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Glossary
Electropermeabilization Induction of transport pathways in a cell membrane by electropulsation
Electropulsation delivery of a calibrated electric pulse on a biological sample such as a bacterial suspension
Pulsed electric field Repetitive delivery of a short lived electric voltage on a conductive solution

Nomenclature
C Capacitor (F)
CM Cytoplasmic membrane
Cp Specific heat capacity (J/kg�C)
d Gap between the electrodes (m)
E Field (V/m)
I Current (A)
ms Millisecond
N Number of repetitive pulses
PE Phosphatidylethanolamine
PEF Pulsed electric fields
Ps Permeability coefficient of S
Q Charge (C)
R Cell size (m)
T Pulse duration (sec)
TEM Transmission electron microscopy
TMP Transmembrane potential
V Voltage (V)
W Energy (J)
Dq temperature increase (�C)
DJi TMP induced by the electric field (V)
ls Buffer conductivity (S/m)

81

Encyclopedia of Interfacial Chemistry, 2018, 81–89

Author's personal copy



Introduction

Since the pioneering results describing electropermeabilization of microorganisms published 50 years ago,1–3 there has been a lot of
interest in the translational developments of these observations. One of the problems limiting industrial development of this
technique is our extremely limited knowledge of the physicochemical mechanisms supporting the reorganization of the cell
membrane and bacterial wall. Electropermeabilization is more than simply punching holes in a one lipid bilayer as assumed in
the early versions of “electroporation.”4,5

Many poorly characterized electrochemical events are associated with the delivery of electric pulses on an ionic suspension. The
physiology of the bacteria controls many parameters. This is indeed very complex in microbiology. The associated destabilization of
the membrane’s selective permeability is stressful for the cells and results in a loss of cell viability. Events occur at the level of the
plasma membrane (as observed mostly with mammalian cells) but with a control and/or feedback on the cell envelope
organization.

This article will present a description of our present knowledge on the effects linked to the application of an electrical field (i.e.
current) on a cell in suspension and the way they control the alteration of the membrane.

Basic Technological Description of Electropulsation

Pulsed electric fields (PEF) are obtained by delivering a controlled voltage V between a set of two electrodes during a short duration.
The field E is

E ¼ �grad Vð Þ (1)

from the Maxwell equations.
When the electrodes are flat and parallel, the field is

E ¼ V=d (2)

where d is the gap between the electrodes. A more complex definition is present when more sophisticated electrode geometries are
selected. A nonhomogeneous field distribution is present.6–8

The voltage is either constant during the pulse duration (T) (square wave) or exponentially decays (capacitor discharge system)
with a characteristic decay constant sC that is dependent upon the charge storage capacitor (C) and the load R (the suspension
between the electrodes).

sC ¼ RC (3)

Rise times are always short (less than 1 ms) in comparison with the total duration of the pulse.
One technical difficulty with square wave pulse is that the voltage is observed to decrease during the pulse delivery. To limit this

problem, the current I should remain limited to be sure that the chargeQ that is delivered during the pulse duration T remains small
as compared to the global electrical charge stored in the pulse generator.

Q ¼ IT (4)

As the microbial suspension’s electrical characteristics change during the voltage delivery, a small resistor is placed parallel to the
pathway across the electrodes. The load between the electrodes where the bacterial suspension is present is much larger and has
a minor contribution to the impedance of the system where the generator delivers its charge.

In most applications, a train of repetitive pulses is delivered on the suspension. Each single pulse in the train can be similar and
one more parameter should be given: the delay between each (or the frequency). The pulse in a train can be either monopolar or
bipolar. In the last case, two delays may be described as the train may be the application of successive pairs of bipolar pulses (with
a short delay) with a longer delay between each pair.

The energy W that is delivered to the sample during the train of N pulses is

W ¼ UINT (5)

It is mostly converted into heat. It requested that the power supply associated with the pulse generator would be suited for such
energy storage.

A Biophysical Description

An Electric Field Has Physical Effects

Physicochemical effects of electrical pulses are complex as contributions are of both physical and electrochemical nature.

Joule heating
An obvious effect of the current passing through the suspension is the associated Joule heating. This is dependent on many
parameters. Under the assumption that the field is generated by the application of a voltage between two flat parallel electrodes
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(to get a homogeneous field), the associated temperature increase Dq for a single pulse (at given field constant E and duration T), is
dependent on the buffer conductivity ls and of course on the specific heat capacity Cp.

