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Pulsed electric field (PEF) treatment can be used to increase intracellular small molecule concentrations
in bacteria, which can lead to enhanced robustness of these cells during further processing. In this study
we investigated the effects of the PEF treatment temperature and the presence of 8% (v/v) ethanol in the
PEF medium on cell survival, membrane fluidity and intracellular trehalose concentrations of
Lactobacillus plantarum WCFS1. A moderate PEF treatment temperature of 21 �C resulted in a high cell
survival combined with higher intracellular trehalose concentrations compared to a treatment at 10
and 35 �C. Interestingly, highest intracellular trehalose concentrations were observed upon supplement-
ing the PEF medium with 8% ethanol, which resulted in more than a doubling in intracellular trehalose
concentrations, while culture survival was retained. Overall, this study shows that treatment tempera-
ture and PEF medium optimization are important directions for improving molecule uptake upon PEF
processing.

� 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Pulsed electric field (PEF) processing can lead to permeabiliza-
tion of the cellular membrane [1]. This electropermeabilization is
of interest for several applications in food and biotechnological
industries, such as microbial inactivation and extraction of compo-
nents from cells [2,3]. Another application is increasing intracellu-
lar concentrations of protective solutes such as trehalose in order
to increase bacterial robustness during further processing. This
increased robustness is relevant for the production of dried probi-
otics and starter cultures [4,5]. In earlier studies increased intracel-
lular trehalose concentrations have been linked to increased
survival of bacteria after freeze drying and spray drying [4,6], as
well as to increased survival of mammalian cells after cryopreser-
vation and freeze drying [7,8].

PEF employs the use of nano- to millisecond high voltage pulses
that lead to permeabilization of the cellular membrane [3]. Due to
this membrane permeabilization molecules that are present in the
treatment medium can diffuse into the cell. The use of electroper-
meabilization for loading bacterial cells with specific molecules is
not new; it is a commonly used approach to introduce plasmid
DNA into cells [2]. Our study aims to increase the intracellular pro-
tective solute concentrations to increase bacterial robustness,
while maintaining cell survival. This implicates that the permeabi-
lization of the membrane should be temporary and that a large
part of the permeabilized cells should be able to survive the treat-
ment [1,9].

Many factors can influence survival and molecule uptake during
PEF treatment. These factors include process parameters, microbial
characteristics and treatment medium characteristics [10]. Tem-
perature plays an important role in the inactivation effects of a
PEF treatment. In general, more bacterial inactivation is observed
at higher treatment temperatures, which are not lethal itself to
the bacteria [11–13]. Despite that there is a lot of knowledge on
the effects of temperature on survival of PEF-treated bacteria, the
knowledge on the effects of PEF temperature on intracellular accu-
mulation of small molecules is limited.

Temperature affects the fluidity of the cellular membrane,
which is the target site of a PEF treatment. In general, short term
exposure to a higher temperature results in an increase in mem-
brane fluidity, while incubation for a longer time at higher temper-
ature, for example during growth, will result in a more rigid cell
membrane [11]. Not only temperature can influence the
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membrane fluidity, also the medium composition can. A compo-
nent that is widely studied for its effects on membrane fluidity is
ethanol [14,15]. Model simulations revealed that ethanol can easily
pass through the lipid bilayer of a cell membrane, leading to a
reduced order of the lipid hydrocarbon chains and therefore a
higher membrane fluidity [16]. During long term exposure to etha-
nol, bacteria will adapt their membrane composition in order to
control their optimal membrane fluidity, similar to long term incu-
bation at non-optimal temperatures [14,15]. Some studies con-
cluded that membrane fluidity can play a role in PEF resistance
or electropermeabilization of cells [17,18], while others found that
membrane fluidity was not the main factor determining bacterial
PEF resistance [11].

A common way to investigate membrane fluidity is by measur-
ing the fluorescence anisotropy of a lipid soluble membrane probe,
such as 1,6- diphenyl-1,3,5-hexatriene (DPH), which is inversely
related to membrane fluidity [19]. Studies that investigated the
relation between PEF and membrane fluidity focussed mainly on
bacterial inactivation [11,17]. In contrast, we studied the effects
of temperature and the presence of ethanol in the PEF medium
on bacterial survival and measured the trehalose accumulation
upon PEF treatment in our model probiotic Lactobacillus plantarum
WCFS1. The focus of our study is on short-term exposure to these
process conditions with the aim of maximizing intracellular tre-
halose concentrations and PEF survival, which might contribute
to increased robustness of these bacteria. In addition, membrane
fluidity was measured by the DPH fluorescence anisotropy method
to evaluate whether or not the observed effects could be related to
membrane fluidity.
100 μs
2. Materials and methods

