorescence histograms were represented in
single-parameter histograms (1024 channels). The windows used
to calculate percentages were set using living and dead cell pop-
ulations for each strain. Data were analysed using Summit® ver. 3.1
software (Cytomation, Fort Collins, CO, USA).

2.7. Potassium ion leakage

Potassium ion(s) (Kþ) leakage was determined as follows
(Rodriguez et al., 2004). Briefly, the bacterial strains were grown
overnight in Trypticase soy broth (TSB) medium at 30 �C in a
shaking incubator (120 rev/min). Cells were then washed three
times in 0.9% NaCl by centrifugation at 8000 � g for 15 min and re-
suspended in 30 mL of 1 mmol/L glycyl-glycine (Sigma, USA) buffer
solution, pH 6.8, to obtain a cell density of 7.4 � 107 CFU/mL for
Y. enterocolitica and 8.8 � 107 CFU/mL for L. plantarum. The bacteria
were treated with LAE® at the MIC and at 2/3 MIC and incubated at
30 �C in a shaking incubator. Samples (5 mL) of cell suspension
were removed at 0, 10, 15, 30, 60 and 120 min, diluted and filtered
through a 0.22-mm pore-size membrane (Merck-Millipore, Darm-
stadt, Germany) to remove bacteria. LAE®-free controls were pre-
pared in the same conditions to determine normal Kþ

flux over the
time course of the experiment. Heat treatment was also conducted
by incubating the cell suspension in a water bath at 70 �C. The Kþ

concentration in the supernatant was measured using an atomic
absorption spectrophotometer (UNICAM 939⁄959, Cambridge, UK).
The instrumental parameters were as follows: Kþ hollow cathode
lamp, wavelength of 766.5 nm, band pass of 0.5 nm, air-acetylene
flame and fuel flow rate of 1 L/min. Absorbance values were con-
verted to Kþ concentration (ppm) by reference to a curve previously
established using standard Kþ solutions of 0, 0.05, 0.1, 0.3, 0.5 and
1 ppm. Experiments were conducted in triplicate, and means and
standard deviations were calculated.

2.8. Transmission electron microscopy

After treatment of cell suspensions with LAE® for 3 h at the MIC
and 2/3 MIC for each microorganism, the bacterial pellets were



Table 1
Bacterial counts of Yersinia enterocolitica and L. plantarum treated at MIC concen-
tration of LAE®.

Time (min) Y. enterocolitica L. plantarum

0 1.0 � 107 2.1 � 107

5 2.8 � 104 3.1 � 104

10 1.1 � 104 1.3 � 104

30 1.7 � 103 3.5 � 103

60 7.0 � 100 3.0 � 100

90 e e

120 e e
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rinsed with buffered peptone water, pH 7.0. Y. enterocolitica and
L. plantarum pellets were transferred to planchettes (1 mm diam-
eter and 200 mm deep) and immediately cryoimmobilized using a
Leica EMPact high pressure freezer (Leica Vienna, Austria). Plan-
chettes were cryofixed with a pressure of about 2100 bars and a
reduction in temperature of 8 �C/s and then stored in liquid ni-
trogen until further use. Frozen samples were freeze-substituted in
a Leica EMAFS (automatic freeze substitution system, Leica, Vienna,
Austria) where the substitution was performed in pure acetone
containing 2% of osmium tetroxide and 0.1% of uranyl acetate for
Fig. 2. Dual parameter of Y. enterocolitica stained cells (bis-oxonol and PI) at different LAE
population; c) population treated with LAE at 2/3 MIC concentration (5.33 mg ml�1); d) po
72 h at �90 �C. The temperature was gradually increased
(Dt ¼ 5 �C h�1) to 4 �C and held constant for 2 h and then finally
increased to room temperature and maintained for 1 h. Samples
were washed twice with acetone at room temperature and infil-
trated in a graded series of Epon-acetone mixtures, and finally
samples were embedded in fresh Epon and polymerized at 60 �C for
48 h. Ultrathin sections were prepared with a Leica UCT ultrami-
crotome and mounted on Formvar carbon-coated copper grids.
Sections were post-stained with 1% uranyl acetate and lead citrate.
Sections were examined with a Phillips EM 30 (Eindhoven,
Holland) microscope with an acceleration of 60 kV.
3. Results

