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Glossary
Cell wall A tough, rigid layer that surrounds cells such as bacteria.
Electropermeabilization Induction of transport pathways in a cell membrane by electropulsation.
Electropulsation Delivery of a calibrated electric pulse on a biological sample such a bacterial suspension.
Prokaryote A cellular organism where nuclear membrane, organelles (except ribosomes) are not present in the cytoplasm.
Pulsed electric field Repetitive delivery of a short lived electric voltage on a conductive solution.

Nomenclature
AFM Atomic force microscopy
CFU Colony forming unit
CL Cardiolipin
CM Cytoplasmic membrane
CW Cell wall
d Gap between the electrodes (m)
E Field (V/m)
GlcNAc N-acetyl glucosamine
I Current (A)
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IM Inner membrane
LPS Lipopolysaccharide
LTA Lipoteichoic acids
ms Millisecond
MurNAc N-acetyl muramic acid
N Number of repetitive pulses
OM Outer membrane
OMP Outer membrane protein
PE Phosphatidylethanolamine
PEF Pulsed electric fields
PG Peptidoglycan
PG Phosphatidylglycerol
PI Propidium iodide
R Cell size (m)
SEM Scanning electron microscopy
S-layers Surface layer
T Pulse duration (sec)
TA Teichoic acids
TEM Transmission electron microscopy
TMP Transmembrane potential
V Voltage (V)
W Energy (J)
WTA Wall teichoic acids
Dq Temperature increase (�C)
DJi TMP induced by the electric field (V)
Ls Buffer conductivity (S/m)

Introduction

Pulsed electric fields (PEF) are known to induce cell membrane electropermeabilization and its associated cell loss of viability. Since
the pioneering results published 50 years ago,1–3 describing electroeradication of microorganisms, there has been a lot of interest in
the translational developments of these observations. The treatment of large volumes of bacterial suspension was obtained by the
development of flow processes.4 Three main fields of industrial applications are present: bacterial eradication (waste water disin-
fection, food treatment by cold sterilization), cytoplasmic content extraction, and genetic engineering by plasmid introduction.
One of the limiting problems in those industrial developments is that present knowledge on the physicochemical mechanisms sup-
porting the reorganization of the cell membrane and bacterial wall remains very limited. Electropermeabilization is more than
simply punching holes in a one-lipid bilayer, as assumed in the early versions of “electroporation”.5,6 A state-of-the-art description
of our knowledge of the biophysical aspects is given in the companion chapter.

The physiology of the bacteria controls many parameters. This is indeed very complex in microbiology. The associated destabi-
lization of the membrane selective permeability is stressful for the cells and results in loss of cell viability. Events are present at the
level of the plasma membrane (as observed mostly with mammalian cells), but with a control and/or feedback on the wall
organization.

This chapter will present a description of the present knowledge of the organization of the bacterial membrane and wall, fol-
lowed by a discussion of the effects linked to the application of an electrical field (i.e., current) on an ionic bacterial suspension,
and methods of controlling the alteration of the membrane and wall in pulsed bacteria.

Bacteria

The bacterial envelope, the primary function of which is probably to protect the cell from the environment7,8 is an active component
essential for survival, division, adaptation, morphogenesis, and pathogenesis. In addition to osmotic pressure protection and bacte-
rial shape control (spherical in coccus, rod in bacillus), it enables the entry of nutrients, vitamins, and cofactors and the efflux of
toxins and unwanted metabolites.8 Metabolic energy production is controlled by the envelope. Electron transport chains induce
the electrochemical proton gradient needed to yield the protonmotive force in the bacterial membrane,9 as well as with cytoplasmic
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ATP production by oxidative phosphorylation. The cell envelope is able to sense and transduce signals, allowing the bacterium to
resist and adapt to environmental stresses and changes.10

In addition to its multiple active roles, the envelope provides a physical barrier protecting the bacteria from the environment.8,11

The cell wall (CW) supplies the bacterial shape, provides the bacterial resistance to osmotic pressure, and prevents the envelope
from rupture. It is porous, and these holes are chemically filled with proteins and polysaccharides organized in supra-molecular
networks. The wall is coated and reinforced by one or two hydrophobic selective barriers known as the bacterial membranes.

Bacteria were differentiated from one another using the Gram staining procedure which originated more than a century ago. The
structure and composition of the bacterial envelope affected the staining procedure, categorizing bacteria as either Gram-positive or
Gram-negative. The bacterial envelopes are now defined with the number of the membranes that they contain: the cells are either
diderms or monoderms. Cells are also classified according to the presence of lipopolysaccharides (LPS) in the diderm envelopes.
This classification, based on the number of bacterial membranes, is more appropriate in evaluation of the impact of electric field
effects on the bacterial envelopes.

