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Highlights 16 

 PEF is used for increasing intracellular trehalose in L. plantarum WCFS1 17 

 PEF at 7.5 kV/cm resulted in 100 mM intracellular trehalose and 75% survival 18 

 Only 23% of the lactobacilli had a permeabilized membrane for PI at 7.5 kV/cm 19 

 Resealing of membrane pores for PI uptake was very fast, in the order of seconds  20 
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Abstract 21 

Pulsed electric field (PEF) processing has been developed and applied in food industry for 22 

several purposes. In this study we used PEF for increasing the intracellular trehalose 23 

content in Lactobacillus plantarum WCFS1. Our results indicated that it is possible to 24 

increase intracellular trehalose content in Lactobacillus plantarum WCFS1 to ~100 mM with 25 

75 % survival when applying a PEF treatment with an electric field strength of 7.5 kV/cm. 26 

Fluorescence staining of PEF-treated cells with propidium iodide (PI) and SYTO 9 showed 27 

that at 7.5 kV/cm only a small fraction (23%) of the cells had a permeated membrane by 28 

this PEF treatment, of which approximately half had an irreversible permeated membrane. 29 

Resealing of the pores in the membrane for PI uptake was very fast, in the order of 30 

seconds. These results indicate that PEF treatment is promising for increasing intracellular 31 

trehalose, but further optimization is required to increase the trehalose content in all cells. 32 

Industrial relevance 33 

The market for probiotics is growing. Probiotic survival during processing steps such as 34 

spray drying is essential for their beneficial effect. We studied pulsed electric field 35 

treatment as a method to increase the intracellular trehalose content in L. plantarum 36 

WCFS1 which could enhance bacterial robustness during processing. This increased 37 

bacterial robustness may again contribute to more energy efficient processing routes of 38 

probiotic foods. 39 

 40 

Keywords: probiotics, pulsed electric field, intracellular trehalose, propidium iodide, 41 

membrane permeability 42 

  43 
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1. Introduction 44 

The application of pulsed electric fields (PEF) can be used in the pasteurization of fruit 45 

juices (Buckow, Ng, & Toepfl, 2013; Timmermans et al., 2014), extraction of components 46 

from plant cells (Corrales, Toepfl, Butz, Knorr, & Tauscher, 2008; Lopez, Puertolas, 47 

Condon, Raso, & Alvarez, 2009) and tissue softening for easier cutting (Toepfl, Heinz, & 48 

Knorr, 2005). PEF treatment induces the formation of pores in the cell membrane, which 49 

can be either reversible or irreversible depending on the applied PEF and resealing 50 

conditions. The formation of pores in the cell membrane facilitates exchange of components 51 

with cell surroundings. The concept of such facilitated transfer of extracellular components 52 

into bacterial cells is not yet used in food industry on a larger scale. Obviously, the concept 53 

is well known for its use to introduce foreign DNA into bacterial cells for research purposes.  54 

In this research we focused on the uptake of small environmental molecules by PEF 55 

treatment in bacteria while maintaining culture viability. This may be important for its 56 

robustness during processing. Indeed, it has been shown previously that the insertion of 57 

trehalose facilitated by electroporation in mammalian cells led to much better robustness 58 

against freezing (Dovgan, Dermol, Barlič, Knežević, & Miklavčič, 2016;  Shirakashi et al., 59 

2002). To our knowledge, this method has not yet been used for increasing small molecule 60 

concentrations in bacterial cells. Trehalose is one of the protective small molecules that 61 

has been shown to enhance robustness during processing (Leslie, Israeli, Lighthart, Crowe, 62 

& Crowe, 1995; Termont et al., 2006). Therefore this study investigated the increase of 63 

intracellular trehalose content in Lactobacillus plantarum WCFS1 through electroporation 64 

while maintaining the culture viability.  65 

Lactobacillus plantarum WCFS1 is a commonly studied model microorganism for the 66 

production of probiotic formulations (Perdana et al., 2013, 2014). Probiotics are defined as 67 

live microorganisms that, when administered in adequate amounts, confer a health benefit 68 

on the host (Hill et al., 2014). Probiotics can be supplied to the consumer in dried 69 

formulation. Drying of probiotics enhances product shelf-life, and requires processing steps 70 