3.1. Antimicrobial activity of LAE®

The MIC of LAE® was 8 mg ml�1 against Y. enterocolitica and
32 mg/mL against L. plantarum. The effect of LAE® over time on
bacterial suspensions in buffered peptone water is presented in
Fig. 1. After 5 min of exposure, Y. enterocolitica suffered 3 log10 units
loss of viability which reached 4 log10 units, at 30 min. In
concentration a) positive control, untreated population; b) negative thermal treated
pulation treated with LAE at MIC concentration (8 mg ml�1).



Fig. 3. Dual parameter of L. plantarum stained cells (bis-oxonol and PI) at different LAE concentration a) positive control, untreated population; b) negative thermal treated
population; c) population treated with LAE at 2/3 MIC concentration (21.33 mg ml�1); d) population treated with LAE at MIC concentration (32 mg ml�1).

Table 2
Percentage of stained cells measured by flow cytometry analysis and viability reduction in Yersinia enterocolitica treated with LAE®.

Treatment Cell number Unstained cells (%) % Of stained cells % Reduction viability by cell counts

Bis-oxonol PI

positive control none 5.0 � 104 98.7 0.60 0.7 0
LAE® 5.3 mg/mL 2.0 � 104 0.4 3.70 95.80 98.33

8.0 mg/mL 2.0 � 104 0.5 1.80 97.80 100
negative control 70 �C 2.0 � 104 0.4 6.6 93. 0 0
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L. plantarum, after treatment at MIC (32 mg/mL), the reduction in
viability was 3 log10 units after 5 min, increasing to 4 log10 units
after 30 min. In both cases, there was a 100% reduction in viability
after 60 min of contact (Fig. 1).

The minimal bactericidal concentration (MBC) of LAE® was
identical to that of the corresponding MIC: Y. enterocolitica (8 mg/
mL) and L. plantarum (32 mg/mL). A decrease of 99.7% and 99.8%,
respectively, in cell viability was observed after 5 min of contact,
and a decrease of 99.9% after 30 min was observed in both micro-
organisms assayed (Table 1).

3.2. Flow cytometry

In order to study the effect of LAE® on bacterial suspensions, the



Table 3
Percentage of stained cells measured by flow cytometry analysis and viability reduction in Lactobacillus plantarum treated with LAE®.

Treatment Cell number Unstained cells (%) % Of stained cells % Reduction viability by cell counts

Bis-oxonol PI

positive control none 2.89 � 104 99.86 0.10 0.01 0
LAE® 21.3 mg/mL 5.0 � 104 72.5 15.10 12.4 98.36

32.0 mg/mL 4.5 � 104 0.25 0.30 99.60 100
negative control 70 �C 2.0 � 104 0.1 3.0 96.8 0

Fig. 4. Potassium leakage of the cell suspension of (a) L. plantarum and (b)
Y. enterocolitica: control population (C); thermal shock treated population (▫); bac-
terial population treated with LAE at MIC concentration (D). The amount of extracel-
lular potassium of untreated cells was subtracted at each time point from that of
treated cells. Each point represents the mean of three experiments.
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MIC and 2/3 of the MIC of biocide were applied to each cellular
suspension and the damage in the corresponding population was
assessed. In the case of Y. enterocolitica, 8m/mL and 5.33 mg/mL of
LAE® were added, whereas for L. plantarum, 32 mg/mL and 21.33 mg/
mL of LAE® were added.

The effect of LAE® on cell damage is presented in Figs. 2 and 3.
Three subpopulations of cells were observed: i) an unstained sub-
population (D3) of intact cells; ii) a subpopulation corresponding to
depolarized cells, stained with bis-oxonol (D4); and iii) a subpop-
ulation with different degrees of damage, stained with PI, indi-
cating permeabilized cells (D1, D2).

