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Preface

Pulsed electric fields have been applied to living systems in vitro for a host
of delivery applications since the early 1980s. It has been established that the
primary effect that electrical treatment has on cells is an induced increase in the
permeability of membranes to exogenous molecules. This state of increased
permeability was noted to be temporary and could be induced with little or no
effect on cell viability. This physical phenomenon was termed electroporation.
Numerous published studies have shown that electroporation can be applied to
any cell type. These studies also exploited the phenomenon to deliver drugs,
DNA, antibodies, proteins, and fluorescent molecules. The use of electricity to
mediate delivery of these molecule types in vitro has proven to be an invaluable
research tool for biological and biomedical scientists.

Many of the in vitro applications for electrically mediated delivery have
tremendous potential for the treatment of human disease. For example, the effi-
cient delivery of drugs and plasmid DNA has strong implications for improving
standard therapies, as well as gene therapies. This potential was realized about
12 years ago when electric pulses were used to deliver drugs to tumor cells in
vivo. Since then, the utility of in vivo electroporation for the delivery of mol-
ecules has been demonstrated through new applications that have been developed
with increasing frequency each year. Electrochemotherapy, Electrogenetherapy,
and Transdermal Drug Delivery: Electrically Mediated Delivery of Molecules to
Cells provides review and protocol chapters that completely cover this relatively
new scientific discipline.

This volume is arranged into four sections. The first provides reviews of
critical aspects of electroporation, chemotherapeutic agent delivery, gene deliv-
ery, and transdermal transport. This collection of chapters provides
information about the history, current state, and future implications of the work
that has been accomplished using electric fields to deliver molecules in vivo.
The remaining three sections of the volume focus on protocols used for the
delivery of molecules into cells and through the skin. The protocol chapters are
divided into sections based on their relevance to chemotherapeutic agent deliv-
ery, gene delivery, and transdermal delivery.

The organization of Electrochemotherapy, Electrogenetherapy, and
Transdermal Drug Delivery was designed to provide the reader with a com-
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Vi Preface

plete review of in vivo electroporation for the delivery of molecules in order
to instill an understanding of the subject as well as an appreciation for the
potential health-related applications. This volume is designed to be a conve-
nient review for the novice in the field as well as an update for scientists that
are already familiar the use of electric fields in vivo. All of the work in this
discipline has required the development of specific new protocols that include
animal models, electrical generators, specialized electrodes, and novel meth-
ods. Thus, the protocols section has been collected to provide sufficient
detailed information for researchers to use or modify for their own needs.

In closing, the editors wish to thank all of the authors for their contribu-
tions to this text and to the field of electrically mediated delivery. Every author
has contributed significantly to this young but promising field. Based on the
highly successful clinical trials using electrochemotherapy, promising gene therapy
results in animals, and encouraging transdermal delivery progress, it seems inevi-
table that this field will expand further into the clinical domain in the near future.

Mark J. Jaroszeski, PuD
Richard Heller, PuD
Richard Gilbert, PuD
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1

Principles of Membrane Electroporation
and Transport of Macromolecules

Eberhard Neumann, Sergej Kakorin, and Katja Toensing

1. Introduction

The phenomenon of membrane electroporation (ME) methodologically
comprises an electric technique to render lipid and lipid—protein membranes
porous and permeable, transiently and reversibly, by electric voltage pulses. It
is of great practical importance that the primary structural changes induced by
ME, condition the electroporated membrane for a variety of secondary
processes, such as, for instance, the permeation of otherwise impermeable
substances.

Historically, the structural concept of ME was derived from functional
changes, explicitly from the electrically induced permeability changes, which
were indirectly judged from the partial release of intracellular components (1)
or from the uptake of macromolecules such as DNA, as indicated by
electrotransformation data (2—-4). The electrically facilitated uptake of foreign
genes is called the direct electroporative gene transfer or electrotransformation
of cells. Similarly, electrofusion of single cells to large syncytia (5) and
electroinsertion of foreign proteins (6) into electroporated membranes are also
based on ME, that is, electrically induced structural changes in the membrane
phase.