such as spray or freeze drying. Survival of the microorganisms during these processing 71 
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steps is essential for their beneficial function in the human gastrointestinal tract. However, 72 

especially for spray drying, their survival is relatively low, which is a big challenge in the 73 

production process (Meng, Stanton, Fitzgerald, Daly, & Ross, 2008). There are several 74 

methods to improve the survival of bacteria during these drying procedures, for example 75 

by encapsulation of the microorganisms. Another, less intensively studied approach for 76 

improved survival is intracellular protection. Intracellular trehalose could enhance survival 77 

during these processes (Termont et al., 2006). One way of increasing intracellular 78 

trehalose content could be electroporation in a solution of trehalose.  79 

Electroporation is used commonly in biotechnology for inserting plasmid DNA into bacterial 80 

cells (transformation). For transformation, cells should be reversibly permeabilized to take 81 

up the plasmid and survive. The main difference between plasmid uptake and our aim is 82 

the size of the molecules and thus the size of the pores in the membrane required for the 83 

uptake of the molecules. Trehalose is a much smaller molecule than plasmid DNA and thus 84 

could be more facile to introduce in the cell by electroporation (Saulis, 2010). It is essential 85 

that the poration is reversible, and that the inactivation of the bacteria during the PEF 86 

treatment is as limited as possible.   87 

There are many PEF process parameters that influence the effects of a PEF treatment such 88 

as the electric field strength, pulse shape, pulse duration, pulse frequency etc. (Raso et 89 

al., 2016). Besides the PEF process parameters, the treatment medium is an important 90 

factor for reversible or irreversible pore formation by PEF treatment. One of the main 91 

influencing parameters is the medium conductivity. Silve et al. (2016) found that a low 92 

medium conductivity (0.1 S/m) was more effective for reversible permeabilization of 93 

mammalian cells than a high medium conductivity (1.5 S/m). After the PEF treatment the 94 

cells need to reseal their membrane to maintain viability, and therefore the period after 95 

the treatment, referred to as resealing period, is considered an important parameter that 96 

can be influenced by the temperature (Teissie, Golzio, & Rols, 2005). In our study we 97 

varied the electric field strength to find optimal conditions to increase the intracellular 98 
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trehalose content while maintaining cell viability. Furthermore, staining with propidium 99 

iodide was used to study the reversibility of the pore formation. 100 

2. Materials and Methods 101 

2.1 Microorganism and pre-culture conditions 102 

Fresh cultures of Lactobacillus plantarum WCFS1 were obtained by plating from frozen 103 

stocks on De Man Rogosa and Sharpe (MRS) agar plates (MRS: Merck, Germany; 104 

Bacteriological agar: Oxoid, United Kingdom). The plates were incubated at 30ºC for 60-105 

70 hours under microaerophilic conditions in jars containing 6% oxygen (Anoxomat, Mart 106 

Microbiology, the Netherlands). After incubation the plates were stored at 4ºC until further 107 

use for a maximum of 3 days. For every experiment a culture was prepared by transferring 108 

a single colony into 10 mL MRS broth (Merck, Germany), growing for 24 ± 2 hours in 30ºC, 109 

followed by a 1:100 dilution in 10 mL MRS broth and growing overnight (16-18 hours) at 110 

30ºC before starting the PEF experiment.   111 

2.2 Culture preparation for PEF experiments 112 

Five mL of an overnight culture was centrifuged (Thermo-Fischer Scientific, USA) at 13,500 113 

× g for 10 minutes at room temperature. The pH of the supernatant was measured (Toledo 114 

Inlab Expert, Switzerland) and was 3.9 ± 0.1 for all experiments. The resulting pellet was 115 

washed once with 5 mL washing solution (Table 1) and after centrifugation dissolved in 5-116 

mL PEF medium (Table 1). This resulted in a culture in PEF medium containing 117 

approximately 3-4·109 cells/mL.  118 
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2.3 PEF equipment and settings 119 

