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Abstract 

"Dielectric Properties and Electrical Breakdown of Biological Membranes" was the topic 
of a one-day workshop at the Conference on Electrical Insulation and Dielectric 
Phenomena on October 20, 2002, in Cancun, Mexico. The workshop, which was 
supported by the IEEE Dielectrics and Electrical Insulation Society, the US Air Force 
Office of Scientific Research, and the Office of Naval Research, was organized by Karl 
H. Schoenbach, director of the Center for Bioelectrics at Old Dominion University. The 
presentations and discussions focused on nonthermal biological effects caused by high 
power pulsed electric fields. The interest in this topic was stimulated by recent 
observations of modifications in cell functions and induction of apoptosis in cells when 
exposed to ultrashort electrical pulses. Prominent scientists from the United States, Japan, 
Germany and Israel presented invited talks on membrane structures, membrane functions, 
dielectric properties, and electroporation. In addition, an overview of applications of both 
reversible and irreversible electroporation in medicine and biology was presented. This 
included gene therapy, cancer treatment, biofouling prevention, and bacterial 
decontamination. The workshop concluded with a panel discussion. The funding 
provided by AFOSR was utilized to support the travel expenses of invited speakers. As a 
follow-up to the workshop, a special issue on 'T)ielectric Properties and Electrical 
Breakdown of Biological Membranes" with J. Weaver (MIT) and K.H. Schoenbach 
(ODU) will be published in October 2003 in the IEEE Transactions on Dielectrics and 
Electrical Insulation. 



Introduction 

The membrane surrounding biological cells consists of a lipid bilayer with a thickness of 
approximately 5 nm. The dielectric constant is about 5, and its membrane resistivity is 
2x10 Qcm [1]. The function of the cell membrane is to isolate regions of different 
materials, but also to facilitate the flow of selected types of ions and molecules from one 
region to the other. This flow of ions passes through membrane channels, consisting of 
proteins, which are embedded in the membrane. These ion channels are either chemically 
(ligand) or electrically (voltage) controlled. 

In the resting state, a constant voltage of approximately 70 mV (for mammalian cells) is 
applied across the membrane. The potential gradient is caused by differences in sodium 
and potassium ion concentrations inside and outside the cell. For excitable cells, such as 
nerve and muscle cells, relatively small depolarizing changes in the membrane voltage, 
on the order of 10 to 20 mV, lead to strong nonlinear changes in the membrane 
conductance, an effect which allows electrical signal propagation along the axons of 
neurons. It was studied and modeled by Hodgkin and Huxley in the 1950s [2], who 
received the Nobel prize for their research in 1962. 

A transmembrane voltage of 70 mV corresponds to an electric field of 140 kV/cm. In 
experiments with artificial membranes free of proteins (channels), 180 mV could be 
applied before changes in the conductance were observed [3]. This voltage corresponds 
to a dielectric strength of 360 kV/cm. Higher dielectric strengths can be achieved when 
pulsed voltages are applied. Generally, for electroporation to occur, which is a kind of 
electrical breakdown of the membrane, voltages of 1 V need to be applied across the 
membrane [4] corresponding to dielectric strengths of 2 MV/cm. This holds true for a 
pulse duration in the microsecond range. For pulses with submicrosecond duration, this 
value is even higher. 

An understanding of the dielectric properties of plasma membranes, and the changes in 
conductance with increasing voltage, are not only important for biologists, but might 
offer opportunities for physicists and engineers interested in novel dielectric materials. 
The facts that artificial membranes can easily be generated, and features such as self- 
healing effects (reversible electroporation), make them an interesting object of study for 
the dielectrics and electrical insulation community. 

{In addition to effects on the outer membrane, new research results indicate that it is 
possible to affect subcellular structures [5]. Although this topic was only being presented 
in one of the ten invited talks, it generated so much interest in the audience that almost all 
of the discussion centered on this new topic of "Intracellular Electromanipulation".} 
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Technical Program 

The workshop encompassed invited talks, contributed papers (poster-papers), and a 
discussion session. The program included invited talks on the structure of biological 
membranes, electrical breakdown (electroporation), measurements of dielectric properties 
of membranes, modeling of electroporation, subcellular effects caused by nanosecond 
electrical pulses, and medical and environmental applications of electroporation and 
intracellular electromanipulation. The presentations were followed by a discussion 
session, where the invited speakers and representatives of fimding agencies served as 
panelists. Much of the discussion had focused on the effect of ultrashort electrical pulses 
on biological cells, where the most recent research results were presented by E. Stephen 
Buescher. A poster session, as part of the general DEIS program on Monday, October 21 
with contributed papers, complemented the invited talks (attachment). 

