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This paper is an evaluation of the lethal effectiveness of a successive application of pulsed electric fields (PEFs)
and heat treatment in liquid whole egg (LWE) in the presence of different additives on the population of
Salmonella serovar Enteritidis. Synergistic reductions of the Salmonella Enteritidis population were observed
when LWE samples containing additives were treated with PEF (25 kV/cm; 100 and 200 kJ/kg), heat (55 °C),
or PEF followed by heat. The presence of additives, such as 10 mM EDTA or 2% triethyl citrate, increased the
PEF lethality 1 log10 cycle and generated around 1.5 log10 cycles of cell damage, resulting in the reduction of
undamaged cells of 4.4 and 3.1 log10 cycles, respectively. The application of PEF followed by heat treatment
significantly (pb0.05) reduced D55ºC from 3.9±0.2 min in LWE to 1.40±0.06 min or 0.24±0.02 min in the
presence of 10 mM EDTA or 2% triethyl citrate, respectively. A PEF treatment of 25 kV/cm and 200 kJ/kg
followed by a heat treatment of 55 °C and 2 min reduced more than 8 log10 cycles of the population of
Salmonella Enteritidis in LWE combined with 2% triethyl citrate, with a minimal impact on its protein soluble
content. The heat sensitizing effect of PEF treatments in the presence of 2% triethyl citrate on the Salmonella
population could enable LWE producers to reduce the temperature or processing time of thermal treatments
(current standards are 60 °C for 3.5 min in the United States), increasing the level of Salmonella inactivation
and retaining the quality of non-treated LWE.
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1. Introduction

Eggs and egg products are a nutritious part of our diet and a useful
ingredient in foods due to their functional properties. Unfortunately,
they are responsible for a large number of foodborne illnesses each
year, constituting an obstacle to the well-being of populations and a
source of high economic losses (Bufano, 2000).

Currently, the egg industry's primary method of improving the
microbiological safety of liquid egg is thermal treatment. According to
microbial heat resistance data in the literature, current liquid whole
egg (LWE) heat pasteurization at 60 °C for 3.5 min (USA) or at 64 °C for
2.5 min (UK) should provide a reduction of 5–9 log10 cycles in the
number of the most frequent Salmonella serotypes, Salmonella
Typhimurium and Salmonella Enteritidis (Álvarez et al., 2006; D'Aoust
et al., 1987; Doyle andMazzotta, 2000; Humphrey, 1990; Mañas et al.,
2003). However, the high thermal sensitivity of liquid egg components
limits the intensity to which the product can be heated, since some
soluble proteins begin to precipitate at temperatures as low as 57 °C
(Hamid-Samimi et al., 1984; Herald and Smith, 1989). To retain the
quality of liquid egg, nonthermal technologies, such as pulsed electric
fields (PEFs), are under research for LWE pasteurization (Amiali et al.,
2007; Geveke, 2008; Mañas et al., 2000; Ponce et al., 1999). PEF
involves the application of short-duration pulses of high electric field
strengths (10–50 kV/cm) to foods placed between two electrodes at
ambient temperature (Barbosa-Cánovas et al., 2001). Several studies
have reported successful PEF inactivation of pathogenic and food
spoilage microorganisms, resulting in better retention of flavors and
nutrients, as compared with heat-pasteurized products (Charles-
Rodriguez et al., 2007; Mañas and Vercet, 2006).

PEF technology has been demonstrated to be effective in
inactivating different microorganisms including distinct Salmonella
serotypes, Escherichia coli, Bacillus cereus, Staphylococcus aureus, and
Listeria innocua in LWE (Bazhal et al., 2006; Calderon-Miranda et al.,
1999; Hermawan et al., 2004; Huang et al., 2006; Jin et al., 2009;
Monfort et al., 2010b; Pina-Perez et al., 2009). However, the lethal
effectiveness of PEF treatments at temperatures lower than 35 °C is far
from the 5 log10 cycles of inactivation of Salmonella recommended by
the USDA (USDA, 1969) and could be insufficient to guarantee the
absence of Salmonella in 25 g or mL of LWE required by European
regulation (Directive 89/107/CE). Therefore, PEF technology as a sole
preservation method is not suitable for pasteurizing LWE (Monfort
et al., 2010a).