Diderm-Lipopolysaccharide Bacteria Cell Envelope (Glycobacteria)

Typical diderm-LPS, Gram-negative bacteria examples such as Escherichia coli have a cell envelope composed of three layers with an
average thickness of 35 nm. The inner membrane (IM) or cytoplasmic membrane (CM) (from 5 to 8 nm), and the outer membrane
(OM) delineate the hydrophilic periplasm formed by a thin layer of peptidoglycan (PG) constituting the CW. The PG thickness
varies between 6 nm (in E. coli) and 2.4 nm in Pseudomonas aeruginosa.12 Both membranes are hydrophobic and semi-
permeable. In addition to lipids and carbohydrates, the three layers contain proteins.

The outer membrane
The OM is an asymmetric lipid bilayer essential for its protective function. Phospholipids are only found in the inner leaflet and
consist, In E. coli, of 90% of the zwitterionic phospholipid phosphatidylethanolamine (PE), 6% of the anionic (charged) phospho-
lipid phosphatidylglycerol (PG), and 4% of the anionic phospholipid cardiolipin (CL) (or diphosphatidylglycerol).13 The inner
leaflet of the OM is more rigid than the IM because it contains more saturated fatty acids and has a smaller net negative charge.
In Glycobacteria, i.e., diderm-LPS-bacteria,14,15 the outer leaflet of the OM is mainly composed of the lipid moiety of anionic glyco-
lipids: Lipid A from LPS.16 The LPS itself is a glucosamine disaccharide bearing six or seven acyl chains (lipid A) linked with a poly-
saccharide core and an extended polysaccharide chain called the O-antigen.16 LPS is involved in the surface net charge of the
envelope and is mainly responsible for the overall hydrophobicity of LPS containing bacteria. The acyl chains of LPS are saturated
and thus favor LPS packing. The packing is reinforced by LPS negative charges neutralization with divalent cations like Mg2þ and
Ca2þ17 and is affected by their chelation by EDTA. In summary, the LPS leaflet is a very effective hydrophobic barrier, a property that
is increased by the hydrophilic selectivity of embedded porins for molecules larger than 700 Da.17

Proteins in the OM [outer membrane proteins (OMPs)] are mainly of two types: lipoproteins and b-barrel proteins.8 In E. coli,
there are more than 100 different OM-lipoproteins.18 TheirN-terminal cysteins are modified by thioether-linked diacylglycerol and
amino-linked acyl chains which allow the lipid moieties of lipoproteins to embed in the inner leaflet of the OM. b-barrel proteins
are cylinder-shaped integral transmembrane proteins formed by b-sheets. Some OMPs are porins, allowing the passive diffusion of
small molecules participating in the OM selectivity.19

Diderm cell-wall: the PG
PG layers cover the CM of nearly all bacteria. PG, also called murein, is the bag-shaped rigid exoskeleton of bacteria: the sacculus.20

It determines the bacterial shape21 and is made of glycan strands cross-linked with short specific peptides.12

PG prevents bacteria from cell lysis in low osmolarity media. Its enzymatic hydrolysis by lysozyme induces the loss of cell shape
and provokes the formation of spheroplast. Spheroplasts are sensitive to low osmolarity media. The most common organization of
PG is the following. Linear glycan PG strands are made up of alternatingN-acetyl glucosamine (GlcNAc) andN-acetyl muramic acid
(MurNAc) linked in b-1/4. MurNAc is substituted by uncommon pentapetide containing rare D-amino acids. In nascent PG, the
pentapeptide is often L-AladD-GludmA2pm (meso-diaminopimelic acid)dD-AladD-Ala. The last D-Ala is generally absent from
mature PG. Those peptides are crosslinked together generally between the penultimate D-Ala and the mA2pm at position 3. Thus,
linear glycan strands are crosslinked by peptide bridges of seven amino acids.