The evolution of cellular damage increased with LAE® concen-
tration. As shown (Table 2, and Fig. 2), when 5.3 mg ml�1 of LAE®

was added to Y. enterocolitica culture, only 3.7% of cells retained bis-
oxonol (Fig. 2c D4) and thus had a depolarized membrane. Most of
the population (Fig. 2c D1, D2) was stained with PI (95.8%), but two
subpopulations were observed with two levels of fluorescence in-
tensity, suggesting different degrees of alteration: those that
retained PI and bis-oxonol (Fig. 2c, D2), and those that retained PI
and were severely damaged (Fig. 2c, D1). These results were
consistent with the 98.33% reduction in cell viability (Table 2). As
expected, at the higher LAE® concentration, 8 mg/mL (Table 2 and
Fig. 2d), the depolarization of the membrane (Fig 2d, D4) was
reduced to 1.8% (bis-oxonol-stained cells), while at the same time
the percentage of severely damaged cells increased to 97.8% (Fig 2d
D1, D2). In other words, almost the entire population died, as in the
thermally treated culture (Fig. 2b, D1, D2), which is consistent with
the 100% of reduction in viability (Table 2).

A different effect was found in the gram-positive L. plantarum
(Table 3, Fig. 3). When exposed to LAE® at 21.33 mg ml�1, 72.51%
remained unstained after 30 min of contact, indicating that most of
the population was intact (Fig. 3b, D3). Up to 15.1% of the popula-
tion was stained with bis-oxonol (Fig. 3c, D4), indicating a depo-
larized membrane, and only 12.4% were stained with PI (Fig 3b, D1,
D2), indicating a permeabilized membrane. Despite this, there was
a 98.35% reduction in viability (Table 2). After increasing the biocide
concentration to the MIC, almost the entire population (99.6%)
retained PI (Fig 2d, D2,D1), indicating dead cells, which accounts for
the 100% inhibition of growth (Table 3), as in the thermally treated
culture (Fig. 3b).
3.3. Potassium ion(s)leakage

To assess the change in cell membrane permeability and loss of
cellular material, Kþ leakage was examined over time (Fig. 4). After
treatment of the L. plantarum suspension with LAE® at the MIC
(Fig. 4a), a biphasic profile of Kþ leakage was observed. Within the
first five minutes, Kþ leaked from the cytosol at a rate of up to
1 ppm, then the loss increased to reach a maximum (1.21 ppm)
after 60 min. As expected, a different pattern of Kþ leakage was
observed in the case of the gram-negative Y. enterocolitica (Fig. 4b),
with a much lower loss rate. Only 0.6 ppm of Kþ was found in the
extracellular compartment after the first 5 min, after which levels
remained fairly constant.
3.4. Transmission electron microscopy (TEM)

After 3 h of exposure to LAE®, samples were cryoimmobilized
and cryofixed for observation under TEM to detect any morpho-
logical or structural changes. As shown in Fig. 5, when
Y. enterocolitica was treated with 5.33 mg ml�1 of LAE® (2/3 MIC),
the cytoplasm started collapsing, and black spots could be seen at
the edges of cells (Fig. 5b,c). In some areas, incipient membrane
damage was apparent (Fig. 5c), close to white areas of cytoplasm,
suggesting solubilization of the cytosol material. When LAE® was
increased to the MIC, dramatic changes were observed (Fig. 5d,e):
cells became enlarged and the cytosol appeared to have collapsed
(Fig. 5d, black regions) due to the retraction of the cytosol, which
appeared with white spots (Fig. 5e), suggesting it had been partly
solubilized by the LAE®.
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When L. plantarum was treated with 21.33 mg ml�1 LAE® (2/3
MIC), an increase in size of the cellular envelope was observed,
compared with the untreated population (Fig. 6a), along with se-
vere damage to the bacterial membrane (Fig. 6b). Intracellular
mesosomes were observed invading the cytoplasm (Fig. 6b) and
apparent alterations in the cytosol could be observed. At the MIC of
LAE® (Fig. 6d,e), cells developed a granular appearance, with the
collapse of the cytoplasm.

4. Discussion

Na lauroyl-L-arginine ethyl ester monohydrochloride has a
known antimicrobial effect against some gram-positive and gram-
negative bacteria. The mechanism of action of such compounds
depends on the interaction of the alkyl chain and the hydrophobic
membrane of microorganisms (Becerril et al., 2013; Rodríguez et al.,
2004). To gain new insight into the spectrum of activity of LAE®,
two food-related bacteria were assayed for susceptibility to this
compound. Given that contamination of food products is a major
concern in the food industry, we studied the effect of the biocide
LAE® on two bacteria that severely effect product quality: the
emerging foodborne bacteria Y. enterocolitica, and the food spoilage
L. plantarum.