2.1. Microorganism and pre-culture conditions

Lactobacillus plantarum WCFS1, originally isolated from human
saliva [20], was obtained from the Wageningen Food Microbiology
strain collection. This strain was pre-cultured in the same way as
described in previous studies [5]. Briefly, liquid cultures of L. plan-
tarum WCFS1 were obtained by inoculating a single colony from a
De Man Rogosa and Sharpe (MRS) agar plate (MRS: Merck, USA,
Bacteriological agar: Oxoid, United Kingdom) into 10 mL MRS
broth. This culture was incubated without shaking at 30 �C for
24 ± 2 h. Subsequently, these cultures have been diluted 1:100 into
fresh MRS broth and incubated again under the same conditions
for 17 ± 1 h. After this overnight incubation the pH of the super-
natant was measured and was 3.9 ± 0.1 for all cultures.

2.2. Culture preparation for PEF experiments

Overnight cultures were centrifuged at 13,500 � g for 10 min at
room temperature. The resulting pellet was washed once with
washing solution (composition similar to the PEF medium (see
Table 1
Amounts of salts and trehalose in the PEF media used in this study. These amounts
were added to 1 L demi-water without (standard) or with 8% (v/v) ethanol,
respectively.

Component Amount added for
standard PEF medium (g)

Amount added for ethanol
containing PEF medium (g)

NaCla 0.29 0.38
Na2HPO4�2H2Ob 0.89 1.18
NaH2PO4�H2Ob 0.69 0.91
MgCl2�6H2Oa 0.095 0.13
Trehaloseb 99.3 99.3

Chemicals were obtained from aSigma Aldrich, USA and bMerck, USA.
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Table 1) without addition of trehalose [exact composition of the
washing solution can be found in Vaessen et al. [5]]) and after a
second centrifugation step suspended into the PEF medium. The
PEF media were prepared by adding the amounts of salts and tre-
halose described in Table 1 to 1 L of demi-water for the standard
PEF medium, or to 920 mL demi-water and 80 mL 99.9% ethanol
(Merck, USA) for the PEF medium containing 8% (v/v) ethanol.
The amounts of the added salts slightly differed between the two
PEF media in order to obtain a similar final treatment medium con-
ductivity of 0.15 S/m at room temperature.

2.3. PEF experiments

PEF experiments were carried out in a batch PEF equipment
(IXL, The Netherlands) with a custom made treatment chamber
consisting of two parallel titanium plate electrodes separated with
a silicon spacer with a thickness of 3 mm, as elaborately explained
in previous work [21]. The electrodes had a treatment area of
approximately 430 cm2 each, resulting in a treatment volume of
13 mL. The temperature in the treatment chamber was controlled
at a temperature of 10, 21 or 35 �C via a water bath that was con-
nected as a thermostatic cooling/heating block that was mounted
to the grounded electrode. For all experiments in this study the
treatment chamber was filled with approximately 13 mL of culture
suspension, after which a PEF treatment with two pulses of 100 ms
at 6.3 kV/cm was applied. Subsequently, approximately 5 mL
(~40%) of sample (i.e. two pulses sample) was taken out of the
treatment chamber for analysis and the treatment chamber was
filled again up to 13 mL by adding untreated culture. Then, 10 more
pulses of 100 ms at 6.3 kV/cm with a pulse interval of 5 s were
given, resulting in a PEF treatment of 10–12 pulses in total for
these samples. The control samples without PEF treatment, sam-
ples with two pulses and with 10–12 pulses were subsequently
used for survival and intracellular trehalose analysis within
20 min after the PEF treatment. The pulse wave form of the
monopolar applied pulses is shown in Fig. 1. The specific energy
input per pulse was 5.7 kJ/kg. This might lead to a maximum the-
oretical temperature increase of 16 �C for the PEF treatment with
10–12 pulses. However, due to the large pulse interval (5 s) and
large electrode area connected to the water bath, this temperature
increase was by far not reached.