Speakers and Topics 

1. Hidenori Akiyama and Sunao Katsuki, Kumamoto University, Japan, 
"Environmental Applications of Biological Inactivation by Pulsed Electric Field 
and/or Pulsed Discharges in Water" 

2. E. Stephen Buescher, Eastern Virginia Medical School, USA, "Intracellular 
Electromanipulation of Mammalian Cells with Submicrosecond Pulsed Electric 
Fields" 

3. Yuri Feldman, Hebrew University, Jerusalem, Israel, "Dielectric Properties of 
Biological Systems; from Amino Acids to Cells" 

4. Ravindra. P. Joshi, Old Dominion University, USA, "Dynamical Modeling of 
Cellular Response to Short High-Intensity Electric Fields" 

5. Raphael C. Lee, University of Chicago, USA 'Trauma and Injury Resulting From 
Strong Electric Field Exposure" 

6. Dietmar P. Rabussay, Genetronics, Inc, San Diego, USA, "Medical Applications 
of Electropermeabilization of Cell Membranes" 

7. Christoph Schultheiss, Forschungszentrum Karlsruhe GmbH, Germany, 
"Industrial Applications of Electroporation" 

8. HT Tien and A. Ottova, Michigan State University, USA, "Electrical and 
Dielectric Properties of Experimental Lipid Bilayers in Relation to Biotechnology" 

9. James C. Weaver, Harvard-MIT Division of Health Sciences and Technology, 
USA, "Electroporation of Biological Membranes from Multicellular to Nano 
Scales" 

10. Ahmed E. Yousef, C. Patrick Dunne, Ragip Unal and Beatrice H. Lado, Ohio 
State University, USA, "Damage of Bacterial Cell Membranes by Pulsed Electric 
Field Treatment." 



Workshop on 
"Dielectric Properties and Electrical 

Breakdown of Biological Membranes" 

7.30 am      Registration 
8.15 am      Introduction (Karl H. Schoenbach) 
8.20 am      James C. Weaver, Harvard-MIT Division of Health Sciences 

and    Technology,    USA,    "Electroporation    of   Biological 
Membranes from Multicellular to Nano Scales" 

9.00 am      HT Tien, Michigan State University, USA, "Electrical and 
Dielectric Properties of Experimental Lipid Bilayers in Relation 
to Biotechnology" 

9.30 am      Yuri    Feldman,    Hebrew   University,    Israel,    "Dielectric 
Properties of Biological Systems; from Amino Acids to Cells" 

10.00 am     Break 
10.30 am     Raphael C. Lee, University of Chicago, USA, "Trauma and 

Injury Resulting from Strong Electric Field Exposure" 
11.00 am     Ravindra.   P.   Joshi,   Old   Dominion   University,   USA, 

"Dynamical Modeling of Cellular Response to Short High- 
Intensity Electric Fields" 

11.30 am     E. Stephen Buescher, Eastern Virginia Medical School, USA, 
"Intracellular Electromanipulation of Mammalian Cells with 
Submicrosecond Pulsed Electric Fields" 

12.00 am     Lunch-Break 
1.30 pm     Dietmar P. Rabussay, Genetronics, Inc, San Diego, USA, 

"Medical  Applications   of Electropermeabilization  of Cell 
Membranes" 

2.00 pm      Ahmed E. Yousef, Ohio State University, USA, "Damage of 
Bacterial Cell Membranes by Pulsed Electric Field Treatment." 

2.30 pm      Break 
2.45 pm      Christoph Schultheiss, Forschungszentrum Karlsruhe GmbH, 

Germany, "Industrial Applications of Electroporation" 
3.15 pm      Hidenori     Akiyama,      Kumamoto     University,     Japan, 

"Environmental  Applications  of Biological Inactivation by 
Pulsed Electric Field and/or Pulsed Discharges in Water" 

3.45 pm      Break 
4.15 pm      Panel Discussion 
5.30 pm     Adjourn 



Abstracts of Invited Talks 



Environmental Applications of Biological Inactivation by 
Pulsed Electric Field and/or Pulsed Discharges in Water 

Hidenori Akiyama and Sunao Katsuki 
Kumamoto University, Kumamoto 860-8555, Japan 

The phosphorus and nitrogen compounds flow into lakes and marshes near urban areas. 
In these nourishing surroundings, algae plankton increases and covers the water surface. 
Lakes often become the sources of tap water, and a kind of algae is poisonous. The 
protection of the environment at lakes and marshes is one of important subjects. Also, the 
sewage without enough treatment flows into a river and the seaside, and the destruction 
of water environments is caused. The sewage treatment is also one of important subjects. 
The protection of water environment is our obligation for descendants. The biological 
inactivation using pulsed electric field and/or pulsed streamer discharges in water is a 
potential method to clean the water. Here, some challenging trials to protect the water 
environment with pulsed electric field and/or pulsed streamer discharges in water are 
described and discussed. 



Intracellular Electromanipulation of Mammalian Cells with 
Submicrosecond Pulsed Electric Fields 

E. Stephen Buescher, Pamela S. Hair, Stephen J. Beebe, and Karl H. Schoenbach* 
Eastern Virginia Medical School and *01d Dominion University, Norfolk, VA 