For the time being, the method of ME is widely used to manipulate all kinds
of cells, organelles, and even intact tissue. ME is applied to enhance ionto-
phoretic drug transport through skin—see, for example, Pliquett et al. (7)—or
to introduce chemotherapeutics into cancer tissue—an approach pioneered by
L. Mir (8).

From: Methods in Molecular Medicine, Vol. 37: Electrically Mediated Delivery of Molecules to Cells
Edited by: M. J. Jaroszeski, R. Heller, and R. Gilbert © Humana Press, Inc., Totowa, NJ
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2 Neumann, Kakorin, and Toensing

Medically, ME may be qualified as a novel microsurgery tool using electric
pulses as a microscalpel, transiently opening the cell membrane of tissue for
the penetration of foreign substances (4,9,10). The combination of ME with
drugs and genes also includes genes that code for effector substances such as
interleukin-2 or the apoptosis proteins p53 and p73. Therefore, the understand-
ing of the electroporative DNA transport is of crucial importance for gene
therapy in general and antitumor therapy in particular.

Clearly, goal-directed applications of ME to cells and tissue require knowl-
edge not only of the molecular membrane mechanisms, but potential cell bio-
logical consequences of transient ME on cell regeneration must be also
elucidated, for instance, adverse effects of loss of intracellular compounds such
as CaZ*, ATP, and K*. Due to the enormous complexity of cellular membranes,
many fundamental problems of ME have to be studied at first on model sys-
tems, such as lipid bilayer membranes or unilamellar lipid vesicles. When the
primary processes are physicochemically understood, the specific electro-
porative properties of cell membranes and living tissue may also be quantita-
tively rationalized.

Electrooptical and conductometrical data of unilamellar liposomes showed
that the electric field causes not only membrane pores but also shape deforma-
tion of liposomes. It appears that ME and shape deformation are strongly
coupled, mutually affecting each other (4,11,12). The primary field effect of
ME and cell deformation triggers a cascade of numerous secondary phenom-
ena, such as pore enlargement and transport of small and large molecules across
the electroporated membrane. Here we limit the discussion to the chemical—
structural aspects of ME and cell deformation and the fundamentals of trans-
port through electroporated membrane patches. The theoretical part is
essentially confined to those physicochemical analytical approaches that have
been quantitatively conceptualized in some molecular detail, yielding trans-
port parameters, such as permeation coefficients, electroporation rate coeffi-
cients, and pore fractions.

2. Theory of Membrane Electroporation

The various electroporative transport phenomena of release of cytosolic
components and uptake of foreign substances, such DNA or drugs are indeed
ultimately caused by the external voltage pulses. It is stressed again that the
transient permeability changes, however, result from field-induced structural
changes in the membrane phase. Remarkably, these structural changes com-
prise transient, yet long-lived permeation sites, pathways, channels, or pores
(3,13-17).
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2.1. The Pore Concept

Field-induced penetrations of small ions and ionic druglike dyes are also
observed in the afterfield time period, that is, in the absence of the elec-
trodiffusive driving force (Fig. 1). Therefore, the electrically induced perme-
ation sites must be polarized and specifically ordered, local structures which
are potentially “open for diffusion” of permeants. As indicated by the longev-
ity of the permeable membrane state, these local structures of lipids are long-
lived (milliseconds to seconds) compared to the field pulse durations (typically,
10 us to 10 ms). Thus, the local permeation structures may be safely called
transient pores or electropores in model membranes as well as in the lipid part
of cell membranes. The special structural order of a long-lived, potential per-
meation site may be modeled by the so-called inverted or hydrophilic (HI) pore
(Fig. 2) (17-19). On the same line, the massive ion transport through planar
membranes, as observed in the dramatic conductivity increase when a voltage
(2100-500 mV) is applied, can hardly be rationalized without field-induced
open passages or pores (17).