2.4. Survival analysis

Survival analysis was performed in the same way as described
in Vaessen et al. [5]. Briefly, control and PEF-treated samples were
decimally diluted in phosphate buffered saline (PBS) after which
the appropriate dilution was plated on MRS agar. For each sample
dilution series were made in triplicate and per dilution series two
plates were made, resulting in six plates per sample. These plates
1.9 kV

400 A

Fig. 1. Typical pulse shape, voltage and current applied in this study, leading to an
energy input of approximately 5.7 kJ/kg per pulse.
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were incubated for 2–4 days after which the colony forming units
(cfu) were counted and the average number of the six plates per
sample was taken and used to calculate the number of cells (cfu/
mL). Survival percentages were calculated by dividing the cfu/mL
of the PEF-treated sample by the cfu/mL of the control sample
and subsequently multiplying with 100%.
2.5. Intracellular trehalose analysis

Intracellular trehalose concentrations were determined accord-
ing to the method described in Vaessen et al. [21]. Briefly, extracel-
lular trehalose was washed away by three washing steps in PBS,
and subsequently the pellet was suspended in milliQ water and
homogenized in a bead beater to extract intracellular trehalose.
Trehalose concentrations in cell extracts were measured using high
performance anion exchange chromatography with pulsed amper-
ometric detection (HPAEC-PAD) [21].
2.6. Fluorescence anisotropy measurements

Fluorescence anisotropy measurements were carried out to
measure membrane fluidity in a similar way as described previ-
ously [11,14,22]. Fluorescence anisotropy of the probe 1,6-
diphenyl-1,3,5-hexatriene (DPH) (Merck, Germany) was measured
in a fluorophotometer RF-6000 with a UV–VIS polarizer (Schi-
madzu Corporation, Japan), where the temperature of the cuvette
holder was controlled by a water bath and the sample in the cuv-
ette was stirred in order to have a homogenous temperature and
cell concentration. A stock solution of 7.5 mM DPH in DMSO (Mer-
ck, Germany) was kept in the freezer at �20 �C. Overnight cultures
of L. plantarum WCFS1 were washed in the same way as described
in Section 2.2 and subsequently suspended in the PEF medium to
obtain an OD600 of 0.6. DPH from the stock solution was added to
this culture in PEF medium in a final concentration of 3 mM. Fur-
thermore the following control samples were prepared using the
same concentrations: PEF medium, PEF medium supplemented
with DPH, PEF medium with inoculated culture. All samples were
incubated for 15 min at 30 �C before measuring. Fluorescence
intensities IVV, IVH, IHV and IHH with polarisation directions vertical
(V) and horizontal (H) were measured for all samples with an exci-
tation wavelength of 358 nm and emission wavelength of 430 nm,
after which fluorescence anisotropy (r) was calculated according to
equation (1) [23].

r ¼ IVV � G � IVH
IVV þ 2 � G � IVH with G ¼ IHV

IHH
ð1Þ

In which the fluorescence intensities were corrected for the
influence of culture concentration, medium and DPH using equa-
tion (2).

IVV ¼ IVVcultureþmediumþDPH � IVVcultureþmedium � IVVmediumþDPH

þ IVVmedium ð2Þ
This equation was also used to calculate IVH, IHV, and IHH.
2.7. Experimental set-up

All PEF experiments were carried out using biologically inde-
pendent replicates, with each replicate pre-cultured and PEF-
treated on another day. Significance of the treatment effect was
tested with a Students t-test and trend analysis was done using lin-
ear regression in Excel with significance testing of the slope value.
P-values below 0.05 were considered significant.
3

3. Results and discussion

3.1. Effects of PEF temperature on survival and intracellular trehalose
content

Lactobacillus plantarum WCFS1 was PEF-treated at 10, 21 and
35 �C with an electric field strength of 6.3 kV/cm. Survival after
PEF treatment with 10–12 pulses decreased when the PEF temper-
ature was increased from 10 to 21 �C and further to 35 �C (Fig. 2A).
This inactivation trend was similar for the PEF treatment with 2
pulses, although in this case the survival decreased from 97 to
85% and only differed significantly between 10 �C and 35 �C
(Fig. 2A). This decrease in survival after PEF treatment when
increasing the PEF temperature is similar to the effect of tempera-
ture observed in other studies on bacterial inactivation with PEF
treatment [11–13]. These studies describe a synergistic effect
between temperature and PEF treatment on bacterial inactivation.
In order to obtain a similar level of inactivation, PEF treatments
with lower energy inputs are required when the treatment tem-
perature is higher. Interestingly, the largest increase in intracellu-
lar trehalose was observed at a moderate temperature of 21 �C,
where the concentration was 16 mg/mL when 10–12 pulses were
applied (Fig. 2B). This amount is similar to what was found in
our previous study for a PEF treatment with 10 pulses of 6.3 kV/
cm [21]. At a lower temperature of 10 �C up to 11 mg/mL intracel-
lular trehalose was found in the cell extract samples together with
a high culture survival (Fig. 2A). However, at 35 �C the trehalose
contents of the cell extract samples upon the applied PEF treat-
ments only increased to 5 mg/mL and 3 mg/mL when 2 or 10–12
pulses were applied, respectively. For the PEF treatment with 10–
12 pulses at 35 �C culture survival also decreased considerably to
54%, which might partly explain the smaller increase in intracellu-
lar trehalose for this PEF condition. Based on these results, we pro-
pose a PEF temperature of 21 �C being optimal for increasing
intracellular trehalose concentrations while maintaining a high
culture viability. To our knowledge, the influence of temperature
on small molecule uptake during PEF treatment has not been stud-
ied before, though some studies report similar trends on the effect
of electroporation on plasmid uptake. For example, Rivas et al. [24]
found that the transformation efficiency of E.coli was higher upon
PEF treatment at 24 �C compared to 7 �C, 16 �C and 30 �C. It should
be noted here that the mechanism for plasmid uptake during elec-
troporation differs from small molecule uptake due to stronger
interactions between the membrane and the plasmid [25].
3.2. Effects of temperature and ethanol on membrane fluidity