PEF treatment was performed in disposable electroporation cuvettes with an electrode 120 

distance of 2 mm (Bio-Rad, USA) using Gene-Pulser Xcell equipment, including the PC 121 

module (Bio-Rad, USA). The PEF settings were as follows: for the voltage in the electric 122 

field screening experiments 500, 1000, 1500, 2000 and 2500 V were used. Two square 123 

wave pulses of 0.1-ms pulse duration were given with a pulse interval of 5 s as this was 124 

the minimum setting of the equipment.  The specific energy input of these PEF treatments 125 

is presented in table 2. Other experiments were only performed at 1500 V with the same 126 

other settings. Droop values (average decay of the pulse height) were 5-6% for all 127 

experiments. 128 

2.4 Electric Field screening experiments 129 

From each culture in PEF medium, one part was taken aside as a control sample, for which 130 

all steps were similar except for skipping the PEF treatment. Per experiment, two 131 

electroporation cuvettes were filled with 400-µL culture in PEF medium and electroporated 132 

using the described equipment and settings. After the PEF treatment, the content of these 133 

two cuvettes was immediately pooled into one 1.5-mL vial to have enough sample volume 134 

for further analysis. The electroporated culture was left for resealing at room temperature 135 

(± 21ºC) for 30 minutes. After these 30 minutes, samples were taken for survival 136 

assessment and intracellular trehalose content measurements. 137 

2.5 Survival assessment 138 

Bacterial survival after the PEF treatment was based on plate counts. For each sample 139 

(control and electroporated) three dilution series were made by pipetting 50 µL of sample 140 

into 450 µL phosphate-buffered saline (PBS, table 1) and subsequently decimally diluting 141 

until 10-6. This dilution was plated on MRS agar plates in duplicate, resulting in six plates 142 

in total per sample. Plates were incubated for 48-96 hours at 30ºC under microaerophilic 143 

conditions. After incubation, colony forming units (CFU) per plate were determined from 144 

plates containing between 30 and 300 colonies. The average of the six plates per sample 145 
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was taken for calculation of the survival. Survival was calculated by dividing the CFU/mL 146 

of electroporated samples over the CFU/ml of the control sample. 147 

2.6 Intracellular trehalose content measurements 148 

After 30 min of resealing time the control and PEF-treated samples were centrifuged for 149 

10 minutes at 13,500 × g and 4ºC. The resulting pellet was washed three times with 1 mL 150 

PBS to remove all extracellular trehalose. The supernatant of the third washing step was 151 

stored at -20ºC for HPLC analysis to check the washing efficiency. After washing, the 152 

resulting pellet was dissolved in 0.75 mL of milliQ water and transferred into bead beater 153 

vials containing 0.1-mm silica beads (MP Biomedicals, USA). The cells were disrupted using 154 

a bead beater at 4 m/s (MP Biomedicals, USA) for 5 rounds of 1 minute, each followed with 155 

a 1-3 minute interval for cooling on ice to prevent excess heating of the samples. After cell 156 

disruption the samples were centrifuged again (10 minutes, 13,500 × g, 4ºC) and 157 

subsequently the supernatant was transferred to a 1.5-mL vial and stored in -20ºC until 158 

HPLC analysis. HPLC analysis was performed using a Rezex RSO-Oligosaccharide column 159 

(Phenomex, USA) at 80ºC with milliQ water as a mobile phase in a flow rate of 0.3 mL/min 160 

in combination with a RI detector (Shodex RI-201, Japan). 161 

2.7 Fluorescent staining experiments 162 

The evaluation of the number of cells that were either reversibly or irreversibly 163 

permeabilized during PEF treatment was done using fluorescent staining. Two fluorescent 164 

stains for membrane integrity were used together in these experiments; SYTO 9 and 165 

propidium iodide (PI) (LIVE/DEAD kit, Invitrogen, USA). PI is a membrane impermeable 166 

stain which can only enter cells with a damaged membrane and a strong red fluorescence 167 

signal can be visualized by fluorescence microscopy upon binding of PI to nucleic acids. 168 

SYTO 9 is a membrane permeable stain which colours all cells green. The bacteria were 169 

stained either before the PEF treatment and 30 minutes after the PEF treatment (section 170 

2.7.1), or at different time points after the PEF treatment to follow the resealing of the 171 

pores in time (section 2.7.2).  172 
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2.7.1 Addition of stains before and after PEF treatment 173 

Staining the cells before the PEF treatment was done by the addition of PI and SYTO 9 to 174 

1 mL of the culture in PEF medium, resulting in final stain concentrations of 40 µM PI and 175 