Dq ¼ E2Tls=Cp (6)

When a train of successive pulses is delivered, as long as no heat dissipation occurs in the inter-pulse delay, a linear increase in
temperature should be present with the number of repetitive pulses N

DqN ¼ E2TN ls=Cp (7)

Indeed, when the inter-pulse delay is increased, the temperature increase is observed to be less than with a linear prediction.
This must be corrected by the change in the buffer conductivity with the temperature.

ls q0þ Dqð Þ ¼ ls q0ð Þ 1þ a Dqð Þ (8)

A higher increase than predicted by the linear relationship on the pulse duration is present.
Another prediction is that the temperature increase in the suspension will depend on the buffer conductivity (within a single

pulse or during a train of repetitive pulses). A higher effect should occur in the 1 mS/cm solution (5 mM NaCl) (about 10�C after
250 pulses 7.5 kV/cm, 5 ms assuming no cooling during the inter-pulse delay of 1 ms, rs being assumed to be constant), but only
2�C in a 0.2 mS/cm solution (1 mM NaCl) (same other pulsing parameters) and negligible in a very low conductivity buffer (less
than 0.1 mS/cm) such as double-distilled water. This thermal effect should be taken into account in electropulsation effects; for
example, it was reported that bacterial eradication associated with PEF was strongly positively dependent on the solution temper-
ature.9–12

One problem with the Joule heating associated with PEF is the heterogeneity of the field distribution in the pulsing chamber
when a sophisticated geometry is selected (co-axial design). “Hot spots” are present at the sites where a high field is present.

This problem of temperature control is crucial when treating bacteria because they are physiologically sensitive to excessive
temperatures (say larger than 60�C) even during a short period.13,14

Electrochemistry at the electrodes (pH, corrosion)
Delivering a voltage between two electrodes on a conductive liquid is associated with many electrochemical reactions at the metal–
solution interface.

A specific feature in a PEF system is that the current densities (A/cm2) at the electrodes are orders of magnitudes larger than in
traditional electrochemical systems. Large currents are delivered across the electrode–liquid interface in a PEF treatment chamber.
These currents result in electrochemical reactions along the electrode surface on a large scale. An in-depth study was published.15

Electrode reactions are shown to induce changes in the chemical structure of the liquids in the vicinity of the electrode surfaces,
and can produce toxic chemicals such as reactive oxygen species (ROS). These reaction products then react with other compounds
present in the solution. Such critical postpulse reactions are a secondary reaction of chlorine and water, with the formation of
hydrochloric acid and hypoclorous acid. Electropulsed solutions where chlorine is present are toxic even long after pulse delivery.
PEF-associated electrochemistry in the solution is complex, as it induces a cascade of reactions with both short-term and long-term
biological consequences.

Theoretical predictions of ion transport in agar gels during voltage delivery mimicking PEF conditions predict the presence of pH
fronts emerging from both electrodes.16–18 Experimental measurements by direct optical methods based on pH-sensitive dyes,
followed by digital image processing, show that those pH fronts are present, immediate, and substantial. It is found that they spread
by a predominantly diffusive process. The movement of the pH fronts depends on electrical conductivity, ion strength, and pH of
the solution. No pH change is observed when PEF is delivered on a saline–buffer (PBS) that is able to compensate occurring pH
changes. The PEF effects are therefore controlled by the composition of the bacterial solution and its buffering properties. In
nonbuffered conditions (waste water, juice), pH-shifts of more than four units are predicted and observed as a result of a treatment
time of shorter than ms at electric field strength of 10 kV/cm. This means that pH values as different as 10.9 and 3.3 are detected at
the cathode and anode respectively after PEF treatment of a pure salt solution with an initial non buffered pH value of 7.1.
Understanding of PEF global effects on a bacterial suspension should include the potent contributions of electrochemical reactions
and pH changes associated to the treatments. By a proper choice of pulsing and solution conditions where the potentially
deleterious effects of electrical pulses on temperature and pH are avoided, PEF can be used appears for bacterial control of drugs
in solution by keeping the pharmaceutical value of the drug unaffected.19

For assessing modifications caused by pulsed electric fields due to occurrence of electrochemical reactions at the electrode/elec-
trolyte interface, the cell environment was investigated using electrochemical impedance spectroscopy (EIS). Analyzing the
impedance of the system on a wide frequency range as EIS does allow distinguishing the complexities of the electrochemical reac-
tions taking place, to identify diffusion-limited reactions, and analyze the capacitive behavior of the sample. Pulsed electric fields
affect the electrode state under the control of the different electrolyte conductivities at the interface.20 The electrochemical reaction
rate is both a function of the initial free charges and those associated with the pulsed electric field. In the presence of biological cells,
the initial free charges in the medium are reduced. The PEF consequences are clearly controlled by the buffer conductivity.