The occurrence of cell damage due to PEF (García et al., 2005) has
permitted to combine this technologywith other preservation hurdles
(antimicrobials, low pH, temperature, etc.) to increase the lethality of
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treatments (Craven et al., 2008; Gallo et al., 2007; García et al., 2005;
Huang et al., 2006; McNamee et al., 2010; Mosqueda-Melgar et al.,
2008; Walkling-Ribeiro et al., 2009). The combination of PEF with
antimicrobials or with temperature or the successive application of
PEF and heat have been evaluated in LWE or egg whites (Amiali et al.,
2007; Calderon-Miranda et al., 1999; Hermawan et al., 2004; Jin et al.,
2009). Exposure of L. innocua to 100 IU/mL nisin following PEF
resulted in 5.5 log10 cycles of inactivation for an electric filed intensity
of 50 kV/cm and 32 pulses (Calderon-Miranda et al., 1999). At
30 kV/cm and 40 °C, the population of E. coli O157:H7 and Salmonella
Enteritidis were reduced by 5 log10 cycles in liquid egg yolk (Amiali
et al., 2006). Hermawan et al. (2004) reduced 4.3 log10 cycles of the
Salmonella Enteritidis population by combining PEF (25 kV/cm;
250 μs) and heat (55 °C/3.5 min) in LWE. Although additive and
synergistic lethal effects have been observed, the achieved level of
inactivation could be insufficient to obtain Salmonella-free LWE.

The objective of this investigation was to design a more lethal
effective combined process based on the application of PEF followed by
heat treatment to LWE in the presence of different additives on the
population of Salmonella serovar Enteritidis, one of themicroorganisms
responsible for most foodborne illnesses associated with the
consumption of eggs and egg products (EFSA and ECDC, 2009).

The chemical compounds used in this investigation are recognized
as GRAS (generally recognized as safe) in the United States and in the
EU as additives. Some are additives classified as preservatives:
potassium sorbate (E202), potassium benzoate (E213), nisin (E234),
dimethyl dicarbonate (DMDC; E242), and lysozyme (E1105). Others
are additives with supplementary properties. For example, disodium
EDTA (E385) is used as a preservative or as an inhibitor of product
discoloration (Helander et al., 1997), and triethyl citrate (E1505) is
used in egg products to improve their whipping properties (Cho et al.,
2009). Finally, the preservative ethyl lauroyl arginate (LAE) has also
been used. It is considered GRAS in the United States but is still
pending coding with an E number in the EU. The concentrations of the
additives added to LWE in this investigation were the highest legally
permitted in the United States or the EU or those usually used in the
literature (Codex STAN-192-1995; Council Directive 89/107/CE; Real
Decreto 142/2002; Rodrigez et al., 2004).

2. Material and methods

2.1. Preparation of LWE

Extra large Grade A eggs were purchased from a local supermarket.
The eggshells were thoroughly washed with 70% ethanol and allowed
to air dry. The sanitized eggs were aseptically broken and transferred
to a sterile stomacher bag (Tekmar Co., Cincinnati, Ohio, USA) and
homogenized for 2 min at 230 rpm in a stomacher laboratory blender
(model 400, Tekmar Co., Cincinnati, Ohio, USA). The obtained LWEwas
centrifuged at 102×g for 2 min (centrifuge Heraeus, model Megafuge
1.0 R) to eliminate air andmaintained at 2–4 °C until ready for use. The
pH of LWEwas 7.5±0.3, and its electric conductivity, 0.67±0.03 S/m.

2.2. Preparation of LWE with additives

The additives used were nisin, potassium sorbate, potassium
benzoate, DMDC, LAE, disodium EDTA, triethyl citrate, and lysozyme.
Nisin, DMDC, and lysozyme were supplied by Sigma (Sigma-Aldrich,
St. Louis, MO); potassium sorbate, potassium benzoate, and EDTA by
PANREAC (Panreac Química Sau, Spain); LAE by LAMIRSA (Miret
Laboratories, S.A, Spain); and triethyl citrate by Merck (Merck KGaA,
Germany). Additives were added directly to 20 mL of LWE to obtain the
corresponding final concentrations. The concentrations used in this
study were 1000 IU/mL nisin, 4000 ppm potassium sorbate, 4000 ppm
potassium benzoate, 1000 ppm DMDC, 200 ppm LAE, 20 mM EDTA, 4%
triethyl citrate, and 4000 ppm lysozyme. The 20 mL-LWE flasks, with
additives, were kept at 4 °C until use (maximum storage time, 1 h). The
additives did not alter the pH of LWE.