Chemical composition of PG is well known in numerous species. Debate centers on the 3D architecture of PG in different
bacteria.12,21 The classical “horizontal layers model” proposes an architecture in which the glycan strands are parallel to the
CM.22 The “vertical scaffold model” proposes that the peptides are parallel to the membrane, whereas the glycan strands run perpen-
dicular to the long axis of rod-shaped bacteria.23

The periplasm
The periplasm was defined originally as being an aqueous compartment located between the OM and the CM. It is a hydrophilic
and oxidizing “space” between the membranes. The periplasm contains the CW24 and is rich in proteins. Proteins are degradation
enzymes (RNase or alkaline phosphatase), periplasmic binding proteins, involved in sugar and amino acid transport and in chemo-
taxis, and “chaperones” involved in envelope biogenesis.
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The inner membrane
In contrast to the OM, the IM of diderm is a symmetric phospholipid bilayer. In E. coli, the IM is composed of 75% of the zwitter-
ionic phospholipid phosphoethanolamine (PE), 20% of the anionic phospholipid phosphatidylglycerol (PG), 5% of the anionic
phospholipid cardiolipin (CL), and a low fraction of phosphatidylserine (PS). Energy production, lipid biosynthesis, and protein
transport and secretion are the main functions accomplished within the IM.

Monoderm Bacteria Cell Envelope

Monoderm bacteria are protected from the turgor pressure by PG layers several times thicker than in diderms. The thickness of
monoderm envelopes varies together with the PG thickness that is also variable: 20 nm in S. aureus to 34 nm, in B. subtillis for
example.12 This tight CW is reinforced by the presence of long anionic polymers: the teichoic acids (TA).25 The external proteins
of monoderm bacteria are either covalently attached to the PG, partially inserted in the CM, linked to CM lipids anchors, or attached
to teichoic acids.26

Monoderm PG
The PG of monoderms is made of glycan strands composed of disaccharide repeats linked together with pentapeptide units. The
classical monoderm PG chemical composition is identical to the one of diderm bacteria. The linear glycan strands of PG are
made up of alternatingN-acetyl glucosamine (GlcNAc) andN-acetyl muramic acid (MurNAc) linked in b-1/4, and are crosslinked
together with short specific peptides. The major difference with diderm PG is in the PG thickness; the Gram-positive PG can be
30–100 nm thick, whereas the Gram-negative is only a few nm thick. Among the Gram-positive bacteria, the differences between
PG structures are mainly based on the type of crosslinking of the glycan strands by peptides.27 Branched peptides are attachment
sites of specific PG covalently associated proteins.

Teichoic acids (TA)
TA are formed by a disaccharide linkage unit and an anionic chain of polyglycerolphosphate or polyribitolphosphate repeats deco-
rated with saccharides and positively charged D-alanyl esters. Wall teichoic acids (WTA) are covalently attached to PG,28 while lip-
oteichoic acids (LTA) are linked to the head groups of CM lipids. TA represent about 60% of the cell envelope mass and are mainly
responsible, together with PG, for the envelope structure and function. These long anionic polymers are critical determinants of the
envelope surface’s net charge and hydrophobicity. The WTA are coupled to PG and the LTA are anchored in the CM.WTAs are found
perpendicular to the PG layers. LTA are anchored in the CM through embedded glycolipids. Because they contain fewer repeat units
thanWTA, they do not span beyond the PG. The negative surface net charge of the Gram-positive envelope is essential, and when TA
are absent from a given species, they are replaced by other polyanionic polymers containing either carboxylate or sulfate groups.
Cations binding on TA induce the formation of a cationic network that increases the rigidity of the envelope.

Surface proteins
TA are involved in bacterial adherence together with adhesins. Most of them are covalently attached to the stem peptide of PG but
some are only interacting with either PG or TA.26 Other surface proteins are anchored through helices inserted in the lipid leaflet of
the CM. Some other surface proteins are involved in CW modeling and are noncovalently linked to either PG or TA.

The cytoplasmic membrane
The monoderm CM is a symmetrical phospholipid bilayer like the diderm IM, but the proportions of zwitterionic phospholipid
phosphatidylethanolamine (30% PE) and anionic phospholipid phosphatidylglycerol (70%, PG) are different from those of
diderms. The monoderm CM has a higher negative surface charge.29 Monoderm CM contains undecaprenyl-phosphate necessary
for the envelope biogenesis together with a-helical anchored lipoproteins and the saccharide moiety of LTA.