3.3 µM SYTO 9. Subsequently, one part was taken aside as a control for initial membrane 176 

permeability (without PEF treatment) and the other part (400 µL) was pipetted into an 177 

electroporation cuvette for PEF treatment, performed as described before (section 2.3). 178 

After the PEF treatment, the PEF-treated and the control samples were kept in a dark 179 

environment for approximately 10-20 minutes before imaging using fluorescence 180 

microscopy (Axioskop 40FL Carl Zeiss, Germany). From the same biological sample, a 181 

second cuvette was PEF-treated without addition of any stains, after which the culture was 182 

transferred to a 1.5-mL vial and left for 30 minutes of resealing. After these 30 minutes of 183 

resealing 100 µL of the sample were mixed with 200-µL stain solution. The stain solution 184 

was made by dissolving PI and SYTO 9 in PBS in final concentrations of 40 µM and 3.3 µM 185 

respectively. This mixture was left for 10-20 minutes in the dark before fluorescence 186 

microscopic analysis. Approximately 20 images were captured per sample at a 187 

magnification of 630x using an Olympus XC30 camera (Olympus, Japan) and CellSens 188 

imaging software (Olympus, Japan). Image analysis was performed using a Matlab script 189 

to discriminate between red and green cells, as was described earlier by Perdana et al. 190 

(2012).  191 

2.7.2 Addition of stains at different time points after PEF to follow membrane resealing  192 

To analyse the resealing of the membrane in time after PEF treatment, stains were added 193 

to the PEF-treated bacteria at different time points after the PEF treatment. Again a staining 194 

solution was made by adding PI and SYTO 9 in PBS in final concentrations of 40 µM and 195 

3.3 µM respectively. Immediately when the PEF treatment was finished, a stopwatch was 196 

set and at several time points (approximately at 10, 20, 30, 60 seconds, 5 and 30 minutes) 197 

the stains were added. These samples were left for 10-20 minutes in darkness before 198 

fluorescence microscopic analysis as described in section 2.7.1. 199 
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2.8 Experimental set-up and statistical analysis 200 

All experiments were carried out at least three times with different biologically independent 201 

samples, obtained from different pre-cultures of L. plantarum WCFS1. The results were 202 

averaged or presented as single data points in the graphs. The significance was tested with 203 

a Student’s t-test, using a P-value of 0.05.  204 

 205 

3 Results and Discussion 206 

3.1. PEF treatment for increasing intracellular trehalose content 207 

Electric field screening experiments were performed to find out whether it is possible to 208 

increase the intracellular trehalose content in Lactobacillus plantarum WCFS1 while 209 

maintaining culture viability. Electric field strengths from 2.5 to 12.5 kV/cm were 210 

investigated by applying two square wave pulses of 100 µs. The field strengths used in this 211 

experiment were higher than commonly used field strengths for similar experiments in 212 

mammalian cells (Shirakashi et al., 2002; Silve et al., 2016) because bacteria are much 213 

smaller than mammalian cells; therefore a higher field strength is required to affect the 214 

bacteria with PEF (Saulis, 2010). However, to maintain the viability, the field strengths 215 

that we used were lower than what is used to inactivate bacteria, which is generally above 216 

15 kV/cm (Barba et al., 2015). Usually the temperature increase during the PEF process is 217 

more when a higher field strength is applied, which may lead to additional inactivation 218 

during the PEF treatment. In our case this effect was very small (maximum increase of 219 

4ºC at 12.5 kV/cm), because of the low conductivity of the solution (0.15 S/m) in 220 

combination with the relatively low electric field strengths.  221 

The results show that an increasing electric field strength led to a decrease in survival after 222 

PEF treatment (Fig. 1A). At field strengths of 10 and 12.5 kV/cm the survival was below 223 

50%. At the same time, a higher intracellular trehalose concentration after PEF was 224 

observed at 7.5, 10 and 12.5 kV/cm (Fig. 1B). This indicated that it is possible to use PEF 225 

for increasing the intracellular trehalose concentration while limiting the microbial 226 
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inactivation. At 7.5 kV/cm there was both an enhanced intracellular trehalose content and 227 

a high survival after the PEF treatment (62-93%). A critical electric field strength was 228 

observed between 5 and 7.5 kV/cm for trehalose diffusion into the cell. At 2.5 and 5 kV/cm, 229 

no increase was observed in intracellular trehalose compared to the control (0 kV/cm) 230 

samples. Note that the trehalose content of the cells is presented in µg/mL sample. The 231 

trehalose concentrations in the samples at 7.5, 10 and 12.5 kV/cm were in a similar range, 232 

while the survival after PEF decreased with increasing field strength from 7.5 to 12.5 233 

kV/cm. When calculating the intracellular trehalose concentration per viable cell, an 234 

increase in intracellular trehalose concentration was found from 7.5 to 12.5 kV/cm. 235 