2.3. Microorganisms

The strain of Salmonella Enteritidis (STCC 7300) used in this
investigation was supplied by Spanish Type Culture Collection (STCC).
The broth subculture was prepared as previously described Monfort
et al. (2010b), in flasks containing 50 mL of tryptic soy broth (Biolife,
Milan, Italy) plus 0.6% (w/v) of yeast extract (Biolife) (TSBYE)
inoculated to an initial concentration of approximately 106 CFU/mL.
The cultureswere incubated under agitation (135 rpm) (mod. Rotabit,
Selecta, Spain) at 37 °C for 24 h until the stationary growth phase was
reached (Álvarez et al., 2003). Before treatment, bacterial suspensions
were centrifuged at 6000×g for 5 min at 4 °C and re-suspended in
1 mL of LWE with the corresponding additive at a concentration of
approximately 109 CFU/mL. LWE with additives and inoculated with
Salmonella Enteritidis was stored at 4 °C until use (maximum storage
time, 1 h). The additives at the added concentrations did not affect the
number of survivors nor cell damage was detected during the storage
time at 4 °C (data not shown).

2.4. PEF, heat, and PEF followed by heat treatments

0.3 mL of LWE with the corresponding additive and 109 CFU/mL of
the bacterial suspension was placed in the PEF treatment chamber, as
previously described (Monfort et al., 2010b). The PEF equipment used
in this investigationwas previously described by Saldaña et al. (2010).
Microorganisms were treated in a tempered batch parallel-electrode
treatment chamber (15.0±0.1 °C)with a distance between electrodes
of 0.4 cm and an area of 0.79 cm2. 3 μs-square waveform pulses were
applied at 0.5 Hz. The temperature of the LWE,measured as previously
described Raso et al. (2000), was always lower than 35 °C. The energy
per pulse (W′) was calculated using the following equation:

W′ = ∫
∞

0

k⋅E tð Þ2dt ð1Þ

where k (S/m) is the electrical conductivity of LWE, E (V/m) is the
electric field strength, and t(s) is the duration of the pulse. The total
energy applied (kJ)was calculated bymultiplying the energy per pulse
(W′) by the number of pulses. The total specific energy (W) applied
(expressed in kJ/kg) was determined by dividing the total energy by
the mass of treated LWE. Electric field strengths of 25 kV/cm and
specific energies of 100 (8 pulses) and 200 kJ/kg (16 pulses) were
applied. A previous investigation showed that 25 kV/cm and 200 kJ/kg
was the most lethal effective PEF treatment in LWE to inactivate
different Salmonella serovars with the lowest energetic consumption
(Monfort et al., 2010a).

For PEF followedbyheat treatments (PEF-heat treatment), 0.07 mLof
PEF-treated LWE in the presence of an additive was added to 0.63 mL of
LWE in tubes containing the sameadditive andpreviously stabilized in an
incubator (FX Incubator, A.F. Ingenieria S.L., Valencia, Spain) at 55±
0.2 °C. The actual temperature was controlled by using a thermocouple
wire introduced in a 0.7 mL LWE test tube inside the incubator. At preset
time intervals, 0.1 mL samples were taken for the heat resistance
determinations and immediately diluted in 0.1% peptonewater (Biolife).
The maximum time between PEF and heat treatments was approxi-
mately 5 min. This period did not affect the number of survivors of
Salmonella Enteritidis after PEF treatments (data not shown).