The effects of high power submicrosecond pulsed electric fields on living cells have been 
examined. Theoretically, reducing the duration of high electric field (MV/m) pulses from 
microseconds to nanoseconds should increasingly affect intracellular rather than surface 
membranes of living cells. Experimentally, square-wave, 60 ns duration, 3.6 - 5.3 MV/m 
electric field pulses applied in trains of 1-10 pulses result in progressive increases in the 
numbers of permeabilized intracellular granules in a human eosinophil cell model - 
without large surface membrane effects. Electron micrographic examination of cells 
treated in this way demonstrates alteration of intracellular granule morphology consistent 
with permeabilization of granule membrane, i.e., intracellular electromanipulation. 
Continuous microscopic examination of individual living cells exposed to long or short 
duration pulsed electric field applications shows that rapid permeabilization of surface 
membrane (median 5 minutes) with anodic preference (electroporation) and prompt 
cellular swellmg follow a single, long duration (100 ms) pulse. In contrast, after a single 
short duration (60 ns) pulse, onset of surface membrane permeability is delayed (median 
17 minutes), the increased permeability shows no anodic preference, and cellular 
swelling is absent suggesting that these effects are due to intracellular 
electromanipulation rather than direct effects on the surface membrane. Submicrosecond, 
high power pulsed electric fields applied to living cells achieve preferential effects on 
intracellular rather than surface membranes, potentially providing new approaches for 
selective/generalized cell or tissue ablation, growth stimulation and tissue remodeling. 



Dielectric Properties Of Biological Systems; 
From Amino Acids To Cells 

Yu.Feldman, 
The Department of Applied Physics, 

The Hebrew University of Jerusalem, Jerusalem, 91904, Israel 

An interesting and important subject in biophysics is the investigation of the 
dielectric properties of complex biological systems like cells and their structural 
con^onents (amino acids, proteins, membranes, cytoplasm etc.). These can bring 
valuable knowledge about the structure and dynamic behavior of proteins in solutions and 
different cell structures and their functions and metabolic mechanism in suspensions. 

The aim of this contribution is to present a comprehensive theoretical and 
experimental study by means of time domain dielectric spectroscopy (TDDS) of static 
and dynamic dielectric properties of different biological systems including amino acids, 
regular and membrane proteins, normal and malignant blood cells of different types. 

The dipole correlation functions for different globular proteins, such as 
myoglobin, lysozyme and RNase A solutions at different concentration, pH and 
temperature were obtained. The processes of the intramolecular interactions of 
myoglobin molecules, the pH-induced dimerization of lysozyme and thermal 
denaturation of RNase A are discussed. The dynamic structure study of native glucose 
oxidase and glucose oxidase, which was hydrophobized by covalent attachment of 
palmitoyl chains, is presented. We report also the application of (TDDS) to 
bacteriorhodopsin (bR) containing purple membrane films. The results of these 
measurements unexpectedly show that oriented purple membrane has unique liquid 
crystal like ferroelectric behavior. The dielectric behavior can be considered as a soft 
mode relaxation processes in ferro-electric liquid crystals near smectic-C* - smectic-A 
phase transition. 

Suspensions of normal lymphocytes of T and B types and leukaemia lymphocytes 
(Raji, Daudi, Bjab, Peer and HDMar) were investigated at the low volume fractions (3- 
10%) where the cellular interactions are negligible small. The measurements were 
performed at a wide frequency range from 200 KHz to 3 GHz at room temperature 25 °C 
and physiological temperature 37 °C. The effect of electrode polarization in TDDS 
experiment was corrected. Cell radii and volume fraction were measured by independent 
methods. 

It was shown that dielectric permittivity; capacitance and conductivity values of 
cell membrane are higher for normal lymphocytes in comparison with malignant ones. 
The difference of the same parameters between normal-B cells and normal-T is also 
discussed. 



Dynamical Modeling of Cellular Response to Short High- 
Intensity Electric Fields 

R. P. Joshi, Q. Hu and K. H. Schoenbach 
Department of Electrical and Computer Engineering 

Old Dominion University, Norfolk, VA 23529 

The application of short, high-intensity electric pulses provides a mechanism for 
the non-thermal manipulation of biological cells. Some of the direct cellular effects 
include electroporation-induced variations in conductivity, ionic transport, shape 
deformation, localized energy absorption, and the onset of electro-chemical processes. It 
is already well known that the overall cellular outcome can either be reversible or 
irreversible depending on the characteristics of the external electrical excitation. An 
important first step for achieving a desired cellular response with as much control as 
possible, is to develop a quantitative understanding of electromagnetic field-cell 
interactions for such pulsed exposures. Previous simulation work pertaining to electric 
field effects on biological systems has generally been based on quasi-static models or 
invoked Laplace equation for the field distribution. In this presentation the dynamical 
aspects will be discussed. A comprehensive model at the cellular level that includes 
electrodynamics, changes in cell geometry, and electroporative variations associated with 
factors such as surface tension and pore area will be emphasized. A dynamical model 
allows for a better physical representation, and better agreement with observed 
experimental trends emerge. Implications for nanosecond, high voltage pulses will also 
be discussed. 



Trauma and Injury Resulting From Strong Electric Field 
Exposure 

Raphael C. Lee, MD, ScD, PhD (Hon) 
University of Chicago, USA 

Human use of electrical power is increasing. Along with that are increased 
opportunities for electrical injury. Victims of contact with high-energy electrical systems 
manifest a wide spectrum of injury depending on the electrical power capacity, current 
path through the body, duration of contact and healing response. Primary mechanisms of 
damage include membrane electroporation, electroconformational denaturation of 
membrane proteins and Joule heating. If arcing occurs, then acoustic blast injury can 
result. Skeletal muscle and nerves, tissues designed to be very sensitive to electrical 
signals, are particulariy vulnerable to injury by the supraphysiological electric forces that 
are often associated with human contact with high voltage industrial power sources. 
Neurological and muscular damage often manifest despite lack of evidence of thermal 
bum. Severely injured victims present enormous medical management challenges due to 
release of inflammatory cytokines and altered cardiovascular behavior. 