Bacterial S-Layer

S-layers (surface layer) are paracrystalline protein lattices found in both Gram-positive and Gram-negative bacteria. In Gram-
positive bacteria, the S-Layer is noncovalently attached to PG or other cell-wall components. In Gram negative bacteria, the
S-Layer is attached to the LPS. S-layers are each homogenous. In a given bacterium, they are mostly composed of one protein or
glycoprotein species, but a single strain can express different S-layers depending on culture conditions. The degree of glycosylation
and glycan composition of glycoproteins is greatly variable. The S-layer proteins are slightly similar to each other, but they are
usually acidic or hydrophobic. S-layer proteins possess a core “heavy” domain that forms the basic morphological unit cell, and
a lighter domain that provides connectivity between core units. The core is usually oriented toward the cell envelope, giving rise
to a corrugated inner surface overall. By contrast, the outer surface appears smooth despite highly variable and species-specific
ultra-structures. Between 30% and 70% of the unit cell volume is occupied by the protein, which leads to the formation of identical
and well-defined pores with a diameter of 2–8 nm.30
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Conclusions

The bacterial cell envelopes are complex and dynamic, and play fundamental roles in the protection of bacteria. The PG is essential
in the maintenance of the rigidity and the shape of bacteria. It is also essential for protecting the cell from the strong osmotic pres-
sure of the cytoplasm.

Electropermeabilization

Electropermeabilization is the result of the delivery of PEF on a cell suspension either with a batch or a flow process. Electropermea-
bilization of the cell membrane is a multistep process occurring on different time scales:

1. Induction step (ns). The electric field induces a membrane potential difference increase that is a function of the cell size. 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, bringing 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 remained present on a longer time scale, but the cell behavior

returned to normal.

This description cannot discriminate between the CM of diderms and monoderms. The case of the OMmay be different as there are
conducting pathways (OMP) that bypass step one.

By a proper choice of pulsing conditions (field strength, pulse duration, number of repetitive pulses), Step 4 can be eliminated.
Permeabilization is therefore irreversible. Cell viability is not preserved as expected for bacterial eradication. It still remains to eval-
uate the process in microorganisms in which the membrane (target of electropermeabilization) is protected by a complex wall
organization.

Bacterial Eradication

General Protocol

Irreversible electropermeabilization is a physical (green) approach for microbial pathogens eradication. This membrane alteration is
routinely detected by the penetration of a nonpermenant dye, such as propidium iodide (PI), and its detection in the cell (Fig. 1)

Electroeradication was developed for its industrial use for the food industry and the treatment of waste water. The delivery of
high field (more than 20 kV/cm) short (a few microseconds) pulses was enough to result in loss of viability in treated bacteria.
Viability was evaluated by counting the number of colonies (CFU) after the pulse delivery (Fig. 2). The treatment was efficient,
and the ratio of the surviving bacteria to the control sample was evaluated on a long scale31–36 (Fig. 2).

PEF treatment has received much attention as a cost efficient nonthermal food industrial processing and preservation tech-
nology. No chemical additives are needed, and temperature effects are limited and short-lived. The running costs are limited mainly
to the electrical energy delivered under optimized conditions. The design of the pulsing chambers is of course critical in this view.37

Eradication presents a way to inactivate several Log10 cycles of the microbial population. Process parameters strictly control the
efficiency of microbial inactivation by PEF treatment.33,38 The efficiency of PEF treatment depends on field parameters. The main
process parameters are electric field strength, pulse duration, and number of pulses; they can be combined under energy applied per
mass unit (specific energy). The general observations are:

1. The field strength must be larger than a critical value. Eradication then increases with the increase in the field strength.
2. Pulse (cumulated) lengths are larger than hundreds of nanoseconds and can be as large as a few milliseconds.
3. The loss of viability increases with the increase in the number of pulses.

Most protocols use trains of repetitive high-field (more than 20 kV/cm up to 75 kV/cm), short (in the order of the microsecond)
pulses in a poorly conductive buffer (to limit the associated Joule heating and the peak current to be delivered, i.e., the energy
cost and the safety from the design of the generator).39,40 Treatment time (effective time) depends on the number of pulses
(N) and the width of the pulses, and is in the ms time range (meaning N is of the order of 1000 and rod orientation is affected).
These conditions were observed to be valid not only for the food industry but for the treatment of waste water (41).