2.5. Sampling

0.1-mL aliquots of samples not treated and treated with PEF, heat,
or PEF followed by heat were removed and serially dilutedwith sterile
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Fig. 1. Log10 reductions of Salmonella Enteritidis treated in LWE with different additives
by PEF treatments of 25 kV/cm and 100 kJ/kg (1a) or 25 kV/cm and 200 kJ/Kg (1b) and
recovered in non-selective (white bars) and selective media (black bars). The 95%
confidence limits are shown as error bars. Bars with different letters were significantly
different (Pb0.05). “a, b, c” letters compare significant differences among additives
when bacteria are recovered in non-selective media (white bars); “d, e, f” letters
compare significant differences among additives when bacteria are recovered in
selective media (black bars); “A, B” letters indicate significant differences for the same
additive comparing the level of inactivation in selective and non-selective media.
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0.1% peptone water and plated into tryptic soy agar (Biolife, Milan,
Italy) plus 0.6% (w/v) of yeast extract (Biolife) (TSAYE). Plates were
incubated at 37 °C for 24 h. To quantify the number of injured cells,
samples were also plated into TSAYE containing the maximum non-
inhibitory concentration of sodium chloride for this Salmonella
serovar, 3% (TSAYE+NaCl). Plates with TSAYE+NaCl (selective
media) were incubated at 37 °C for 48 h. The existence of sublethal
injury after the treatment is determined by pour plating samples on
two different media; a non-selective media with suitable conditions,
where cells may return to their native state by repairing the cellular
damage; and a selective media, where injured cells cannot be
repaired, as consequence, those cells die (Mackey, 2000). The
selective media used to detect membrane damage is agar with
sodium chloride added (Mackey and Derrick, 1982).

After incubation, colonies were counted with an image analyzer
automatic counter (Protos, Analytical Measuring Systems, Cambridge,
UK), as previously described by Condón et al. (1996). Each experiment
was performed at least three times on separate days. Average results
are presented below.

2.6. Percentage of soluble protein content of LWE

The method described by Hamid-Samimi et al. (1984) was used.
1 mL aliquots of treated and non-treated LWE were diluted in 100 mL
of 1% NaCl water solution. The solutionswere centrifuged at 27,000×g
for 60 min at 0–5 °C (Sorvall, model RC 28S, DuPont Instruments,
Wilmington, USA). Filtered supernatant was diluted in water with a
2.5% SDS solution in a proportion of 7 (SDS):3 (water) (v/v).
Absorbance was measured at 280 nm in a Unicam UV500 spectro-
photometer (Unicam Limited, Cambridge, UK). The percentage of
soluble protein content of treated LWE was expressed in terms of the
non-treated LWE.

2.7. PEF and heat resistance parameters

Plate counts of the treated samples were divided by the control
plate counts to obtain the survival fraction. The log10 of the survival
fraction was then used to define the lethality of PEF treatments. The
lethality of heat treatments was measured by their decimal reduction
time value (Dt value), which is defined as minutes of treatment at a
given temperature for the number of survivors to drop 1 log10 cycle.Dt

values were calculated from the slope of the regression line of the
straight portion of the survival curve obtained at every treatment
temperature by plotting the log10 of the survival fraction versus
treatment time. PEF lethality and Dt values, and their corresponding
95% confidence limits, were calculated with GraphPad PRISM®

(GraphPad Software, Inc., San Diego, CA). Significant differences
between PEF lethality and thermal Dt values, obtained respectively
from PEF treatments and heating survival curves, were determined by
ANOVA tests with GraphPad PRISM®.

3. Results

3.1. PEF treatments

The PEF resistance of Salmonella Enteritidis was determined for
each additive used in the study after treatment of 25 kV/cm and two
energetic levels, 100 and 200 kJ/kg (Fig. 1). Fig. 1 also illustrates the
PEF inactivation when microorganisms were recovered in selective
media. The presence of additives increased PEF lethality. This
increment of the PEF lethal efficiency was higher at 100 (Fig. 1a)
than at 200 kJ/kg (Fig. 1b). At 100 kJ/kg, the highest increase of PEF
lethality was 1.1 log10 cycles in the presence of 20 mM EDTA,
achieving a maximum inactivation of 2.2 log10 cycles. In general, the
application of 25 kV/cm at 200 kJ/kg increased the lethality of
Salmonella Enteritidis 0.5±0.4 log10 cycle when no additives were
used and 0.7±0.2 when additives were added to LWE. Specifically, in
the presence of additives such as DMDC, nisin, triethyl citrate, and
EDTA, the lethality was 2.4, 2.6, 2.7 and 2.6 log10 cycles, respectively.
When Salmonella Enteritidis was recovered in selective media after
PEF treatments at 100 and 200 kJ/kg, significant cell damage (Pb0.05)
was detected with the addition of triethyl citrate or EDTA to LWE. In
the presence of these additives, around 90% of the survivors were
damaged after PEF treatments. The application of more intensive PEF
treatments (35 kV/cm at 100 or 200 kJ/kg) did not significantly
increase PEF lethality or damage suffered by Salmonella Enteritidis in
LWE with additives (data not shown). Based on the obtained results,
the presence of 4% of triethyl citrate or 20 mM of EDTA in LWE
increased the PEF lethality of Salmonella Enteritidis.