Microbiocides are chemical compounds with a wide range of
applications, including in food and healthcare consumer products.
LAE® has been approved as GRAS by the US Food and Drug
Administration (USDA, 2005), and by the European Food Safety
Authority (EFSA, 2007). Interest in microbiocides reflects the
increasing emergence of pathogen resistance and a better under-
standing of microbial pathogens on the part of the public (Maillard
et al., 2013. Biocides have multiple targets and thus the develop-
ment of resistance is less likely. Among the parameters used to
evaluate the effect of an antimicrobial compound is the degree of
metabolic activity: the lower the metabolic activity, the greater the
chance of surviving exposure to an antimicrobial agent (Matos &
Lopes Da Silva, 2013). In this context, the cellular effect of expo-
sure to LAE®was assessed in non-proliferating cells in an attempt to
reduce the metabolic activity of the bacterial population. Despite
being non-proliferating cells, the reduction in viability in both
bacteria after 5 min of contact at the MBC was 3 log10 units,
increasing to 4 log10 units after 30 min. A similar reduction
although after 24 h of growth (about 4 log10 units) has been re-
ported in several gram-positive and gram-negative bacteria when
treated at MIC (which was similar to the MBC) (Becerril, Manso,
Nerín, & Gomez Lus, 2013). In contrast, Ma et al. (2013) reported
a reduction in viability of only 2 log units when LAE® was used
against Listeria monocytogenes. They suggest that LAE® antimicro-
bial activity could be boosted by combining it with an essential oil
(Ma et al., 2013).

Flow cytometry can be applied to measure physical and chem-
ical parameters of individual cells, providing information by
labelling cells with specific fluorochromes (molecular probes) and
producing fluorescence signals that allow the detection of certain
indicators of functionality of the cell. The anionic dye bis-oxonol
was used to assess loss of membrane potential, by entering depo-
larized cells where it binds to lipid-rich components. Propidium
iodide (PI), a positively charged dye that enters the cell through
permeabilizedmembranes and intercalates between RNA and DNA,
was used to assess membrane permeability (Comas-Riu & Rius,
2009). Given that the electrochemical membrane potential in
Fig. 5. Transmission electron microscopy of Yersinia enterocolitica (a) control, (b)
treated with LAE 2/3 CMI concentration for 3 h (b, 30 K; c 50 K). Cells treated with LAE
CMI concentration 3 h (d, 75 K; e, 50 K). Arrows indicated alteration of cell membrane.
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viable cells should be intact, its magnitude is a tentative measure of
microorganism health. The dual staining with a cell-permeant dye
and a dye detecting loss in the membrane potential is a robust
approach that can distinguish between different degrees of dam-
age. While Y. enterocoliticawas strongly affected by sub-MIC values
of LAE®, the bactericidal action of LAE® increased with its concen-
tration (Table 2, Fig. 2), which was evidenced by the reduction in
viability. A similar effect of LAE® concentration was observed in
L. plantarum, but in this case, a high proportion of unstained pop-
ulation was found after sub-MIC treatment, despite the high
reduction in viability (Table 3). This suggests that the effect of LAE®

on L. plantarum not only caused depolarization and permeability
but also some other unspecific effect inside the cell, where a
collapse of the cytoplasmic material could be observed (Fig. 5).