This paper will discuss the field exposure-tissue injury relationship and clinical 
manifestations of electrical injury. Approaches to rapid diagnostic imaging and therapy 
will be reviewed. In addition, the mechanism of action of promising new therapeutic 
anqjhipolar copolymers, which mimic behavior of natural chaperones, that have been 
shown to reduce tissue damage will be mentioned. 

References: 
1. Chen, W. and Lee, R.C. "Altered Ion Channel Conductance and Ionic Selectivity 

Induced by Large Imposed Membrane Potential Pulse" Biophys. J. 67(2): 603-612, 
1994 

2. Mankani, M., Abramov, G., Boddie, A., and Lee, R.C. "Detection of Peripheral 
Nerve Injury in Electrical Shock Patients", Annals New York Academy of Science, 
Vol. 720, pp. 206-212,1994 

3. Marks, J., Pan, C, Bushell, T., Cromie, WJ and Lee RC, "Amphiphilic, tri-block 
Copolymers Provide Potent, Membrane-targeted Neuroprotection " FASEB J. 15(6): 
1107-9,2001 

4. Maskarinec, S.A., Hannig, J., Lee, R.C., and Lee, K-Y. "Direct Observation of 
Poloxamer 188 Insertion Into Lipid Mono layers " Biophys. J 2002 82(3): 1453-9 

5. Occupational Electiical Iniurv and Safetv.  Chen, C.-T., Lee, R.C., Shih, J.-X., and 
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Medical Applications of Electropermeabilization of Cell 
Membranes 

Dietmar P. Rabussay 
Genetronics, Inc., 11199 Sorrento Valley Road, San Diego, CA 92121 

Electropermeabilization (EP, also referred to as "electroporation") of outer cell 
membranes can be achieved by exposing cells to electrical pulses of field strengths 
between 100 and 2000 V/cm and pulse durations of 10"^ to 10 sec. EP is applicable to 
cells in suspension ("in vitro") as well as to cells in live tissue ("in vivo"). The optimal 
conditions for EP depend on many factors, including the properties of the target cells and 
their environment, the pulse parameters, and the geometry of the electrodes and their 
contact with the cells to be electroporated. EP has been used for about 20 years to deliver 
DNA and other molecules into cells in vitro, but its potential for medical applications was 
not realized until about a decade ago. Since then, a variety of medical applications have 
been explored in pre-clinical and clinical studies. The most advanced application, now in 
a Phase III clinical trial, is the treatment of malignant tumors. In this application, EP 
enhances the intracellular uptake of anti-tumor agents by tumor cells up to several 
thousand-fold compared to the uptake observed in conventional chemotherapy, and 
causes significantly improved tumor shrinkage or elimination. This cancer treatment 
modality has shown excellent potential for many different types of solid tumors. Another 
application of EP, the effective delivery of DNA into cells of several target tissues opens 
up the possibility of breakthroughs in gene therapy and DNA vaccination. EP appears to 
combine high efficiency, safety and economical feasibility, a combination that other 
competing DNA delivery methods have not been able to achieve. Experiments in large 
animals have confirmed the potential for clinical applications of EP in gene therapy and 
DNA vaccinations and the first clinical study is now in progress. Other in vivo medical 
applications of EP include many forms of vascular therapies (both drug and gene-based), 
treatment of glaucoma, and the use of EP-facilitated intradermal or transdermal delivery 
of drugs and vaccines to treat local and systemic diseases. Finally, EP has been explored 
as a technique to enable or enhance ex vivo therapeutic approaches. In ex vivo therapies, 
cells or organs are treated outside the patient's body before they are infused or implanted 
into the patient. Specific applications include the modification of blood clotting 
behavior, cellular immune therapies of cancer and other diseases, and prevention of organ 
rejection after transplant. 

In summary, EP has opened up new approaches to solving numerous medical 
problems whose solutions were hankered by the difficulty of introducing drugs and 
genetic material across the barrier of the cell membrane. Some applications have 
progressed to advanced clinical trials and seem to fulfill the promise of this technology. 
Many other potential applications are still in early stages of development or have not yet 
been explored at all. 