In order to evaluate the influence of the concentration of the
additives on PEF lethality, Fig. 2 shows the inactivation and cell
damage of Salmonella Enteritidis treated at 25 kV/cm and 200 kJ/kg
with different concentrations of triethyl citrate and EDTA. In the case
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of triethyl citrate (Fig. 2a), PEF lethality increased significantly at
concentrations of 2%, and the same level of inactivation was observed
at 2% and 4% (around 2.6 log10 cycles). The number of damaged cells
due to PEF treatment (around 0.7 log10 cycle) did not vary from 0% to
2% of triethyl citrate. At 4%, 1.2 log10 cycles of damaged cells were
observed. Based on these results, concentrations of 4% of triethyl
citrate should be used to achieve maximum lethality and cell damage.

When EDTA was added to LWE (Fig. 2b), PEF lethality increased
with concentrations up to 5 mM EDTA, achieving 2.7 log10 cycles of
inactivation. However, the level of inactivation did not increase
significantly. For a concentration of 10 mM EDTA, the number of
damaged cells reached a maximum of 1.7 log10 cycles. At this
concentration, a 4.4 log10 cycles of reduction of undamaged cells
could be achieved. Based on these results, 10 mM EDTA was selected
for the following investigation.

3.2. PEF followed by heat treatments

Fig. 3 shows the survival curves corresponding to heat treatments at
55 °C of Salmonella Enteritidis in LWE previously treated by PEF (25 kV/
cm, 200 kJ/kg)without additives and in presence of 2% triethyl citrate or
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Fig. 2. Log10 reductions of Salmonella Enteritidis treated in LWE in presence of different
concentrations of triethyl citrate (2a) or EDTA (2b) by PEF treatments of 25 kV/cm and
200 kJ/Kg (1b) and recovered in non-selective (white bars) and selective media (black
bars). The 95% confidence limits are shown as error bars. Bars with different letters
were significantly different (Pb0.05). “a, b, c, d” letters compare significant differences
among additives when bacteria are recovered in non-selective media (white bars); “f, g,
h” letters compare significant differences among additives when bacteria are recovered
in selective media (black bars); “A, B” letters indicate significant differences for the
same additive comparing the level of inactivation in selective and non-selective media.
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Fig. 3. Survival curvesof Salmonella Enteritidis in LWEat55 °C after different additive-PEF-
heat treatments. Treatments: (▲) heat; (●) EDTA-heat; (■) citrate-heat; (△) PEF-heat;
(○) EDTA-PEF-heat; (□) citrate-PEF-heat. Additives: 10 mMEDTA; 2% triethyl citrate. PEF
treatment: 25 kV/cm; 200 kJ/kg.
10mMEDTA. In order to compare results, survival curves at 55 °C in the
presence and absence of these compounds have been included. The
concentration of triethyl citrate was reduced from 4% to 2%, since small
egg precipitations were observed in LWE after 5 min of treatment at
55 °C. At 2%, no precipitation was observed during the heat treatments.
As can be observed in Fig. 3, the survival curves were linear for all the
treatments investigated, which allowed the corresponding D55ºC values
to be calculated to characterize the heat resistance. The application of
previous PEF treatments or the presence of additives increased the heat
sensitivity of Salmonella Enteritidis in LWE. The D55ºC values
corresponding to the heat treatment in the presence of EDTA or citrate
were 2.69±0.01 min and 0.53±0.01 min, respectively. The application
of PEF treatments before heating slightly but significantly (pb0.05)
reduced D55ºC from 3.89±0.19 min to 3.28±0.18 min. When 10 mM
EDTA or 2% triethyl citrate was added to LWE, the application of PEF
followed by the heat treatment reduced the D55ºC values to
1.40±0.06 min and 0.24±0.02 min, respectively.