A main effect on the electrodes associated with PEF is their corrosion.15 This is a well-known electrochemical reaction present at
the metal solution interface when a current is delivered. Again, it should be pointed out that the current densities present on the
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electrode surface are orders of magnitudes larger than in traditional electrochemical systems. This corrosion can seriously damage
the electrodes within a few hours, as observed with industrial-scaled processes. This is controlled by the current crossing the
electrode solution interface, that is, the applied voltage and the solution conductivity. Depending on operational parameters,
the effect may be limited, but remains present and is part of the PEF mediated reactions. This was shown to be dependent on
the nature of the electrodes. Stainless steel and aluminum electrodes are observed to be highly sensitive to this corrosion effect.
Iron (or aluminum) ions are present in the suspension after its PEF treatment.21–23 Food processing may be affected due to the
associated toxicity problems, limiting the practical use of electroeradication.24 The electrochemical reactions associated with
corrosion are dependent on the chemical composition of the bacterial suspension and the electrical parameters.15,24,25 The time-
dependent alteration of the electrodes is adding some more complexity in the processes associated to the PEF treatment of bacteria.
A dramatic effect is the change in the surface aspect of the electrodes and their interfacial electric properties.26 Local “hot spots” of
the field distribution may appear, resulting in change in the impedance of the pulsing chamber and justifying the need to follow it
on-line (by recording both the delivered current and voltage).

The release of iron or aluminum ions in the pulsed suspension may have dramatic effects, as it can cause the formation of insol-
uble aggregates. The free concentration of added components of the solution would be altered in a dramatic way.27 This affects the
dose-dependence of their effect.

Different approaches have been proposed to limit the contribution of the corrosion to the PEF processes. Different compositions
of the electrodes were positively tested using other metals when building the electrodes28 including the use of cuvettes with conduc-
tive polymer electrodes.15,27 Modification of the pulsing buffer composition resulted in positive effects, such as addition of EDTA or
the use of an acidic citrate electroporation buffer. But there is a need to ensure that these additives are not affecting the bacterial
envelope. Interestingly, it was suggested that using bipolar pulses prevents these electrochemical effects if the delay for polarity
inversion is short enough.

Electrophoresis in the suspension
Bacteria have a surface charge that makes them sensitive to an electrophoretic drift when submitted to an electric field. The associ-
ated movement pushes the bacteria along the field direction and results in accumulation on one of the electrode surfaces. Fouling is
caused by the formation of a film adjacent to the treatment electrode, which can cause local electric field distortion and arcing. This
agglomeration of the fouling agent on the electrode(s) during extended processing periods can cause electrical breakdown in the
treatment chamber, fouling, or contamination of the system.

Electrophoresis in the cell membrane
Some membrane components are freely mobile in the cell membrane (glycolipids, proteins) as part of the fluidity of the cell
membrane matrix. As their polar groups in the external solution are highly charged, as in the case of glycosylated derivatives, a force
is present when the external field is present. An electrophoretically driven lateral movement is triggered when the external field pulse
is delivered. As a result of this lateral movement along the electric field lines, an accumulation of the affected molecules towards one
pole of the cell will result.29–31 This affects the distribution of the molecules in the membrane matrix and brings the formation of
charged domains. Noncovalently bound components of the cell wall are affected. This is obvious in the case of the outer membrane.

The drift velocity is under the control of the applied field. The length of the displacement depends on the pulse duration and on
the membrane and wall viscosities (that are difficult to evaluate).