The afterfield uptake of substances like dyes or drug molecules, added over
a time period of minutes after the pulse application, suggests a kind of interac-
tive diffusion, probably involving the transient complex formation between
the permeant and the lipids of the pore wall to yield leaky, but transiently
occluded, pores (9).

2.1.1. Pore Visualization

Up to now there is no visible evidence for small electropores such as
electromicrographs. But also the movement of a permeant through an
electroporated membrane patch has also not been visualized. The large porelike
crater structures or volcano funnels of 50 nm to 0.1 um diameter, observed in
electroporated red blood cells, most probably result from specific osmotic
enlargement of smaller primary pores, invisible in microscopy (14). Voltage-
sensitive fluorescence microscopy at the membrane level has shown that the
transmembrane potential in the pole caps of sea urchin eggs goes to a satura-
tion level or even decreases, both as a function of pulse duration and external
field strength, respectively. If the membrane conductivity would remain very
low, the transmembrane potential linearly increases with the external field
strength. Leveling off and decrease of the transmembrane potential at higher
fields indicate that the ionic conductivity of the membrane has increased, pro-
viding evidence for ion-conductive electropores (15). On the same line, in
direct current (DC) electric fields the fluorescence images of the contour of
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Fig. 1. Pore resealing kinetics indicated by dye uptake. The fraction f. of colored
cells as a function of the time ¢ = #,44 of dye addition after the pulse. B-lymphoma cells
(line TTA1.6) were exposed to one rectangular electric field pulse (E=1.49 kV cm™;
pulse duration #z =110 us) in the presence of the dye SERVA blue G (M, = 854).
(From ref. 9, with permission.)

Fig. 2. Specific chemical state transition scheme for the molecular rearrangements
of the lipids in the pore edges of the lipid vesicle membrane. C denotes the closed
bilayer state. The external electric field causes ionic interfacial polarization of the
membrane dielectrics analogous to condenser plates (+, —). E,,, = E, 4 is the induced
membrane field, leading to water entrance in the membrane to produce pores (P);
cylindrical hydrophobic (HO) pores or inverted hydrophilic (HI) pores. In the pore
edge of the HI pore state, the lipid molecules are turned to minimize the hydrophobic
contact with water. In the open condenser the ion density adjacent to the aqueous pore
(ew) is larger than in the remaining part (€ ) because of &y >> €;.

elongated and electroporated giant vesicle shows large openings in the pole
caps opposite to the external electrodes (20). Apparently, these openings are
appearing after coalescence of small primary pores invisible in microscopy.
Theoretical analysis of the membrane curvature in the vesicle pole caps sug-
gests that vesicle elongation under Maxwell stress must facilitate both pore
formation and enlargement of existing pores.
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2.1.2. Born Energy and lon Transport

Membrane electropermeabilization for small ions and larger ionic molecules
cannot be simply described by a permeation across the densely packed lipids of
an electrically modified membrane (17). Theoretically, a small monovalent ion,
such as Na*(aq) of radius r;= 0.22 nm and of charge z;e, where e is the elemen-
tary charge and z; the charge number of the ion i (with sign), passing through a
lipid membrane encounters the Born energy barrier of

AGp =27 -e* (1/eyn— e )/(8 -1 - £y - 1),

where €, the vacuum permittivity, €, = 2 and ¢, = 80 are the dielectric con-
stants of membrane and water, respectively. At T = 298K (25°C), AGy = 68 - kT,
where k is the Boltzmann constant and 7 is the absolute temperature. To over-
come this high barrier, the transmembrane voltage IAQl = AGg/ Iz; - el has
to be 1.75 V. An even larger voltage of 3.5 V is needed for divalent ions such
as Ca®* or Mg?* (z, =2, ;= 0.22 nm). Nevertheless, the transmembrane poten-
tial required to cause conductivity changes of the cell membrane usually does
not exceed 0.5 V (16,17). The reduction of the energy barrier can be readily
achieved by a transient aqueous pore. Certainly, the stationary open
electropores can only be small (about <1 nm diameter) to prevent discharging
of the membrane interface by ion conduction (4,9,18).