Table 1 shows the D55ºC values obtained from the survival curves of
Salmonella Enteritidis of Fig. 3 treated by heat or heat after a PEF
treatment (25 kV/cm; 200 kJ/kg) in LWE with and without additives.
Table 1 also includes the log10 reductions of the population of Salmonella
Enteritidis after PEF (25 kV/cm; 200 kJ/kg), heat (55 °C; 2 min) or PEF
followed by heat treatments in presence or absence of additives. As
observed, the application of PEF treatments significantly reduced the
D55ºC values of Salmonella Enteritidis independently of the presence of
additives in LWE. The increment of heat sensitivity due to PEF was
higher when additiveswere added to LWE, especially in the presence of
triethyl citrate. Based on these D55ºC values and considering a treatment
of 2 min at 55 °C, lethality was always higher when a previous PEF
treatment was applied and total inactivation was always larger in the
additive-PEF-heat treatments than the sumof the individual treatments.
This indicates that there is a synergistic lethal effectwhen additive-PEF-
heat treatment is applied. A total inactivation of 2.3, 4.2 and 10.5 log10
cycles of Salmonella Enteritidis would be obtained after PEF followed by
heat treatments when no additives, EDTA or citrate were used,
respectively (in Table 1, the total inactivation obtained with the PEF
followed by heat treatment was calculated as the addition of log10



Table 1
Dt values (expressed in min) of Salmonella Enteritidis treated by heat at 55 °C with and without a previous PEF treatment in LWE with and without additives. Log10 reductions of
Salmonella Enteritidis treated by PEF, heat (55 °C; 2 min), and PEF followed by heat treatment (55 °C; 2 min) in LWE with and without additives. Additives: 10 mM and 2% triethyl
citrate. PEF treatment: 25 kV/cm; 200 kJ/kg. D55ºC values with different letters in the exponent (a, b) were significantly different (Pb0.05) (comparisons have been done between
treatments: heat vs heat after PEF).

No additive EDTA Citrate

D55ºC values (min) Log10 reductions D55ºC values (min) Log10 reductions D55ºC values (min) Log10 reductions

PEF – 1.7 – 2.7 – 2.2
Heat 3.89±0.19a 0.5 2.69±0.01a 0.7 0.53±0.01a 3.8
Heat (after PEF) 3.28±0.18b 0.6 1.40±0.06b 1.5 0.24±0.02b 8.3
Total PEF followed by heat – 2.3 – 4.2 – 10.5
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reductions of “PEF” and “heat after PEF” rows). These levels of
inactivationwere larger than the sum of the lethalities of the individual
treatments (addition of log10 cycles of inactivation of “PEF” and “heat”
rows of Table 1): 2.2 (1.7 log10 reductions due to PEF plus 0.5 log10
reductionsdue toheat)whennoadditiveswereused, 3.4 (2.7due toPEF
plus 0.7 due to heat) for EDTA, and 6.0 log10 reductions (2.2 due to PEF
plus 3.8 due to heat) for citrate. The inactivation shown in table 1 for
each additive-PEF-heat treatment was validated by applying the
corresponding treatment to LWE inoculated with 109 CFU/mL of
Salmonella Enteritidis. A PEF treatment (200 kJ/kg) followed by heat
(55 °C, 2 min) allowed to inactivate 2.0±0.3 and 3.8±0.3 log10 cycles,
in absence of additive or in presence of 10 mM EDTA, respectively. For
the citrate-PEF-heat treatment, survivors were not detected afterward
(less than 10 CFU/mL).

In order to evaluate the impact of the treatment on thequality of LWE,
the soluble protein contents of non-treated LWE, LWEwith 2% of triethyl
citrate treated by PEF (25 kV/cm; 200 kJ/kg) followed by heat (55 °C;
2 min) and LWE treatedwith the current heat pasteurization treatments
were determined. Soluble protein content is a technique used to evaluate
theprotein coagulation level due toprocessing (Herald andSmith, 1989).
The absorbance of non-treated and citrate-PEF-heat treated LWE was
0.772±0.025 and0.763±0.026, respectively. In otherwords, the soluble
protein content was reduced only by 1%, indicating that the quality of
LWE was apparently unaffected. Compared to current heat pasteuriza-
tion treatments, the absorbance of LWE treated at 60 °C/3.5 min or
64 °C/2.5 minwas 0.736±0.001 and0.578±0.001, respectively, that is 6
and 25% reduction of the soluble protein content compared to non-
treated LWE.
4. Discussion