However, the intracellular trehalose could be in all cells, or may be inserted at high 236 

concentrations in only a small portion of these cells. It is known that PEF treatment does 237 

not affect all cells in the medium in the same way, which can be due to their orientation in 238 

the medium, to shielding of the electric field by other cells present and/or variations in the 239 

membrane or biological state of the individual bacteria (Pucihar, Kotnik, Teissié, & 240 

Miklavčič, 2007; Toepfl, Heinz, & Knorr, 2007).  241 

3.2. Propidium iodide staining to study solute uptake during PEF treatment 242 

To find out how many cells were affected by the PEF treatment, propidium iodide was used 243 

as a marker molecule. Experiments were performed at 7.5 kV/cm, because this electric 244 

field strength resulted in an increase in intracellular trehalose content while the culture 245 

viability was still high. Other pulse parameters were the same as for the electric field 246 

screening experiments. 247 

Only a small part, approximately 23%, of the bacterial population exhibited a permeable  248 

membrane for PI using these PEF conditions (Fig. 2). Because when PI and SYTO 9 were 249 

added to the culture in PEF medium before the PEF treatment, only 23% of the cells was 250 

stained red after the PEF treatment. This indicated that 77% of the cells may not be 251 

affected by the PEF treatment (Fig. 2). From the fraction of cells that was affected, 252 

approximately half had a reversibly permeabilized membrane (approximately 13%). This 253 

fraction was the difference in red (PI) stained cells between addition of the stains before 254 
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the PEF treatment and 30 minutes afterwards. This may imply that the trehalose 255 

concentration that was measured before in fact might originate from a high trehalose 256 

concentration achieved in a limited fraction of the bacterial population, while other cells 257 

may not have been affected.  258 

The other 10% had an irreversibly damaged membrane, as these cells were stained red 259 

when the stains were added 30 minutes after the PEF treatment. This fraction may well be 260 

considered to be dead. However, comparing membrane damage with bacterial survival can 261 

be complicated because of the different viability states of bacteria (culturable/metabolically 262 

active/intact membrane) (Davis, 2014; Sträuber & Müller, 2010). Garcia et al. (2007) 263 

found a good correlation between L. plantarum cells that were stained with PI after PEF 264 

treatment and cells that were not culturable anymore. Ulmer et al. (2002) found however 265 

no significant decrease in plate counts at electric field strengths below 19 kV/cm with 266 

energy inputs until 42 kJ/kg, but did find an increase in membrane permeability at these 267 

field strengths. The energy input and electric field strength in this study (16.2 kJ/kg at 7.5 268 

kV/cm) were lower, but resulted in a slight decrease in plate counts and permeability (Fig. 269 

1 & 2). Variations between studies may be due to differences in PEF settings or other 270 

factors such as treatment medium composition, but also due to the presentation of the 271 

results (log-scale versus percentage) of the plating method.       272 

Assuming that the increase in intracellular trehalose concentration that we measured with 273 

HPLC analysis (Fig. 1) is in the bacteria that were reversible permeable for PI, the amount 274 

of intracellular trehalose in these cells can be calculated from the results of section 3.1 275 

using equation 1.  276 

𝐶𝑡𝑟𝑒
𝑖 =

𝐶𝑡𝑟𝑒
𝑠

𝑁𝑐𝑒𝑙𝑙𝑠 ∙ 𝑥𝑟𝑒𝑣 ∙ 𝑉𝑐𝑒𝑙𝑙 ∙ 𝑥𝑐𝑦𝑡𝑜𝑠𝑜𝑙

 (1) 

In which 𝐶𝑡𝑟𝑒
𝑖  is the intracellular trehalose concentration in the reversible permeabilized cells 277 

in mM, 𝐶𝑡𝑟𝑒
𝑠  the trehalose concentration in the sample in mM, which can be obtained from 278 

