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This work evaluates the lethal effects of the main electroporation parameters (field strength, [2.92 - 9.15 
kV/cm], pulse duration [0.01 - 0.6 ms], and number of pulses [1 - 10]) on the human pathogen Candida 
albicans. The latter is chosen as a biological model for microorganisms. Electroporation is applied to a 
suspension of Candida albicans via a square pulse generator. Plate count method is used to determine 
the viability of yeast cells. Results show a threshold field strength value, above which, cell viability 
sharply decreases by increasing field intensity down to zero viability at very high field intensities. This 
threshold value decreases from 5 to 3 kV/cm by increasing the pulse duration from 10 to 600 µs. The 
electric field intensity needed to kill 50% of cells (E50) is shown to decrease at long pulse durations (up to 
600 µs). This can be attributed to the observed increase in delivered charge to 0.58 C and energy to 197 
kJ with increase in pulse duration. The present data is essential for the optimization of pulsed electric 
field protocols for food preservation. It provides a quantitative insight on the origin of the fungicidal 
effects of pulsed electric fields.   
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INTRODUCTION 

Yeasts are unicellular fungi that typically 
reproduce by budding (Scheinfeld and Lambiase, 
2010). For thousands of years ago, yeasts have 
been used to make fermented foods and 
beverages. These include beer, wine, sake, and 
bread. Some bioactive compounds, such as 
second generation biofuels, β-glucans, mono-
oligosaccharides, vitamin B, proteins and minerals 
are produced by yeast (Sergi Maicas, 2020; Choi 
and Chung, 1998; Chae et al. 2001, Waszkiewicz-
Robak, 2013; Steensels et al. 2014). On the other 
hand, yeasts may spoil foods and beverages 
(Walker and Stewart, 2016). Candida, is a species 

of yeast that causes both superficial infections 
(e.g. skin infections, vaginitis and oropharyngeal 
infections, that are frequent but not life 
threatening) and invasive infections (e.g. the 
invasion of blood stream, that is systemic and is 
often lethal), (Nur Yapar, 2014). Candida albicans 
is responsible for ~50% of all invasive fungal 
infections in humans. It causes death for about 
49% of blood stream infections (Wisplinghoff et al. 
2004).   

Yeasts can serve as a useful model for 
eukaryotic biology. This originates from the 
simplicity with which the relation between gene 
structure and protein function can be established 
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(Botstein and Fink, 1988; Botstein and Fink, 
2011). 

High intensity electric pulses are becoming an 
increasingly important tool in many 
biotechnological and medical applications due to 
both reversible and irreversible breakdown of cell 
membrane in a process called electroporation or 
electropermeabilization. Reversible 
electroporation causes an increase in the 
transmembrane potential above a threshold value 
and the formation of transient electropores which 
could facilitate the transition of non permeant 
drugs and DNA into cells and tissues (Kranjc et al. 
2017; Rosazza et al. 2016). Irreversible 
electroporation causes rupture of membranes and 
cell death; therefore it finds applications in tumor 
ablation (Stehling et al. 2016), food preservation 
and water purification (Chong, 2014; Cebrian et 
al. 2016). 

 The application of Pulsed Electric Fields 
(PEF) to yeasts may cause a lethal effect at field 
intensities above a threshold or at long times of 
exposure. For example, the PEF treatment at 
optimal values of energy consumption (186  kJ/kg) 
and electric field strength (29 kV/cm) permitted 
reduction of the population of spoilage flora in 
must and wine up to 99.9% (Puértolas et al., 
2009). In contrast to other methods employed for 
microbial cell inactivation, non-thermal PEF 
treatment selectively removes the membrane 
barriers in cells and does not cause any visible 
damage of cells (El Zakhem et al. 2006a; 2006b; 
Sale and Hamilton 1967). PEF treatment of S. 
cerevisiae yeast improves the accumulation of 
zinc and magnesium in the yeast biomass 
(Pankiewicz and Jamroz, 2010; 2011). The 
application of PEF with restrictions of electric field 
intensity and exposure time within certain 
reasonable ranges allows the preservation of 
functionality of cell membranes (Fologea et al., 
2004). PEF technique improves the efficiency of 
both bacterial and fungal cell transformation 
(Costaglioli et al., 1994; Shen et al., 2013; Teissié 
et al. 2002) and cell electrofusion (Hu et al., 
2013). Appropriate adjustment of the electrical 
parameters is required to establish a specific 
protocol for a certain fungal species (Ruiz-Diez, 
2002). 

 Therefore this work investigates the effects of 
PEF on the yeast species, Candida albicans, 
which represents a common source of 
opportunistic infection. Emphasis is given to 
elucidating the possible dependence of cell 
viability of this species on the electrical 
parameters used in electroporation protocols. 

MATERIALS AND METHODS 

Test organisms  
The quality control strain of Candida albicans; 

ATCC 40193 is obtained from the Medical 
Microbiology Lab. (College of Applied Medical 
Sciences, Prince Sattam Bin AbdulAziz University, 
Al-Kharj, KSA). The strain is stored on yeast malt 
agar slants. 