Electrical stress in the cell envelope
Polar headgroups of lipids in biological membranes are dipoles that are affected by the local electrical charges. They are called “inter-
facial electrometers.” The influence of the field on the molecular structure was monitored in the phosphatidylcholine headgroups.
The conformation of the headgroups was greatly affected while no influence on the structure and dynamics of the hydrocarbon
chains could be detected. The field directly affects the polar head region in membrane by inducing a tilt in its average orientation.32

Affecting the hydration forces (local structuration of the interfacial water) would result in a dramatic change in the membrane inter-
facial properties.33

Electrically charged macromolecules (teichoic acids) are present in the cell wall. They were shown to affect the wall organization
during the PEF delivery. The repulsion between teichoic acids is affected by the drift of ions induced by the external field (bulk elec-
trophoresis). Free ions interacting with the teichoic acids to minimize their repulsion would leave the bacterial wall, unmasking the
negative charges of teichoic acids. This could increase the repulsion between them. As those charged macromolecules are embedded
in a peptidoglycan gel, this increase in their repulsion would result in the creation of a very highmechanical tension in the gel. When
the tension reached a critical value, the peptidoglycan gel would locally rupture, resulting in an increase in the wall porosity.34

Stretching of the cell
In the presence of electric fields, vesicles are deformed, because of an electric stress brought by the external electric field on the
membrane (considered as a dielectric flexible sheet such as a lipid bilayer). It is given by the Maxwell stress tensor. The theory
behind the effect of a square wave pulse was described more than 20 years ago.35,36 Stretching the pulsed cells under electric
Maxwell stress will result in vesicle elongation. At a nanoscale level of the membrane, smoothing of thermal undulations is
present.37 At a larger scale, shape changes from a sphere to ellipsoid deformation or an elongation of the rod are predicted or
observed with highly flexible lipid vesicles.38 This was systematically investigated in the case of giant unilamellar vesicles (cell
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size like) (GUV) under electrical conditions rather similar to those of PEF treatments. Due to the high elasticity of the lipid matrix,
the deformations were present only during the field application (less than 1 ms) (39,40). A cell envelope has properties of both
elasticity and viscosity. A cell membrane is connected to the cytoskeleton and or the cell wall. Its mechanical properties are complex
and should be described as a complex assembly of a Maxwell material and a Kelvin-Voigt material. This means that the deforma-
tions under a mechanical stress (as induced by the electric field) are not as in the case of elastic materials. Deformations are
dependent upon the level of the stress and on its duration.41 Irreversible deformations may result and when a small stress is present
for a sufficiently long duration, irreversible strains enlarge and a dramatic elongation affects the cell assembly. The resulting conse-
quences on cell organization are dependent on the field pulse conditions (duration, strength, repetition).

The deformation is associated with a gradient of electrical conductivities between the external buffer and the internal content of
the vesicle. Such a gradient is present under PEF conditions where a buffer of low conductivity is used to reduce the Joule heating
and the energy costs. The cytoplasmic ionic content of bacteria is known to be high. Experiments on GUV showed that the defor-
mation was controlled by both the field strength and the pulse duration. Indeed long (ms) pulses can induce a rupture of the lipid
matrix and a partial fragmentation of the vesicle (resulting in a reduction in their size).42

Induction of acoustic shock waves
PEF mediates nonelectrical factors, such as pressure transients, that bring external mechanical stress on the cell membrane. Pressure
transients can result in inertial cavitation shock waves. Such disruptive effects are present as observed by the fragmentation of lipid
vesicles.43 Amore direct observation of the high frequency pressure transient is obtained by optical methods such as the probe beam
deflection technique.44 A linear dependence of the pressure wave magnitude on the applied voltage (governing the local field
magnitude) is present also as a more complicated effect of the pulse duration.

The external field induces an orientation of bacteria
A field-induced orientation phenomenon is affecting the rod-shaped Escherichia coli bacteria during the pulse. The Orientation of
a rod in an electric field is predicted to be due to the induction of dipoles (with a dipolar moment linearly dependent on the field)
at the cell surface followed by the orientation of these dipoles. The orientation process brings the cell parallel to the field direction
(torque effect of the field on the induced dipole). The pulse duration must be longer than the orientation characteristic time
(approximately 1 ms) to obtain a full orientation. The kinetic constant of the orientation (resulting of the effect of a field on the
field induced dipole) is dependent upon the square of the field magnitude.