2.2. Transmembrane Field

In line with the Maxwell definition of the electric field strength as the nega-
tive electric potential gradient, we define the membrane field strength by

En=-A¢y/d, ey

where A@,, is the intrinsic cross membrane potential difference and d = 5 nm
the dielectric membrane thickness. This inner-membrane potential difference
may generally consist of several contributions.

2.2.1. Natural Membrane Potential and Surface Potential

All living cell membranes are associated with a natural, metabolically main-
tained, (diffusion) potential difference A@,,,, defined by A, = ¢V — @ as
the difference between cell inside (i) and outside (0) (see Fig. 3). Typically,
this resting potential amounts to AQ,,, = =70 mV, where @(0) =0 is taken as the
reference potential (21).

Biomembranes usually have an excess of negatively charged groups at the
interfaces between membrane surfaces and aqueous media. The contribution
of these fixed charges and that of the screening small ions are covered by the
surface potentials @ and @{". If cells are exposed to low ionic strength, the
inequality 1¢{* | > | ¢ | may apply. Therefore there will be a finite value for
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Fig. 3. Electric membrane polarization of a cell of radius a. (A) Cross section of a
spherical membrane in the external field E. The profiles of (B) the electrical potential
¢ across the cell membranes of thickness d, where A@;,  is the drop in the induced
membrane potential in the direction of E and (C) the surface potential @ at zero exter-
nal field as a function of distance, respectively; (D) A@,,, is the natural (diffusive)
potential difference at zero external field, also called resting potential.

the surface potential difference A@, = @9—¢ (defined analogous to AQ,,,),
which in this case is positive and therefore opposite to the diffusion potential
AQ,, (see Fig. 3). Provided that additivity holds the field-determining poten-
tial difference is AQ,,, = AQ,,; + AQ,. At larger values of A@,, the term A, ,, may
be compensated by A@, and therefore A, = 0. If lipid vesicles containing a
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surplus of anionic lipids are salt-filled and suspended in low ionic strength
medium, the surface potential difference A@, > 0 is finite, but A@,,, = 0. Gener-
ally, even in the absence of an external field, there can be a finite membrane
field E,, = 1AQ,, + AQ | / d (21). Here we may neglect the locally very limited,
but high (150-600 mV) dipole potentials in the boundary between lipid head
groups and hydrocarbon chains of the lipids (22,23).

2.2.2. Field Amplification by Interfacial Polarization

In static fields and low-frequency alternating fields dielectric objects such
as cells, organelles, and lipid vesicles in electrolyte solution experience ionic
interfacial polarization (Fig. 3A) leading to an induced cross-membrane
potential difference A@;,4, resulting in a size-dependent amplification of
the membrane field. For spherical geometry with cell or vesicle radius a the
induced field E;,q = —A@;,q/ d at the angular position 6 relative to the external
electric field vector E (Fig. 3B) is given by

Eig :% CE-f(\y) - Icos 61, )
where the conductivity factor f (A,,) can be expressed in terms of a and d and
the conductivities A,,, A;, Ay of the membrane, the cell (vesicle) interior and
the external solution, respectively (21). Commonly, d << a and A, << Ay, A;
such that

FO) =1+ A2 + N/ Ag) 1 2N d Ja)] ™.

At A, = 0 or for negligibly small membrane conductivity we have f(A,,) = 1.

The field amplification factor (3 - a/2 - d) is particularly large for large cells
and vesicles; for typical values such as a = 10 pum and d = 5 nm, we have a field
amplification of (3 - a/2 - d) =3 - 103. For elongated cells like bacteria aligned
by the field in the direction of E, the contribution of E;, 4 at the pole caps, where
Icos Ol = 1, amounts to

Ena=(L/2-d)-E,
where the amplification factor (L/2 - d) is proportional to the bacterium length
L (24).
2.2.3. Vesicles and Cells in Applied Fields

In the case of lipid vesicles there is no natural membrane potential, that is,
A@,, = 0. However, for charged lipids and unequal electrolyte concentrations
within and outside the vesicle, the surface potentials are different from zero,
and therefore AQ,, = A@Q;,q + AQ, (25). Hence at the angle 6 we obtain (21,26):

E® = E8 + AQ, - Icos 61/ (d - cos 0).
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Note that Icos 01/ cos 8 = +1 for the right hemisphere and —1 for the left one.
Therefore, at the right hemisphere A@,/d adds to the applied field and at the left
hemisphere A, /d reduces the induced field.