Membrane fluidity can be influenced by temperature [11,22]. In
Fig. 3 the fluorescence anisotropy of the probe DPH is shown,
which is inversely related to membrane fluidity. The slope of the
curve in Fig. 3A was significantly decreasing (P < 0.05) based on lin-
ear regression analysis, which indicates that membrane fluidity
increased with increasing processing temperature. This is in line
with the results of Meneghel et al. [22], who found a similar rela-
tion between temperature and fluorescence anisotropy for Lacto-
bacillus bulgaricus.

In addition to the effect of temperature, the effect of the pres-
ence of 8% ethanol in the PEF medium was evaluated. A concentra-
tion of 8% ethanol was chosen based on previous research, where
this concentration was found to be sublethal for L. plantarum
WCFS1 [26] and induced membrane fluidity changes in another
Gram-positive bacterium [15]. The effect of the presence of 8%
ethanol on membrane fluidity was evaluated at 10 and 21 �C, but
no difference in DPH fluorescence anisotropy between the samples
with and without addition of ethanol was observed at both
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temperatures (Fig. 3B). This may be due to the inaccuracy of the
DPH measurements or related to the effect of prolonged exposure
of the cells to ethanol and/or to the effect of ethanol on membrane
proteins. In the case of prolonged exposure the cells start to adapt
their membrane to the presence of ethanol, amongst others by cis–
trans isomerisation of monounsaturated fatty acids, to retain their
initial membrane fluidity [14,27]. This adaptation can already
result in a retention of the initial membrane fluidity after 30 min
exposure to ethanol [14]. Indeed, in our membrane fluidity exper-
iments cells were exposed to ethanol for more than 30 min,
because membrane fluidity measurements (including 15 min of
pre-incubation time with DPH) at several conditions took 30–
90 min. On the other hand, in the PEF experiments the cells were
only 10–15 min in the ethanol medium before the PEF treatment.
In order to more accurately quantify the effect of ethanol exposure
on membrane fluidity it is important to strictly control the ethanol
exposure time during the membrane fluidity experiments and to
perform these experiments for a broader range of temperatures
and ethanol concentrations. Additionally, cell fixation with
formaldehyde before membrane fluidity measurements, as was
done by some studies that used the DPH method [11,28], could
help to prevent effects of prolonged exposure to ethanol during
these measurements. Ethanol exposure might also have an impact
on membrane proteins. The conformational changes of these pro-
4

teins might counterbalance the fluidizing effect of ethanol on the
membrane phospholipids by increasing the molecular order of
the lipids in the cellular membrane [19,29]. However, more
research is needed to investigate the role of lipid-protein interac-
tions in bacterial membrane fluidity.

3.3. Effects of ethanol on PEF results

Although the DPH fluorescence anisotropy measurements in the
presence of ethanol did not result in clear conclusions regarding
the membrane fluidity, the presence of ethanol in the PEF medium
significantly affected the accumulation of intracellular trehalose
during PEF treatment (Fig. 4B). Intracellular trehalose accumula-
tion upon PEF treatment was significantly increased; up to 42 mg/
mL trehalose was found in the samples that were PEF-treated
(10–12 pulses) in the presence of ethanol, whereas up to 16 mg/
mL in samples without ethanol in the PEF medium was observed
(Fig. 4B). At the same time, survival of the cultures upon PEF treat-
ment was not affected by the addition of ethanol to the PEF med-
ium (Fig. 4A). The effect of ethanol addition on accumulation of
intracellular trehalose was more pronounced at the PEF condition
of 10–12 pulses than at 2 pulses (Fig. 4B).