Direct video observation shows that the random distribution of the bacterial population changes to a well-ordered distribution
just after the pulse (the time resolution, 40 ms, is much longer than the pulse duration, but several orders of magnitude shorter than
the relaxation process induced by Brownian motion.45,46). During the pulse, the long axis of bacteria draws parallel to the field lines.
As observed by video monitoring, the field pulse causes rod-shaped bacteria to orient parallel to the field lines. Rapid kinetic
turbidity changes indicate that this process happens quickly. An electric field applied to a nonspherical-cell suspension affects
the optical anisotropy which can be measured by light transmission with a high temporal resolution.47 An increase in transmitted
light is detected during the pulse in agreement with the uniform alignment of bacteria along the field lines observed by the direct
videomonitoring. At E>2 kV/cm, the orientation process occurs with a plateau value of the half-life shorter than 1 ms, that is, in the
range of the PEF cumulated duration or shorter. The conclusion is that during a pulse application longer than 1 ms, the field is most
of the time applied to a bacterial population in which all the rods are parallel to the field lines. When high fields are used with a very
short duration (as in the case of bacterial eradication), such an orientation results due to the cumulative effect of successive pulses
delivered at a high frequency (Fig. 1).

The External Field Induces Membrane Potential Difference Modulation

An external electric field modulates the transmembrane potential (TMP) as a cell can be considered as a spherical capacitor.48 The
TMP induced by the electric field after a (capacitive) charging time, DJi, is a complex function g(l) of the specific conductivities of
the membrane (lm), the pulsing buffer (lo) and the cytoplasm (li), the membrane thickness, the cell size (r), and packing. Thus,
when assuming that a cell is a sphere:

DJi ¼ f $g lð Þ$r$E$cosq 1� exp �t=smð Þð Þ (9)

in which q designates the angle between the direction of the normal to the membrane at the considered point on the cell surface and
the field direction, E the field intensity, r the radius of the cell and f, a shape factor (a cell being a spheroid). Therefore, DJι is not
uniform on the cell surface. It is maximal at the positions of the cell facing the electrodes. The last term is telling that the TMP steady
value is obtained only after a charging period sm. sm is dependent on the cell size r and on the external buffer conductivity. The
associated loading time is strongly dependent on the external conductivity lc.

sm ¼ r Cmem br lcþ 2loð Þ = 2lcloð Þ (10)

A decrease in the charging time of TMP occurs with an increase in the external solution conductivity.
Another factor affecting the induced potential differences is the shape of the cell and their relative orientation to the field lines.49

This is of course very important in the case of rod shaped bacteria. One should take into account that following the orientation of
the bacteria (a rod) relative to the field (homogeneous with a parallel plate electrode pulsing chamber), two limit charging times are
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present (two different values of r). This charging time was calculated to be long (17–50 ms) in a very low conductivity buffer (3 mS/
cm). However, with more classical buffers (0.2 mS/cm and 1 mS/cm), both sm are as short as 1 ms, meaning that the steady state
TMP should be reached during the pulse and would be present during a large part of a single pulse duration.50,51

Electropermeabilization

When the resulting transmembrane potential difference DJ (i.e., the sum between the resting value of cell membrane DJo and the
electroinduced value DJi) reaches locally more than 250 mV, that part of the membrane becomes permeable for small charged
molecules.

Permeabilization is controlled by the field strength. Field intensity larger than a critical value (Ep,r) must be applied to the
cell suspension. From Eq. (1), in the case of a spherical cell, permeabilization is first obtained for q close to 0 or p. Ep,r is such
that:

DJi;perm ¼ f$g lð Þ$r$Ep;r (11)

Permeabilization is therefore a local process on the cell surface. The extend of the permeabilized surface of a spherical cell, Aperm, is
given by:

Aperm ¼ Atot

1� Ep;r

E

� �
2

(12)

where Atot is the cell surface and E is the applied field intensity. Increasing the field strength will increase the part of the cell surface,
which is brought to the electropermeabilized state (Fig. 2).

These theoretical predictions are experimentally directly supported on cell suspension by measuring the leakage of metabolites
(ATP).52 Electrophoretic forces during the pulse may contribute but most of the transport occurs after the pulse. Leakage results from
a concentration driven diffusion transport described by using the Fick equation on the cell electropermeabilized part. The permea-
bilized part of the cell surface is a linear function of the reciprocal of the field intensity. This gives the following expression in the
case of a spherical cell for a given molecule S and a cell with a radius r pulsed under reversible conditions:

f S; tð Þ ¼ 2pr2$PS$DS$X N;Tð Þ 1� Ep;r
E

� �
exp �k$ N; Tð Þ$tð Þ (13)

where F(S, t) is the flow at time t after the N pulses of duration T (the delay between the pulses being short compared to t), Ps is the
permeability coefficient of S across the permeabilized membrane andDS is the concentration difference of S across themembrane. It
is important to observe that electropermeabilization quantification is assayed by the associated transport (diffusion) of a given S
molecule and therefore depends on this molecule. Ep depends on r (size). Under low-conductivity conditions, the electric stretching
force contributes significantly to the increase in “electroleaks” across the plasmamembrane, that is, in Ps.