Fig. 1 by dividing by the molecular weight of trehalose, 𝑁𝑐𝑒𝑙𝑙𝑠 the total number of cells per 279 
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mL sample, 𝑥𝑟𝑒𝑣 the reversible permeabilized fraction, 𝑉𝑐𝑒𝑙𝑙 the bacterial cell volume and 280 

𝑥𝑐𝑦𝑡𝑜𝑠𝑜𝑙 the fraction cytosol of the total cell volume.  281 

The cell volume of L. plantarum WCFS1 was estimated, based on cell size measurements 282 

from microscopic pictures, to be around 9.2 ∙ 10−13 mL, which is in a similar range of what 283 

was found in literature (Dumont, Marechal, & Gervais, 2004). The total number of cells 284 

was approximately 3.5 −  4 ∙ 109 cells per mL based on plate counting results. By assuming 285 

𝑥𝑟𝑒𝑣 to be 0.1 (Fig. 3), 𝑥𝑐𝑦𝑡𝑜𝑠𝑜𝑙 to be 0.7 (Luby-Phelps, 1999), and taking a trehalose content 286 

in the sample of 8 µg/mL from figure 1, the possible amount of trehalose in these cells is 287 

calculated to be approximately 100 mM, or around 35% of the concentration that was 288 

imposed from the outside during PEF treatment. This amount is similar to what was earlier 289 

estimated for trehalose uptake during PEF treatment in mammalian cells (Shirakashi et al., 290 

2002). Termont et al. (2006) found that intracellular trehalose concentrations of 291 

approximately 30-50 mg/g wet cell weight (wcw) in Lactococcus lactis protected the 292 

bacteria during freeze drying and enhanced resistance against bile salts and gastric acid. 293 

By assuming a wet cell weight of approximately 1 pg per cell (the biggest part of the cell 294 

consists of water), our method resulted in an intracellular trehalose content of 295 

approximately 25 mg/g wcw, which is slightly below the concentrations of Termont et al. 296 

(2006) that were obtained via genetic modification.  297 

Of course, when making these estimations based on PI uptake, we need to take into 298 

account that trehalose is another molecule than PI; trehalose has a molecular weight of 299 

342 Da while PI has a molecular weight of 668 Da. Saulis (2010) described that molecular 300 

uptake by PEF treatment can be different for molecules of different sizes, e.g. small ions 301 

compared to mannitol and sucrose. This strongly depends on the pore size, which can be 302 

affected by several pulse parameters such as electric field strength and pulse width. Also 303 

after the pulse, during the resealing phase, a pore may stay open longer for small 304 

molecules such as ions than for molecules like sugars and PI (Saulis, 2010).  305 

To study the time that the pores stayed open for PI uptake after PEF treatment, PI was 306 

added at different time points after the PEF treatment. The results indicated that the pores 307 
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created during the PEF treatment, closed or reduced in size really fast after the treatment, 308 

i.e. in the range of several seconds (Fig. 3). This is much shorter than what Shirakashi et 309 

al. (2004) described for mammalian cells: they found resealing times for PI uptake in the 310 

order of several minutes. All the samples that were stained before the PEF treatment (t=0 311 

in Fig. 3) showed significantly higher PI uptake than the samples stained at different time 312 

points after PEF treatment. This indicated that for L. plantarum WCFS1, resealing was very 313 

fast after the PEF treatment.  314 

Given the relatively small fraction of the bacterial population currently affected by the PEF 315 

treatment, it is important to increase the reversibly electroporated fraction of the bacterial 316 

population for future applications of this process in food industry. A bigger fraction of 317 

reversible electroporated cells, containing trehalose, is required for the potential beneficial 318 

effect during processing. For this beneficial effect trehalose should be present in the cells 319 

for internal protection of the membrane and other molecules such as proteins in the 320 

cytosol. To further develop the proposed PEF method, it should be evaluated to other 321 

bacteria as well. However, the optimal PEF conditions for trehalose transfer probably differ 322 

between bacterial species or even strains as was demonstrated before for inactivation of 323 

bacteria (Saldaña et al., 2009). Moreover, further studies are required to critically test the 324 

benefits of an additional PEF treatment to improve survival during subsequent processing. 325 