Protocols Depend on the Bacterial Species

Pulsing protocols were dependent on the nature of the treated bacteria in a way that could not be simply explained by the predicted
dependence of the field effect on the size of the treated bacteria. An apparent effect of morphology on membrane permeabilization
was observed, and larger cells were more easily permeabilized than smaller cells. Gram-positive bacteria (L. monocytogenes) survived
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the PEF treatment better at neutral pH than the Gram-negative species. The differences in cell membrane composition and wall orga-
nization appeared involved in their inactivation: the OM does not bring any protective effect.42

Control by the Growth Conditions

The growth phase was a decisive parameter. Cells in the stationary phase were less sensitive and required higher field and more
successive pulses for the eradication. Spores were resistant. These prepulse cultivation treatments were acting on the physiology
of the microorganism and on its metabolic biochemistry. Basic research on the role of the composition of cell membrane and
wall on the efficiency of PEF treatment are still missing.43–45 Biofilms were destroyed.46

Fig.1 Effect of PEF on E. coli viability. 104 pulses were delivered on an E. coli culture in tap water (7.5 kV/cm, 5 micros, 1 kHz, alternate polarity).
First line colonies growing on an Agar dish overnight after appropriated dilutions (A, control; B, pulsed). Second line bacteria observed under a phase
contrast microscope (C, control; D, pulsed). Third line bacteria observed under a fluorescence microscope after PI staining (E, control; F, pulsed). All
pulsed cells are stained by PI indicative of their irreversible membrane destruction.
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Growth temperature was another factor affecting the resistance of Escherichia coli to electroeradication. Cells grown to the
stationary phase at low (10�C and 20�C) temperature were more resistant than those grown at the physiological temperature. Again,
the consequences of these thermal effects on the physiology of the bacteria was a modification of the lipid composition of the
plasma membrane.40,47,48 Such a negative effect of a low temperature growth conditions on electroeradication was observed on
the Gram-positive Listeria whatever the growth phase of the PEF-treated bacteria.49

Microorganisms could adjust their membrane lipid fatty acyl chain content composition in response to changes in growth
temperature to preserve membrane function such as enzyme activity. In order to keep a full metabolic activity at low temperatures,
fatty acid chains of E. coli membrane were modified by an increase in the synthesis of unsaturated fatty acids with the expense of
saturated fatty acids. A more “fluid” membrane resulted that was observed to be more PEF-resistant.

Post Pulse Effects

Furthermore, the process was not an all-or-nothing phenomenon. PEF triggered two classes of effects on the pulsed bacteria: short
term and long term responses. Survival was controlled by the postpulse incubation conditions with the definition of a survival
buffer. This indicates that loss of viability is not only the result of a mechanical stress, but also that a metabolic response of the
pulsed bacteria was involved.50–52

Reactive Oxygen Species Generation

A classical response of a cell to an external stress is the generation of reactive oxygen species. This was indeed the case of bacterial
electroeradication.53 An oxidative injury was present inducing an alteration in gene expression regulation resulting in a change in
the composition of membrane lipids (with a decrease in the percentage of unsaturated fatty acids that are sensitive to oxidation). A
decrease in membrane fluidity was induced by the PEF treatment.

Effect of the Buffer pH

Amore complex control by the pH of the pulsing buffer was present. The nature of membrane damages and their potency to induce
cell death depended on the bacterial species and the treatment medium pH.39,51,54,55 The pH effect was related to the organization
of the bacterial envelope. Structural interactions between the wall components were of electrostatic nature and as such, sensitive to
the ionization of lateral groups, i.e., to the buffer pH. Electroeradication was not only dependent on the “classical” irreversible
membrane electropermeabilization, but the CW also played a decisive role in the resistance of the bacteria to the stringent electric
stress. The wall is an actor in the electrochemical responses of the cell to the electric pulse.56

Effect of the Buffer Conductivity

The ionic strength of the buffer played a critical role in the eradication. Treatment of E. coli suspended in water with a conductivity of
0.2 mS/cm led to a total bacterial inactivation with twice the number of pulses needed with in phosphate buffer (1 mS/cm) (but at
a lower energy cost). The conductivity appeared be one of the most important parameters of the PEF-driven eradication of
microbes.57,58 Electrostatic interactions present in the wall and in the outer and inner membranes controlled the stability of the
cell membrane. Decreasing the medium ionic concentration caused additional pressure on the membrane due to osmotic forces
adding more stress to the PEF treatment.

Fig. 2 Evolution of the number of CFU after the delivery of different number of pulses. 104 pulses were delivered on an E. coli culture in tap water
(7.5 kV/cm, 5 micros, 1 kHz, alternate polarity). A log scale is use for the number of CFU.
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Ultrastructural Analysis of PEF Treated Bacteria

More details on the events affecting the bacterial envelope were obtained by a direct observation of the treated microorganism. Due
to the small size of bacteria, optical microscopy is not the best-suited approach. More sensitive methods are offered by electron
microscopy studies [scanning electron microscopy (SEM) or transmission electron microscopy (TEM)] on samples that are chem-
ically fixed after the PEF delivery under conditions inducing the bacterial eradication.