Novo et al. reported a discrepancy between the drop in mem-
brane potential and cell viability, suggesting a recovery in the
bacterial population after the initial antimicrobial impact. More-
over, they concluded that, although nucleic acid dyes can be used as
an indicator of cell death, this criterion should not be applied in all
situations (Novo, Perlmutter, Hunt, & Shapiro, 2000). This was the
case of LAE®-treated L. plantarum, since most of the population
remained unstained (72%), while the reduction in viability was
98.6%. According to Novo et al., this might be due to the multi-
etarget sites of the biocide, or to a reversion to an impermeable
state (Novo et al., 2000). Thus, several parameters should be
measured to have a comprehensive understanding of the mecha-
nism of action. The effect of another surface active agent, bis(Na-
caproyl-L-arginine)-1,3-propanediamine dihydrochloride, has also
been described as concentration-dependent, although in this case
with a low reduction in viability, suggesting that the damage was
reversible (Castillo, Clap�es, Infante, Comas, & Manresa, 2006).
When Bouhdid et al. assessed the effect of Origanum compactum oil
on Pseudomonas aeruginosa and Staphylococcus aureus, a high
reduction in viability was found at MIC, but a subpopulation with a
different degree of PI staining suggested a different level of damage
caused by the essential oil (Bouhdid et al., 2009).

Kþ is a major cation involved in the maintenance of membrane
potential and thus the functionality of the cytoplasmic membrane
and the turgor of the cell. Being a small ion, the leakage of Kþ is a
sign of the permeabilization of the membrane and loss of cyto-
plasmic material. Lower intracellular Kþ leakage was observed in
both strains compared with the controls, but the leakage from
L. plantarum was twice that from Y. enterocolitica, which might be
due to the thicker cell envelope, as observed by TEM. In the case of
Y. enterocolitica, the loss of Kþ was monophasic, suggesting that
once the outer membrane is destabilized, LAE® acts on the cellular
membrane, causing Kþ leakage. In L. plantarum, however, the loss of
Kþ followed a biphasic profile. Similarly, the leakage of Kþ was
about 2-fold greater in Salmonella Typhimurium than S. aureus
(Rodríguez et al., 2004). These results are consistent with the data
of Pattanayaiying et al., who reported that LAE® leads to more Kþ

leakage than nisin Z in E. coli 0157:H7, L. monocytogenes and Bro-
chothrixt thermosphacta (Pattanayaiying et al., 2014). In agreement
with these authors, we observed by TEM that LAE® caused Kþ efflux
without cell lysis.

Using cryo-electron microscopy, which allows a wide range of
cellular structures to be identified, our observations (Fig. 5 and 6) of
membrane damage induced by the cationic surfactant (LAE®) are
consistent with previous reports (Becerril et al. 2013;
Fig. 6. Transmission electron micrographies of Lactobacillus plantarum. Control cells (a,
40 K), treated with LAE 2/3 CMI concentration for 3 h (b, 75 K; c, 50 K) cells treated
with LAE CMI concentration for 3 h (d, 40 K; e, 75 K). Arrows indicated change sin
bacterial envelope and changes in the cytoplasm.
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Pattanayaiying et al., 2014; Rodríguez et al., 2004). In
Y. enterocolitica, the integrity of the cellular body was maintained
even under a higher LAE® concentration (Fig 5c,d), and no general
disruption of the outer membrane was observed, similar to that
reported in E. coli O157:H7 (Pattanayaining, H-Kittikun, & Cutter,
2014). Instead, a severe collapse of the cytoplasm was evident, in
contrast with Salmonella Rissen, in which disruption of the cellular
membranes as well as collapse of the cellular material was reported
(Suksathit & Tangwatcharin, 2013). Detailed observation of the
effect of LAE® on L. plantarum revealed that the thick peptidoglycan
envelope protected the cell. Two relevant effects were observed
(Fig. 6): a thickening of the envelope and coagulation of the cytosol,
which was consistent with the reduction in viability. Similarly,
when L. monocytogeneswas treated with LAE®, no disruption of the
cellular envelope was observed (Pattanayaiying et al. 2014).
Membrane mesosome formation, as reported in S. aureus
(Rodriguez et al., 2004), was also evident (Fig. 6b,c) at low con-
centrations of LAE®. However, despite the loss of Kþ, no massive
leakage of cellular material was observed.

5. Conclusions

In this study we report the effect of LAE® on cell functionality,
such as loss of membrane potential and Kþ leakage, cell viability
and cellular ultrastructure. Our results demonstrate that LAE®

produces lethal effects in food-related bacteria such as
Y. enterocolitica and L. plantarum. Uptake of PI and bis-oxonol and
TEM observations showed that concentrations lower than the
correspondingMIC of LAE® greatly reduce viability but do not cause
cell lysis.
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