4. Conclusions 326 

Pulsed electric field treatment can increase the intracellular trehalose content of 327 

Lactobacillus plantarum WCFS1 while maintaining culture viability. Electric field screening 328 

experiments with two pulses of 100 µs indicated a critical electric field strength for 329 

trehalose diffusion into the cell between 5 and 7.5 kV/cm. Two square wave pulses of 100 330 

µs at 7.5 kV/cm led to an increase in intracellular trehalose while maintaining cell viability 331 

after the PEF treatment. Study of the membrane permeability during and after this PEF 332 

treatment showed that only a small fraction of the bacterial population was reversible 333 

affected by the current PEF treatment, but these cells acquired a high internal 334 

concentration of trehalose. The pores in the cell membrane of L. plantarum WCFS1 closed 335 
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very fast after the PEF treatment for the uptake of PI, which indicates that resealing time 336 

for PI uptake is in the order of seconds. Optimization of trehalose uptake by PEF treatment 337 

should focus on a higher fraction of reversible electroporated cells, containing trehalose, 338 

in order to potentially enhance bacterial robustness during processing.  339 
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Figure 1 Survival (A) and intracellular trehalose content (B) after PEF treatment at 
various electric field strengths (2.5 - 12.5 kV/cm). A: Survival is based on plate counts of the 
PEF treated samples versus the control samples. B: Measurements at 0 kV/cm are the control (not 
PEF treated) samples. Data points at 0 µg/mL were measured but below the detection limit of the 
HPLC method ( ~1 µg/ml trehalose). Each data point at a certain electric field strength represents 
one biological replicate. At least three biological replicates were measured for each electric field 
strength.
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Figure 2 Membrane permeability due to PEF treatment measured using PI staining. 
PEF treatment was performed with 2 pulses of 100 µs at 7.5 kV/cm. Percentage of the 
population with a permeable membrane for PI before PEF treatment ( ), an irreversibly 
permeable membrane 30 minutes after the PEF treatment ( ), a reversibly permeable 
membrane 30 minutes after PEF treatment ( ) and without membrane permeability for PI 
during PEF treatment ( ). Error bars indicate standard deviations of 3 biological replicates.



Figure 3 Cell membrane permeability for PI before, during and after PEF treatment over 
time. Time points on the x-axis represent the moment at which the stain was added to the culture. 
t = 0 s is the moment of the PEF treatment. The first data point (before the axis break) is the control 
(without/before PEF) and the data points at t = 0 s are with stains added before PEF treatment. Data 
points after t=0 indicate the membrane permeability at the specific time at which the stains were 
added. One data point at t=1800 or 2400 s for each replicate is not presented, this data point was 
similar to the t= 300 s data point.  Each symbol represents one biological replicate, error bars indicate 
the standard error of the mean of different pictures, n=10-20. 



Table 1 Composition, pH and conductivity of solutions used in the PEF experiments. All 
solutions were autoclaved for 15 minutes at 121ºC before use.

Washing solution PEF medium1 PBS

Composition 0.29 g NaClb 

0.89 g Na2HPO4·2 
H2Oa 

0.69 g NaH2PO4·H2Oa 

0.095 g MgCl2·6 H2Ob 

1000 g demineralized 
water

99.3 g Trehalosea 

0.29 g NaClb 

0.89 g Na2HPO4·2 H2Oa 

0.69 g NaH2PO4·H2Oa 

0.095 g MgCl2·6 H2Ob 

1000 g  demineralized 
water

1.93 g Na2HPO4·2H2Oa

0.35 g NaH2PO4·H2Oa

8.20 g NaClb

1000 g demineralized 
water

pH 6.9 6.8 7.2

Conductivity 0.21 S/m 0.15 S/m (with 
bacteria)

n.a.

1Adapted from Silve et al. (2016) ; salts from SNM medium, with addition of trehalose

Chemicals obtained from: a Merck, Germany, b Sigma Aldrich, USA



Table 2 Specific energy of the PEF treatments with 2 pulses of 100 µs pulse duration at 
various electric field strengths.

Electric 
field 

(kV/cm)

Specific energy 
input1

(kJ/kg)

2.5 1.8

5.0 7.2

7.5 16.2

10.0 28.9

12.5 45.1

1Calculated assuming a liquid density similar to that of a 10% sucrose solution (Asadi, 2005)