L. innocua (rod-shaped, Gram-positive, nonspore-forming bacteria) treated by PEF (from 30 to 50 kV/cm) displayed under SEM
and TEM observation an increase in the CW roughness, cytoplasmic clumping, leakage of cellular material, and rupture of the CWs
and cell membranes.59 The level of damages was observed to increase with the intensity of the field treatment. When PEF with elec-
tric field intensity of 50 kV/cm was delivered to L. innocua, damages to the cell membrane were visible without the presence of pores
in the wall (Fig. 3). The CW of L. innocua after a PEF treatment with an electric field intensity of 50 kV/cm appeared blurry. Stronger
pulses (75 kV/cm) when delivered to lactobacilli (another gram-positive rod-shaped bacteria) induced a limited number of local
ruptures of the wall in parallel to the increase in surface roughness (60).

Ultrastructural changes in Staphylococcus aureus (spherical, Gram-positive) resulted from their PEF treatment. The cell surface was
rough after treatment, as observed by scanning electron microscopy (SEM). The CW was broken, and the cytoplasmic contents were
leaking out of the cell after exposure to 64 pulses at 60 kV/cm when observed by TEM.61 Another rod-shaped, Gram-positive
bacteria (Bacillus pumilus) were treated with a lower field PEF exposure (1000 micropulses at 7.5 kV/cm). Again, SEM observation
detected an increase in the surface roughness. Alterations of the cytoplasm, plasma membrane and CW were observed by TEM with
the expulsion of cell-debris.62 Gram-negative E. coli cells subjected to 60 pulses at 41 kV/cm were examined by transmission and
SEM. Changes in the cytoplasm were present, and the cell surface appeared rough. The cells’OMs were partially destroyed, allowing
leaks from the cell cytoplasm. A detachment of the cytoplasm from the cell membrane reflected the severe damages in the wall
organization.63

Most studies carried out on microorganisms treated by PEF have shown an increase in surface roughness, craters, elongation,
disruption of organelles, separation and condensation of cytoplasmic contents, CW breakage, or pore formation. They support
a model of pulse-induced eradication where the contribution of the electromechanical stresses on the wall organization should
be considered as acting in synergy with the voltage-induced permeabilization of the membrane.

Atomic force microscopy (AFM) is a promising technology to analyze the ultrastructural changes of microoganisms. Information
is not limited to the morphological alterations, as with electron microscopy; nanomechanical properties are also recorded. Another
advantage is that samples are screened under nondestructive conditions. The effects of PEF on bacteria were probed by AFM on
Gram-positive Bacillus pumilus. No chemical fixations of the bacteria were needed for such observations. The change in roughness
after the PEF treatment detected by SEM and TEM was confirmed. No mechanical modifications were induced as the stiffness was
not affected, but the adhesion properties of the bacteria were dramatically reduced by the eradicating PEF treatment. This reflects
a dramatic reorganization of the wall outer layer.64

Physico-chemical analyses are indicative of more significant effects as the surface charges and the hydrophobicity appears
affected in Gram-positive E. coli [65). In addition, the surface hydrophobicity of the CWs of Gram-negative Bacillus was evaluated
by chemical force measurements using a AFM tip functionalized with –CH3 groups. The adhesion maps revealed that the hydro-
phobicity present in untreated bacteria disappeared after PEF exposure in a rather homogeneous way on the entire bacterial
surface.62 In addition, electrophoretic mobility measurements revealed an increase in the surface charge (zeta potential increased
from �34 mV in controls to �28 mV after PEF.

Conclusions

Bacterial eradication by PEF appears to be a promising, environment-friendly, cost-effective technology for use in the food and
waste water treatment industry. Optimization of the processes has been studied using empirical approaches in different groups

Fig. 3 Effect of an increase in PEF intensity on a L. innocua cell wall; (A) normal cell; (B) cell subjected to 30 kV/cm; (C) cell exposed to 40 kV/cm;
and (D) exposure to 50 kV/cm. From Calderón-Miranda, M. L., Barbosa-Cánovas, G. V., Swanson B. G. Transmission electron microscopy of Listeria
innocua treated by pulsed electric fields and nisin in skimmed milk. Int. J. Food Microbiol. 1999, 51 (1), 31–38.
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in the United States and in western Europe. This impacts the availability of industrial devices on the market. But in order for the
industry to take full advantage of the methodology, there must be more basic investigation into the biophysical processes support-
ing the loss of viability in treated microorganisms.

Bacteria 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 high-level membrane
electropermeabilization.
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