53 The last term is reflecting
the resealing.

Fig. 1 Change in orientation and induction of permeabilization of rod shaped bacteria. (A) Before the pulse delivery, the orientation of each bacte-
rium in the population is random. (B) During the pulse train, an orientation parallel to the field is induced with the same kinetic. Permeabilization is
present only under the high field condition and affects all the surface of the bacteria (low grey). (C) After the pulse train, all bacteria are oriented
parallel to the field. Permeabilization is present at a high level (dark grey) all over the surface under the high field condition, while only a cap is
affected under the low field condition (low grey).
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The area affected by the electric field depends also on the shape (spheroid) and on the orientation of the cell with the electric field
lines. With ms long pulses, only the caps of the oriented rod facing the electrodes will be affected. When strong field pulses (>20 kV/
cm) are delivered, a more global damaging effect is present.

Experimental results obtained either by monitoring conductance changes on cell suspension54 or by observation of the leakage
of metabolites show that the density of the local alterations is strongly controlled by the pulse duration. Delivery of a train of succes-
sive pulses, as an increase of their number results, leads to an increase of local permeabilization level.

Electropermeabilization of the cell membrane is a multistep process occuring on different time scales:

1. Induction step (ns). The electric field induces a membrane potential difference increase. When it reaches a critical value (about
200 mV), local “defects” appear.

2. Expansion step (ms). Defects expend and new defects appear as long as the field above the critical value is present. A high
conductivity is present across the membrane.

3. Stabilization step (ms). As soon as the field intensity is lower than the critical value, a recovery process takes place within a few
milliseconds, which brings the membrane to the “permeabilized state” with a low but significant conductivity.

4. Resealing step (s, min). A slow resealing of the defaults occurs. The membrane conductivity decreases back to its prepulse value.
5. Memory effect (h). Some changes in the membrane properties remain present on a longer time scale, but the cell behavior

returns to normal.

Electropermeabilization can be irreversible or reversible. The five steps are relevant to a reversible permeabilization that is used
when the cell viability should be preserved. This is the case for gene transfer where the expression of the coded activity is required
or for the bacterial genome editing. Information on the events affecting the wall to support the transfer of the macromolecular
nucleic acid are missing except the ultrastructural details that are obtained long after the pulse.55,55–59

But, with a proper choice in pulsing conditions, Step 4 can be eliminated. Permeabilization is therefore irreversible. Cell viability
is not preserved as expected for bacterial eradication.

Conclusions

PEF appears to be a promising, environmentally-friendly, cost–effective technology for use in the biotechnological industry and for
potentially impressive application in clinics (solid tumor eradication by electrochemotherapy, DNA Vaccine). Optimization of the
processes has been studied using empirical approaches in different groups in the United States and in Western Europe. This limits
the availability of industrial devices on the market. But in order for industry to take full advantage of the methodology, there must
be more basic investigation into the biophysical processes supporting the membrane alterations in treated microorganisms.

Cells are more than a vesicle with a dielectric shell. One should consider the different effects associated with the train of electric
pulses and how they may be controlled through manipulation of the electric parameters (field strength, pulse duration, delay
between the pulse). Another critical factor is the organization of the cell envelope and its complex response not only to the physical
(electromechanical) constraints, but also to metabolic stress associated with the high-level membrane electropermeabilization.
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Fig. 2 (A) TMP(M) is a function of E and q, (B) The grey area is the part of the cell surface where the induced TMP is larger than the critical per-
meabilizing value, Aperm. It is controlled by the applied field (E>Ep). Diffusion (arrow) occurs across this part of the cell surface after the pulse.
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See also: Ion Channel Formation in Bilayer Lipid Membranes; Ion Conductance Probe MicroscopydMolecular Resolution; Thylakoid Membrane
Bioenergetics.
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