Media 
Yeast malt agar contains dextrose 10 g, 

peptone 5 g, malt extract 3 g, yeast extract 3 g, 
agar 20 g and distilled water 1000 ml (Scharlau, 
Barcelona, Spain).Yeast malt broth contains 
dextrose 10 g, peptone 5 g, malt extract 3 g, yeast 
extract 3 g and distilled water 1000 ml (Scharlau, 
Barcelona, Spain). 

Preparation of fungal suspension 
Fungal suspension is prepared by taking 4-5 

colonies (>1 mm diameter) from a 24 h yeast agar 
growth culture (Scharlau, Barcelona, Spain) at 
35±2°C. Candida Albicans cells are suspended in 
5 ml of sterile saline solution (0.85% NaCl). Cell 
suspension is shaken for 15 s and fungal cell 
concentration is adjusted spectrophotometrically 
(OD530) to produce 0.5 McFarland Standard 
equivalent to 1-5 x 106 CFU/ml. Fungal inoculum 
suspension is diluted to 1:1000 in sterilized yeast 
malt broth medium (Scharlau, Barcelona, Spain) 
to give a final cell concentration equivalent to 0.5 - 
2.5 x 103 CFU/ml. The number of viable 
organisms/ml is tested by the plate count method 
(using Symbiosis aCOLade colony counter) to 
ensure optimal dispersion.  

Exposure of yeast cells to square electric 
pulses 

400 µl of final fungal inoculum suspensions 
containing 1-5 x 106 CFU/ml are transferred 
aseptically to 2 mm gap width electroporation 
cuvette (Model No. 620, BTX Harvard Apparatus, 
USA). Fungal suspensions are exposed to high 
intensity monopolar electric pulses with field 
strength of 2.92 - 9.15 kV/cm, pulse duration of 
0.01 - 0.6 ms, and number of pulses of 1 - 10. 

Determination of charge and energy due to 
electric pulses 

The resistance of the exposure medium R is 
calculated using Eq. 1, 

    σ = L / R A                                        (1) 
Where σ is the electrical conductivity 

(measured using a conductivity meter) of the 
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exposure medium, A is the electrode surface area 
and L is the length of the electrode. The charge 
corresponding to E50 (electric field intensity 
required to kill 50% of the cell population) is 
calculated using Eq. 2 (Wanda et al., 2003), 
           Q = E50 t / R                                           (2) 

Where Q is the charge due to the electric 
pulses; and t is the total exposure time calculated 
as the pulse duration multiplied by the number of 
pulses. The energy E delivered to the sample 
corresponding to E50 is determined by Eq. 3 
(Wanda et al., 2003), 
    E = E50

2 t / R                                                (3) 

Determination of the number of viable yeast 
cells 

The viable yeast cells are determined by 
spreading 100 µl of electrically treated fungal 
suspensions on yeast agar plates (90 mm) using 
sterilized glass rod. The plates are incubated at 
35±2 °C for 24 h and the number of viable 
organisms/ml is determined by the plate count 
method (using Symbiosis aCOLade colony 
counter) to ensure optimal dispersion.   
 
RESULTS  

Response of Candida albicans to electric 
pulses 

To investigate the interaction of pulsed 
electric field with Candida albicans, Candida cells 
are electroporated using a collection of electrical 
parameters. Figures 1-3 show the dependence of 
cell viability on field intensity and number of 

pulses at three different pulse durations of 10, 
100, and 600 µs, respectively. The number of 
pulses used in each figure is 4, 6, 8, and 10. One 
can notice that, for a certain pulse duration and 
number of pulses, there exists a threshold field 
strength value, above which, cell viability sharply 
decreases by increasing field intensity down to a 
zero viability at very high field intensities.  

The threshold field strength values are 
probably around 5, 4 and 3 kV/cm for pulse 
durations of 10, 100 and 600 µs as shown in 
figures 1, 2 and 3, respectively. Therefore, the 
threshold field strength value seems to decrease 
with increase in pulse duration for a certain 
number of pulses. 

From the presented data, one can suggest 
boundary limits that are possibly optimal for 
irreversible electroporation (which is highly 
important for food preservation).   

Effect of pulse duration on E50 
The relationship between the electric field 

intensity required to kill 50% of cell population 
(E50) and pulse duration is examined by 
determining E50 at defined number of pulses (4, 6, 
8, and 10) as a function of pulse duration (figure 
4). It can be seen that, except for 4 and 6 pulses 
at 100 and 600 µs, respectively, E50 shows a 
gradual decrease with increase in number of 
pulses and pulse duration. In other words, the 
electric field intensity needed to kill 50% of cells 
decreases when using higher number of pulses or 
longer pulse durations. 

 
 

Figure 1: Cell viability of Candida Albicans as a function of field intensity and number of pulses at 
10 µs pulse duration. 
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Figure 2: Cell viability of Candida Albicans as a function of field intensity and number of pulses at 
100 µs. 