PEF technology is under investigation as an alternative to LWE heat
pasteurization, since it can inactivate Salmonella serovars at room
temperature. However, the achieved level of inactivation with PEF is far
from that obtained with heat pasteurization (60 °C/3.5 min;
64 °C/2.5 min), a 5–9 log10 cycles reduction in the number of the most
frequent Salmonella serotypes (Monfort et al., 2010a). In order to
increase PEF lethality, PEF treatments must be combined with other
treatments, or hurdles. The hurdle approach is used to produce
minimally processed food by applying several sub-lethal treatments to
achieve microbial stability rather than focusing solely on one lethal
preservationmethod (Leistner, 2000). Microbial stability is achieved by
combining these hurdles to increase the destruction of microorganisms
aswell as preventing the cell repair of survivors (McNamee et al., 2010).
The total preservation effect of combining several preservation factors
can be merely additive, but in terms of food quality and safety, a
synergistic effect is preferable (Raso et al., 2005). An additive effect
occurs when the combined effect of two or more preservation factors is
equal to the sum of the effect of each factor acting individually, whereas
a synergistic effect occurs when the combined effect is greater than the
sum of the effect of each factor (Raso et al., 2005). This investigation has
explored the lethal effectiveness of a successive application of PEF and
heat treatment in LWE in the presence of different additives on the
population of Salmonella serovar Enteritidis.

For LWE, the lethal effect of PEF in combination with antimicrobials
(nisin, citric acid, and CocoanOX) has been shown to be very effective
(up to 5 log10 cycles) in the literature; however, these results are only
related to Gram positive bacteria (L. innocua, Micrococcus luteus, and
Bacillus cereus). No data have yet been provided on the effect of PEF in
the presence of additives in Gram negative bacteria (Calderon-Miranda
et al., 1999; Dutreux et al., 2000; Góngora-Nieto et al., 2003; Pina-Perez
et al., 2009). In this investigation, the application of PEF treatments to
LWE in the presence of different additives has shown an increase in PEF
lethality of up to 1 log10 cycle in the best-case scenario (1000 IU/mL
nisin, 2% triethyl citrate, or 5 mMEDTA), allowing for a total reductionof
2.6±0.3 log10 in the population of Salmonella Enteritidis (Figs. 1 and 2).
The application of PEF treatments in the presence of additives has also
resulted in the occurrence of cell damage, mainly in presence of 4%
triethyl citrate or 10 mM EDTA. The occurrence of sublethal damage
after PEF treatments makes possible the combination of this technology
with other preservation methods, such as cold storage of the treated
product. García et al. (2005) observed that PEF injured cells died during
a subsequent storage under refrigeration in the treatment medium. In
LWE treated by PEF in presence of EDTA or triethyl citrate, cold storage
could permit the inactivation of damaged cells. Furthermore, LWE
contains natural antimicrobials which could contribute to inactivate
injured cells. Although the outermembrane ofGramnegative bacteria is
an effective barrier against external agents, antimicrobial agents can
significantlyweaken it. This is commonly seen in the example of EDTA, a
chelating agent that disintegratesmembranesbymonopolizingdivalent
cations (Ca2+ and Mg2+) that stabilize the cytoplasmic membrane
(Nohynek et al., 2006). Since the cytoplasmic membrane is the target of
PEF treatments (Mañas and Pagan, 2005), the presence of EDTA in the
treatment medium would explain the higher PEF sensitivity of
Salmonella Enteritidis and the occurrence of cell damage observed in
this investigation (Fig. 2B). In the case of triethyl citrate, researchers
have never described the antimicrobial activity of this compound,which
is used in egg products to improve their whipping properties (Cho et al.,
2009). Since triethyl citrate is an ester of citric acid, its mechanisms of
action could be related to that of citric acid, which can bind metal ions
like Ca2+ and Mg2+ (Brul and Coote, 1999). Therefore, triethyl citrate
could act similarly to EDTA. However, other mechanisms could be
involved, since triethyl citrate decreased the heat resistance to a larger
extent than EDTA (Fig. 3). In any case, the mechanism of action of
triethyl citrate is a point that would require deeper study based on the
potential of this compound as a sensitizing agent against heat or PEF
treatments.

Based on the lethal effectiveness of PEF in presence of any of the
investigated additives on the population of Salmonella Enteritidis
inoculated in LWE shown in Figs. 1 and 2, PEF technology as a sole
preservation method is not sufficient to achieve a performance
criterion of 5 log10 cycles reduction of Salmonella Enteritidis in LWE,
which, considering all possible temperature/time situations
in practice, would not be sufficient to guarantee Salmonella-free
LWE.
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However, the occurrence of cell damage justifies the application of
PEF in the presence of additives with other preservation technologies.