The limited effect of the presence of ethanol on survival after
PEF treatment is similar to what was observed by Cébrian et al.
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[11], who observed similar survival of Staphylococcus aureus with
and without addition of benzyl alcohol to the PEF medium. Based
on their PEF-treatment results in medium supplemented with ben-
zyl alcohol and their PEF-treatment results at different tempera-
tures, these authors concluded that membrane fluidity is not
decisive for the viability of PEF-treated cells. Both process modifi-
cations, addition of alcohol and temperature increase, increased
the membrane fluidity, but had different effects on survival upon
PEF treatment. Although we could not differentiate between the
membrane fluidity of the culture in medium with ethanol or with-
out ethanol as explained in Section 3.2, our data point in the same
direction as their conclusion. We observed a similar survival and a
large increase in trehalose accumulation upon PEF-treatment with
ethanol supplementation and on the other hand a decrease in both
survival and trehalose accumulation upon increasing the PEF tem-
perature from 21 to 35 �C. Both process modifications may lead to
increased membrane fluidity, but had different effects on cell via-
bility and therefore show the same trend as the data of Cébrian
et al. [11]. However, to confirm that membrane fluidity is not deci-
sive for the viability of PEF-treated cells further research into these
aspects using more PEF conditions is required.

Interestingly, some studies reported an increased transforma-
tion efficiency when ethanol was present in the electroporation
medium. Pyne et al. [30] reported a 1.6 fold increase in transforma-
tion efficiency for Clostridium pasteurianum in the presence of 5%
(v/v) ethanol, though the pulse duration of the exponential decay
pulse was not controlled in this study and slightly differed
between the condition with and without ethanol. Other research-
ers found that supplementation of the electroporation medium
with 10% (v/v) ethanol resulted in transformed Oenococcus oeni
cells, whereas electroporation without ethanol did not provide
any transformants, which also indicates a positive effect of ethanol
on molecule uptake during PEF treatment [31].

Our results regarding PEF treatment in the presence of ethanol,
with a combination of a high culture viability and a large increase
in intracellular trehalose concentrations, are very interesting for
PEF processes aiming at uptake of protective molecules, for exam-
ple with the aim of enhancing robustness towards processing.
Whether or not this large increase in intracellular trehalose will
result in further enhancement of robustness remains to be investi-
gated, as increased intracellular trehalose concentrations do not
necessarily lead to enhanced robustness under all process condi-
tions [32]. The intracellular trehalose data presented in Figs. 2
and 4 are concentrations found in the cell extract of the whole
5

culture and these values do not provide information on whether
the trehalose was present in all cells or only in a fraction of the cell
population. The effect of a specific PEF treatment is not the same
for every cell in a culture; part of the culture will maintain an
intact cell membrane, while other cells of the culture will experi-
ence reversible or irreversible membrane damage due to the PEF
treatment [1,9,18]. To further elucidate the impact of ethanol on
reversible membrane permeabilization during PEF treatment at
single cell level, we applied a fluorescence staining approach using
the membrane impermeable probe propidium iodide (supplemen-
tary information). Based on the applied fluorescent staining
approach, PEF treatment in the presence of 8% ethanol resulted
in a larger reversible permeabilized fraction of the cell population
compared to a PEF treatment without ethanol in the PEF medium.
For one of the tested PEF conditions the reversible fraction
increased significantly from 9% without ethanol to 40% with etha-
nol (Figs. S.1 and S.2). This increase might indicate that it is likely
that the higher trehalose concentrations measured in ethanol-
exposed cells in Fig. 4B is due to a larger fraction of the cell popu-
lation with increased intracellular trehalose concentrations. These
results also pointed out that modification of the PEF medium com-
position, like we did with ethanol supplementation, is promising
for applications aiming for reversible permeabilized cells, while
maintaining the same medium conductivity and thus the same
energy input of the PEF treatment.
4. Conclusions

This study shows that for the aim of increasing small molecule
uptake upon PEF treatment a moderate temperature of 21 �C is
more efficient than 10 or 35 �C. Moreover, the presence of 8% etha-
nol in the PEF medium led to a significant increase in molecule
uptake and a larger fraction of reversible permeabilized cells with-
out any negative effect on culture survival. These increased intra-
cellular trehalose concentrations may lead to increased bacterial
robustness during processing. Furthermore, these findings can
benefit optimization of other PEF processes aiming at molecule
uptake and/or reversible cell permeabilization.
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