 
 

 
 
 

Figure 3: Cell viability of Candida Albicans as a function of field intensity and number of pulses at 
600 µs. 
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Figure 4: The dependence of E50 on pulse duration at constant pulse numbers. 

 

 
Figure 5: The total charge delivered by electric pulses at E50 plotted as a function of pulse 

duration at different number of pulses. 

 
Figure 6: Delivered electric energy at E50 plotted as a function of pulse duration for different 

number of pulses. 
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Effect of pulse duration on delivered charge 
and energy 

For the same number of pulses, one can 
notice that the total charge delivered by electric 
pulses increases by increasing pulse duration 
(figure 5). The variation of total charge with 
number pulses is either small (at 100 µs) or does 
not seem to have a constant pattern (at 600 µs). 
On the other hand, the delivered electric energy 
corresponding to E50 increases by increasing 
pulse duration at a defined number of pulses 
(figure 6). The number pulses has nearly no effect 
on delivered charge and electric energy at a pulse 
duration of 10 µs (figures 5 and 6, respectively). 
 
DISCUSSION 

The ability to optimize electroporation 
parameters to combat pathogens via 
electroporation offers a new horizon in this 
context. In this work it is shown, quantitatively, 
that there exists a threshold electric field strength 
above which there is a sharp decrease in the 
viability of Candida Albicans, used as a good 
model for human pathogen yeast cells. Moreover, 
it is shown that it is possible to reach a zero 
viability or, in other words, complete eradication of 
pathogen. This is a potentially valuable result for 
future application of the technique. The role of 
combinations of electric field strengths, pulse 
duration and number of pulses are extensively 
investigated. The decrease in E50 with increase in 
pulse duration is well explained by the 
corresponding measured increase in each of 
induced charge and deposited energy. 

Some of the previous studies on mammalian 
cells reported the dependence of cell viability on 
electrical charge (Wanda K. et al. 2003, Sasa 
Haberl et al. 2013, and Moshin A. et al. 2017). 
Unfortunately, these studies had data sets on 
mammalian cells having only one phospholipid 
bilayer membrane. On the other hand, the choice 
of Candida Albicans, in this work, offers a better 
model for human pathogen yeast cells, with two 
membranes which are separated by the cell wall.  

The field intensity required to decrease the 
viability of Candida is considerably higher than 
that needed for mammalian cells. This is because 
the electric field must affect the two membranes 
and the cell wall.  

Three possible mechanisms of cell death are 
being postulated: irreversible electroporation, 
joule heating, and toxicity due to electrochemical 
products. Irreversible breakdown and rupture of 
the cell wall and the membranes are the most 
likely mechanism for lethal effects due to the loss 

of cellular contents, or due to the activity of 
reactive species associated with 
electropermeabilization (Kekez M. et al. 1996; 
Miller et al. 2005). In this work, irreversible 
electroporation begins at 4 pulses with field 
intensity of 7.74kV/cm and pulse duration of 10 
μs. It is shown that it is possible to reduce the 
threshold value of irreversible electroporation by 
increasing the number of pulses. Joule heating 
can be excluded because the temperature of the 
samples in the present measurements is no more 
than 40oC which can be tolerated by yeast cells. 
For mammalian cells, a temperature of 43oC must 
be applied for 30 min to induce cell death 
(Nakajima K., Hisazumi H., 1983; Pogorzala L., 
2013). Electrochemical contamination has toxic 
effects on mammalian cells in suspension due to 
electrolysis of the media and release of ions from 
aluminum electrodes (Youxing F. et al. 2015). In 
this work, the lethal effects due to electrochemical 
deposits can be excluded due to the presence of 
cell walls, which protect yeast cells from osmotic 
stress and toxic compounds (Arunas et al. 2014).  

The present in vitro study utilizes pulsing 
protocols that can be used for fermentation in 
beverages and microbial fuel applications. In case 
of in vivo protocols, such as in food preservation, 
yeast cells may have different geometry and 
would respond differently to environmental 
factors. Based on this study, fungicidal effects of 
pulsed electric fields can be examined for patients 
with fungal infections that are resistant to 
chemical drugs. 

CONCLUSION 
The lethal effect of main electroporation 

parameters (field intensity, pulse duration and 
number of pulses) used in the electroporation 
protocols of the human pathogen Candida 
Albicans are comprehensively evaluated using 
plate count method. The dependence of the 
viability of Candida on electroporation parameters 
is quantitatively established. The field intensity 
and pulse duration are two crucial parameters for 
such effect. The decrease in E50 with increase 
pulse duration is attributed to the corresponding 
measured increase in each of induced charge and 
deposited energy. The present results pave the 
way for wide range of applications in gene 
transfection experiments using yeast cells, 
fungicidal effects of pulsed electric fields on 
patients with fungal infections that are resistant to 
chemical drugs and fungicidal effects of pulsed 
electric fields for food and beverages industry. 
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