Industrial Applications of Electroporation 

C Schultheiss. H.-J. Bluhm and H.-G. Mayer* 
Forschungszentrum Karlsruhe GmbH, Institute for Pulsed Power and Microwave 

Technology, 
♦Technology Transfer and Marketing, Postfach 3640, D-76021 Karlsruhe, Germany 
M. Kern, Fa. Lutz & Kern, Saarstrasse 4, D-68753 Waghausel-Kirrlach, Germany 

Electroporation (EP) of biological cells has become a rapidly developing area of 
biotechnology. If external electric fields are applied across biological cells ma water 
suspension fhe cytoplasm becomes polarized. The charge displacement m the cytoplasm 
and in the suspension leads to high transmembrane potentials m the order of seveml volts. 
As a result large irreversible openings can built-up in the cell membrane, the cytoplasm 
can flow-out of and the cell can perish. ■      .    . ,1,. ,„nKnp 

The subject of this talk is firstly to report on actual experiments at the mobile 
industrial electroporation pilot system KEA (Karlsruhe Elektroporation Anlage) with 
whole plants[l]. The maximum throughput of this device is 2 tons/hour The reactor ^s a 
16 cm-tube with integrated electrode pairs, where pulses with amplitudes up to 300 kV 
are applied at a repetition rate of 7 Hz. An overview of results from treated plants like 
beets ancles, grapes etc. will be given. 

' SeconSy, design studies, development and test of an industrial EP production 
device will be presented. Since plants, as for example beets, are large m diameter and 
nearly weightless in water (suspension), the size of an electroporation reactor gap has to 
be large and the plants must be transported continuously by means of a forced feed- 
through In the test facility ZAR (Zell Aufschluss Reaktor) a throughput m the order of 1 
ton/ndn'has been demonstrated. The operation of such a powerful device with a reactor 
spacing of 30 cm needs an assembly of Marx generators with high pulse repetition rates 
to establish fields at the reactor site as well as to fulfill power demands. 

At Forschungszentrum Karlsruhe different types of Marx generators with gas spark 
gaps have been developed and tested. They are able to run with pulse frequencies m the 
order of 20-30 Hz (test Marx generator with 100 kV pulses). The pulse amplitude needed 
is 350 kV the pulse length is 1 ps and the pulse energy fed into a 20 Ohm load is about 1 
kJ The life time of the electric components is designed to withstand a minimum of up to 
200 million discharge cycles (3 month operation). The complete systeni consisting of 
electroporation reactor plus conveyance is designed to be mainly built fi-om dielectric 
materials to avoid undesired shielding effects of the electric field m the area of the reactor 
chamber However high voltage strength dielectric materials like polyethylene or 
polypropylene underlie enhanced mechanical wear which must be taken into account. 

1    C    Schultheiss,   H.-J.   Bluhm,   H.-G.   Mayer   and   M.   Kern,   "Industrial-Scale 
'   Electroporatton of Plant Material Using High Repetition Rate Marx Generators , 

IEEE Pulsed Power Plasma Science 2001, Las Vegas June 17-22,2001 



Electrical and dielectric properties of experimental lipid 
bilayers in relation to biotechnology 

HT Tien and A Ottova 
Physiology Department, Biomedical & Physical Sciences Building 

Michigan State University, East Lansing, MI 48824 

Transmembrane voltage pulses between 200 mV to 1 V ^re ^^o^ ^ je^^ 
transient 'cores' in the lipid bilayer, with a diameter about 2 nm This phenomenon, 
te^d e&S^^^^^ has been extensively mvestigated [1]. Electroporation occurs 
following elecL pulses up to 10^ V/cm with duration between usec^d rnsec to 
membranes in close contact and is believed to initiate primari^ly m the lipid bHayer. This 
Sfkwm begin with a brief summary of the origin of lipid bUayer research One of 
nracti^al applications of electroporation is cell transfection for gene expression. Other 
^^o^onMe encapsulation of drugs in controlled-release and insertion of pro ems 
fnSg ce Is. For instance, the effects of the chamiel-forming peptide gramicidin D(gD 
on ^conductance and electroporation thresholds of BLMs have been reported [2]. It 
"e^ 1 My that the presence of membrane proteins affect the electroporation of the lipid 
bUa^r by changing its mechanical properties. Transport of ions such as Na , K   Cl 
SrrimemSe pores discharge the membrane potential, and at times an external 
miTse of sXient amplitude and duration tends to cause dielectric breakdown of the lipid 
lye    Mdecular trLpoit through primary pores ^d pores ^f^fJl^^^'^^^ 
processes provides the basis for transporting molecules into and out of cells. Tissue 
K porSon, by longer, large pulses, is involved in elec^^-^.^^^J^^^ 
electroporation by  shorter,  smaller pulses  is  under  investigation  for  biomedical 
engi^Sg applications of medical therapy aimed at cancer treatment, gene therapy, and 
transdermal drug delivery [3]. 

^'TT T Tien and A.L. Ottova, Membrane Biophysics: As viewed from experimental 
■ bilayer lipid membranes (planar lipid bilayers and spherical liposomes), Elsevier, 

Amsterdam, 2000,648 pp. . 
2 H T Tien and A.L. Ottova, The Lipid Bilayer Concept and Its Expenmental 

■ Realization: From Soap Bubbles, Kitchen Sink, to Bilayer Lipid Membranes J. 