In this investigation, the application of PEF followed by heat
showed a higher lethality of Salmonella Enteritidis in LWE than the
sum of the lethalities of the individual treatments in the presence or
absence of additives (Table 1). In the absence of citrate or EDTA, a
slightly synergistic lethal effect occurs (Fig. 3). However, the addition
of 10 mM EDTA and especially 2% triethyl citrate markedly increased
this synergistic effect (Figs. 3 and Table 1). In the literature, the
application of PEF at temperatures up to 60 °C, PEF followed by heat,
or heat followed by PEF treatments was investigated in LWE or egg
products in order to inactivate Gram negative bacteria (Amiali et al.,
2007; Bazhal et al., 2006; Hermawan et al., 2004; Huang et al., 2006;
Jin et al., 2009). In these studies, inactivations of 4 log10 cycles in LWE
and 5 log10 cycles in egg yolks were obtained for Salmonella Enteritidis
or E. coli 0157:H7, increasing the lethality of individual treatments
from 1 to 2 log10 cycles. The authors proposed that the reason behind
the synergistic lethal effect of PEF followed by heat would be that
microbial cells underwent sublethal injury during the PEF treatments,
thereby becoming more sensitive to heat treatments (Jin et al., 2009).
In the present investigation, this hypothesis was confirmed. In
absence of additives, 0.5 log10 cycle of damaged cells due to PEF
were observed (Fig. 1B). This small amount of cell damage would
explain the slightly synergistic lethal effect of the PEF-heat treatment
(Fig. 3 and Table 1). However, when 10 mM EDTA was added, a larger
number of cells were damaged, which resulted in a higher synergistic
lethal effect of the PEF-heat treatment (Fig. 3 and Table 1). In the case
of 2% triethyl citrate, the reduction of Salmonella Enteritidis viability
after the PEF-heat treatment could be due to not only the inactivation
of PEF damaged cells but also the increased sensitivity of Salmonella
Enteritidis to heat in the presence of triethyl citrate.

Based on the obtained results, the application of PEF followed by
heat treatments in the presence of 2% triethyl citrate would make
obtaining Salmonella-free LWE possible. In the presence of 2% triethyl
citrate, the application of 25 kV/cm and 200 kJ/kg followed by a heat
treatment of 55 °C/2 min caused a reduction of more than 8 log10
cycles of Salmonella Enteritidis (Table 1), which is in the range of the
Salmonella reduction achieved with current heat pasteurization at
60 °C/3.5 min (Álvarez et al., 2006). Therefore, the heat sensitizing
effect of PEF in the presence of 2% triethyl citrate has permitted a
reduction in temperature and heating time from 60 °C/3.5 min to
55 °C/2 min. From a technological standpoint, the reduction in
temperature and heating time would be beneficial to maintain the
functional properties of treated LWE similarly to non-treated LWE.
This has been confirmed by the results obtained for soluble protein
content, indicating a reduction of only 1% of the citrate-PEF-heat LWE
with respect to non-treated LWE. Compared to current heat
pasteurization treatments, 6 and 25% reduction of the soluble protein
content of LWE was observed when LWEwas treated at 60 °C/3.5 min
or 64 °C/2.5 min, respectively.

A synergistic lethal effect has been observed on Salmonella
Enteritidis in LWEwhen applying PEF followed by heat in the presence
of additives such as EDTA and triethyl citrate. Based on the heat
sensitizing effect of PEF in the presence of additives, the application of
PEF followed by heat to LWE with 2% triethyl citrate added has been
proposed as a possible alternative to heat pasteurization to obtain
Salmonella-free LWE. Specifically, the application of a PEF treatment of
25 kV/cm and 200 kJ/kg followed by a heat treatment of 55 °C/2 min in
the presence of 2% triethyl citrate permitted to reduce more than
8 log10 of Salmonella Enteritidis in LWE with a minimal impact on the
protein soluble content. Although the results are very promising, more
research is necessary in order to optimize the combined process based
on themechanisms involved in the synergistic lethal effect of PEF, heat,
and additives to determine the lethal efficiency of the process on other
Salmonella serotypes and to evaluate the impact of the designed
process on the functional properties of LWE.
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