3 f SSova" v' T3 1 H.T. Tien, Supported Planar Lipid Bi^yers (s-BLMs) 
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Electroporation of Biological Membranes from Multicellular to 
Nano Scales 

James C. Weaver 
Harvard-MIT Division of Health Sciences and Technology 

Massachusetts Institute of Technology 
Cambridge, MA 02139 

Several decades ago both cell and artificial planar bilayer membranes were found to 
exhibit dramatic changes if the transmembrane voltage was raised to 0.2 to 1 V by short 
pulses. Ionic and molecular transport were found to be increased by orders of magnitude, 
with both reversible and irreversible outcomes possible. Initially the term "breakdown" 
was applied. However, mechanistic interpretations presently exclude ion pair generation 
of classic dielectric breakdown. Instead, a transient aqueous pore hypothesis can account 
for many features of electroporation in bilayer membranes comprised of low dielectric 
constant constituents. My presentation will consider transient aqueous pore-based 
phenoemena in planar bilayers, single cell systems often encountered in vitro, 
multicellular systems relevant to in vivo applications, and the expectation for 
significantly modified behavior for systems with very small spatial extent. 



Damage of Bacterial Cell Membranes by Pulsed Electric Field 
Treatment 

Ahmed E. Yousef', C. Patrick Dunne^ Ragip Unal^ and Beatrice H. Lado' 
• Ohio State University, USA; ^ US Army Natick Soldier Center, Natick, Massachusetts, 

USA; ^ Department of Food Engineering, Mersin University, Turkey 

High-intensity electric pulses damage membranes of the microbial cell, leading to 
its injury and death. Based on this concept, pulsed electric field (PEF) emerged as a 
preservation technology to inactivate disease-causing microorganisms in food (Lado and 
Yousef, 2002). PEF treatment effectively inactivates bacteria and yeast in orange juice, 
milk, skim milk, yogurt, liquid egg and pea soup (Vega_Mercado et al, 1997); however, 
PEF is ineffective against bacterial and mold spores. This emerging food processing 
technology is developed with the promise to produce safe food and preserve its sensory 
qualities. 

Lethality of PEF probably results from the electroporation of cell membranes. 
Formation of pores alters membranes' barrier properties, leading to loss of cell 
homeostasis. Membrane damage may be measured using fluorescence probes that gain 
entry only in cells with dysfunctional membranes. A fluorescent nucleotide-binding 
probe, Propidium Iodide (PI), was used recently to measure cell membrane damage 
during PEF treatment (Unal et al., 2002). According to this study, membrane porosity 
correlates well with cells' inactivation by PEF treatment. Therefore, measurement of 
membrane damage resulting from pore formation may serve as an index of PEF 
effectiveness against foodbome pathogens. Fluorescence staining technique showed that 
pre-treatment of gram-negative bacterial cells with lysozyme and EDTA increased the PI 
uptake by the PEF-treated cells. Therefore, it is possible to use the fluorescence staining 
technique to measure PEF-caused cell injury that is not detectable by cultural techniques. 
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2002 IEEE/DEIS conference 

The workshop was part of the 2002 IEEE/DEIS conference, which was held in Cancun, 
Mexico, October 20-24, 2002. The Conference on Electrical Insulation and Dielectric 
Phenomena (CEIDP) is sponsored by the IEEE Dielectrics and Electrical Insulation 
Society to provide an international forum for the discussion of work in progress on 
research on dielectric phenomena and measurements. The conference provides an 
opportunity for specialists from around the world to meet and exchange their findings. 

Workshop Fee: 
A conference fee of $ 50 was charged to participants. This fee was used to cover 
expenses of documentation and beverages at coffee breaks. 

Documentation 

A book with the abstracts of the invited talks and copies of relevant publications has been 
provided to the participants. In addition, a special issue on "Biodielectrics" in the IEEE 
Transactions on Dielectrics and Electrical Insulation with J.C. Weaver and K.H. 
Schoenbach as Guest Editors will be published. The special issue will contain invited 
papers based on invited talks at the workshop and contributed papers. 
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Announcing a Special Issue on 

Dielectric Properties and Electrical 
Breakdown of Biological Membranes 

in the 
IEEE Transactions on Dielectrics and 

Electrical Insulation 

with 
J.C. Weaver and K.H. Schoenbach 

as Guest Editors. 

Deadline for Submission: January 15, 2003 
Information for authors can be found in any recent issue of the 

IEEE Transactions on Dielectrics and Electrical Insulation. 

Please mail manuscripts to 
either or 

Dr. James C. Weaver Dr. Karl H. Schoenbach 
MIT Old Dominion University 
Bldg #16-319 MIT 231 Kaufinan Hall 
Cambridge, MA 02139 Norfolk Virginia 23529-0246 
Phone: 617-253-4194 Phone: 757-683-4625 
FAX: 617-253-2514 FAX: 757-683-3220 
e-mail: jcw@mit.edu e-mail: schoenbach@ece.odii.edii 



List of Attendees 



«k 

Mahmoud Abou-Dakka 
1500 Montreal Rd 
INMS 
M-50, R 225 
Ottawa, Ontario Kl J 6W1 
Canada 
Tel:     613-990-3619 
Fax:     613-952-9366 
Mahmoud.abou-dakka@nrc.ca 

Hidenori Akiyama 
Kurokami 2-39-1 
Kumamoto, 860-8555 
Tel:     81-96-42-3618 
Fax:     81-96-342-3618 
Japan 
akiyama(g).eecs.kumamoto-u.ac.ip 

iSke Arnold 
IRL Communications & Sensors 
P.O. Box 31-310 
Lower Hutt 
New Zealand 
Xel:     64-4-569-0233 
m.Arnold@-irl.cri.nz 

Soli Bamji 
1200 Montreal Rd, Bldg M-50 
Ottawa, Ontario Kl A 0R6 
Canada 
Tel:     613-990-4021 
Soli.bamji@,nrc.ca 

Yves Bertrand 
Sites des Renardieres 
Moret sur Loing, 77250 
France 
Tel:     33-1-60736994 
Fax:     33-1-60737477 
Yves.Bertrand@,edf.fi- 

Stephen Buescher 
855 W Brambleton Ave 
Norfolk, VA 23510 
Tel:     757-668-6464 
Fax:     757-668-6476 
sbu Rsche@,chkd.com 

Indira Chatteijee 
Dept of ElectricalEngineering 
MS 260, University of Nevada 
Reno, NV 89557 
USA 
Tel:     775-784-1346 
Fax:    775-784-6627 
indira@ee.unr.edu 

Ladji Cisse 
1500 Montreal Rd 
INMS 
M-50 Room 225 
Ottawa, Ontario Kl A 0R6 
Canada 
Tel:     613-990-3619 
Fax:    613-952-9366 
Ladji.cisse@,nrc.ca 

Gale L. Craviso 
Department of Pharmacology 
Howard Building, Room 219 
University of Nevada, Mail Stop 318 
Reno, NV 89557 
USA 
Tel:     775-784-4118 
Fax:    775-784-1620 
gcraviso@,unr. edu 

Eric David 
1100 Notre-Dam Ouest 
Montreal, Quebec B3C 1K3 
Canada 
Tel:     514-396-8528 
Fax:     514-396-8624 
Eric.david@,etsmtl.ca 

Luigi Egiziano 
Dept of Information & Electrical Eng 
University of Salerno 
Via Ponte don Melillo 
Fisciano, 1-84084 
Italy 
Tel:  39-089-964293 
Fax: 39-089-964218 
ggiziano@,diiie.unisa.it 



Yuri Feldman 
Department of Applied Physics 
The Hebrew University of Jerusalem 
91904 Jerusalem, Israel 

@.vms.huii.ac.il 

R A Fouracre 
Dept of Electronic and Electrical Engineering 
University of Strathclyde 
Glasgow Gl IXW 
t.fouracre@eee.strath.ac.uk 

Michel Frechette 
1800 boul.Lionel-Boulet 
Varennes, Quebec J3X 151 
Canada 
Tel:     450-652-8216 
Fax:    450-652-8962 
frechett@ireg._ca 

Kaori Fukunaga 
4-2-1, Nukui-Kita 
Koganei 
Tokyo, 184-8795 
Japan 
Xel:     81-42-327-6259 
Fax:    81-42-327-6675 
kaori(g),crl.go.iB 

Allen Garner 
Center For Bioelectrics 
Old Dominion University 
231 Kaufman Hall 
Norfolk, VA 23529 
agamer@.odu.edu 

Reimund Gerhard-Multhaupt 
Dept of Physics 
University of Potsdam 
Am Neuen Palais 10 
D-14469 Potsdam 
Germany 
Tel:     49-331-977-1615 
Fax:     49-331-977-1577 
rgm@.rx.uni-potsdam,de 

Ron Gilgenbach 
Bioelectromagnetism Lab 
Nuclear Engineering & Radiological Sciences Dept 
University of Michigan 
Ann Arbor, MI 48109-2104 
USA 
Tel:     734-763-1261 
Fax:    734-763-4540 
rongilg(g)umich.edu 

Francisco Camacho Gonzalez 
Hasenheide 57 
Berlin 
Germany 
Tel:     4930-6981-8388 
fcamachofgcanopus.phvsik.uni-potsdam.de 

Erling Ildstad 
Tronohem, 7491 
Norway 
Tel:     47-7394226 
Fax:    47-73394279 
F.rling.ildst3d@elkraft.nthu.no 

D. Randy James 
Oak Ridge National Lab 
P.O. Box 2008 
4500 S MS-6122 
Oak Ridge, TN 37831-6122 
USA 
Tel:     865-574-6213 
Fax:     865-574-6210 
jamesdr(gioml.gov 

Tom Johnson 
USUHS/PMB 
4301 Jones Bridge Rd 
Bethesda, MD 20814 
Tel:     301-319-6953 
tjnhnson@usuhs.mil 

Ravindra Joshi 
Old Dominion University 
231 Kaufman Hall 
Norfolk, VA 23529 
USA 
Tel:     757-683-4827 
Fax:     757-683-3220 
rioshi@,odu.edu 



Karan V. Kaler 
Dept of Electrical & Computer Eng 
2500 University Dr, N.W. 
Calgary, Alberta T2N-1N4 
Canada 
Tel:     403-220-5809 
Fax:    403-282-6855 
kaler@,enel .ucalgarv,ca 

Sunao Katsuki 
Dept Electrical & Computer Eng 
Kumamoto University 
Kurokami 2-39-1 
Kumamoto, Japan 860-8555 
katsuki@-eecs kumamoto-u.ac.ip 

Yue-Ying lau 
2355 Bonisteel Blvd 
Ann Arbor, MI 48109-2104 
USA 
Tel:     734-764-5122 
Fax:     734-763-4540 
yylau@umich.edu 

Raphael C. Lee 
Plastic & Reconstructive Surgery 
5841 South Maryland Ave 
MC 6035/suite J-641 
Chicago, n 60637 
USA 
Tel:     773-702-6302 
Fax:     773-702-1634 
rleefgsurgerv.bsd.uchicaeo.edu 

T. John Lewis 
School of Informatics 
University of Wales, Bangor 
Gwynedd LL57 lUT. U.K. 
Tel:     44-1248-382684 
Fax:     44-1248-361429 
lewis@,informatics.bangor.acjjk 

Youlan Li 
Dept of Electrical & Computer Eng 
University of Calgary 
2500 University Dr N.W. 
Calgary, Alberta T2N 1N4 
Canada 
Tel:      1-403-289-3498 
liy@eneljuca.!garyxa 

John Mathes 
Honeywell FMIT/New Mexico 
Box 5250 
Albuquerque, NM 87185 
Tel:     505-844-2625 
Fax:     505-844-3751   - 
jmathes(a),kcp.com 

Gavita Mugala 
Teknikringen 33 
Royal Institute of Technology 
(KTH) 
Dept of Electrical Eng 
Stockholm, 100 44 
Sweden 
Tel:     46-8-7906258 
Gavita. mugala /g.ekc.kth. se 

Masayuki Nagao 
Dept of Electrical & Electronic Eng 
Toyohashi University of Technology 
Hibarigaokal-1 Tempaku 
Toyohashi, 441-8580 
Japan 
Tel:     81-532-44-6725 
Fax:    81-532-48-7634 
Nagao@.eee.tut.ac.ip 

Angelica Ottova 
Department of Physiology 
Biomedical & Physical Sciences Bldg 
East Lansing, MI 48824 
USA 
Tel:     517-355-6475 ext 1347 
Fax:     517-355-5125 
ottova@,msu.edu 

Dietmar Rabussay 
1119 Sorrento Valley Rd 
San Diego, CA 92075 
USA 
Tel:     858-410-3183 
Fax:     858-410-3397 
dietmarr@,genetronics.com 



GovindaRaju 
Electrical Engineering Dept 
Essex Hall, Sunset Ave 
Windsor, Ontario N9B3P4 
USA 
Tel:     519-253-3000 
raju@uwindsgrca 

Clive W Reed 
116 Woodhaven Dr 
Scotia, NY 12302 
USA 
reedcw@,nvcat)JIxgm 

Gerhard Salge 
Segelhof 

I   Baden-Daettwil, CH-5405 
I   Switzerland 

Tel:     41-58-5868113 
I   f>rWH sa1ge@,ch.abb.com 

Karl H. Schoenbach 
1   Center For Bioelectrics 
I   Old Dominion University 

231 Kaufinan Hall 
I   Norfolk, VA 23529 
)    Tel:     757-683-4625 

Fax:     757-683-3220 
I    gr.hr>pnhach@,ece.odu,edu 

Christoph Schultheiss 
1   Forschungszentrum karlsruhe 
J    GmbH 

POB 3640 
1   Karlsruhe, D-76021 

Germany 
Tel:     49-7247-82-4384 
Fax:     49-7247-82-6126 
r.hristoph.schultheiss@ihmizlLie 

Raji Sundararajan 
7001 E Williams Field Rd, Bldg 50 
Mesa, AZ 83212 
USA 
Tel:     480-727-1507 
Fax:     480-727-1723 
raii@asiLedu 

HTTien 
Physiology (BPSB) 
Michigan State University 
East Lansing, MI 48824 
USA 
Tel:  517-355-6475 
Fax: 517-432-1967 
tie.n(5).msu.edu 

Vincento Tucci 
Dept of Information & Electrical Eng 
University of Salerno 
Vio Point don Melillo 
Fisciano Italy 
Tel:  39-089-964270 
Fax:  39-089-964218 
vtiiccifS.unisa.it 

P. Thomas Vernier 
MOSIS, USC-ISI 
4676 Admiralty Way 
Marina Del Rey,C A 90292 

USA 
Tel:     310-448-8752 
vernier@.ieee.or.g 

Massimo Vitelli 
Via Roma 
Aversa(CE) 81031 
Italy 
Tel:     39-081-5010240 
Fax:     39-081-5037042 
vitellt@,unina.it 

James Weaver 
Room 16-319 . „ a.   u 
Harvard - MIT, Division of Health Sci & Tech 
Cambridge, MA 02139 
USA 
Tel:  617-253-4194 
Fax: 617-253-2514 
jcw(g),mit.edu 

Timothy J. Whelan 
PO Box 419159 
FC39 
Kansas City, MO 64141 
USA 
Tel:     816-997-7188 
Fax:     816-997-7169 
t>^.elan.@kcpxom 



Ahmed Yousei 
2015FyfFeRd 
Parker Building 
Columbus, OH 43210 
USA 
Tel:     614-292-7814 
Fax:    614-292-0218 
Yousef.l@osu.edu 