For living cells, there is always a finite £, field, because A, # 0 (Fig. 3D).
Generally, the stationary value of the transmembrane field at the angular posi-
tion O for cells with finite natural and surface potential membrane potentials
relative to the direction of the external field, can be expressed as:

3. Acpnat + Acps} .
> d ) T o5 0 Icos Ol. 3)

Normally, Ag,,, and A, are independent of 0. For the special case when A@,,
and A@, have equal signs, there can be a major asymmetry. At the left pole cap
the sum AQ,, + AQ, is in the same direction as A@;,q, Whereas at the right
pole cap AQ,, + AQ, is opposite to A@;,q. For example, if A@,,=—-70 mV and
AQ;,g=-500 mV, one has at the left pole cap Ap,,=—570 mV and at the right
one AQ,,, =—430 mV. Therefore membrane electroporation will start at the left
hemisphere where the field E,, = —(AQ;q + AQq + AQ,)/d is larger than

= —(AQing —AQ, —A®,)/d at the right hemisphere. In the case of opposite
signs of A, and A@,,, the natural potential A@,,, may be compensated by A@,,
the asymmetry in the two hemispheres of cells gets smaller.

En=

2.2.4. Condenser Analog

The redistribution of ions in the electrolyte solution adjacent to the mem-
brane dielectrics results in charge separations which are equivalent to an elec-
trical condenser with capacity

Con=¢€n-€-Syp/d,

where S, is the membrane surface area (Fig. 2). However, unlike conventional
solid state dielectric condensers, the lipid membrane and adjacent ionic layers
are highly dynamic phases of mobile lipid molecules in contact with mobile
water molecules and ions. The lipid membrane is hydrophobically kept together
by the aqueous environment. Such a membrane condenser with both mobile
interior and mobile environment favors the entrance of water molecules to
produce localized cross-membrane pores (P) with higher dielectric constant
€,, = 80 compared with € = 2 of the replaced lipids (state C).

In the case of charged membranes there are two additional condensers due
to the electrical double layers of fixed surface charges and mobile counterions
on the two sides of the charged membrane, represented by the capacities

Ci=¢, € Sn/1Wand Cy=¢, &S, /1Y,

where 1 (8 and 1 (B)are the Debye screening lengths inside and outside the cell
(vesicle), respectively (Fig. 3C).
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In the absence of an external field the total potential difference across the
membrane is defined solely by the condenser charge g = g, = lg_| due to the
natural diffusion potential and charged surface groups:

APy, = AQpy + AQ,
with
=q/(1/C;—1/C,).

Explicitly the contribution by the surface charge potential is given by:

T () e

where F is the Faraday constant, R the gas constant, 6; = ¢,;/S,, and 6, = q,/Sy,
are the charge densities on the inner and outer membrane surfaces, respec-
tively, and J; and J, are the molar ionic strengths of the inside and the outside
bulk electrolyte, respectively. Note that

Jioy = (Z}Z? : Cj) i0/2,

where j refers to all mobile ions and fixed ionic groups; frequently J is deter-
mined by the salt ions of the buffer solution. When the salt concentrations
inside and outside are largely different, AQ, may appreciably contribute to E,,.

2.3. Electroporation—Resealing Cycle
2.3.1. Chemical Scheme for Pore Formation

The field-induced pore formation and resealing after the electric field is
viewed as a state transition from the intact closed lipid state (C) to the porous
state (P) according to the reaction scheme (21):

C==P. 5)

The state transition involves a cooperative cluster (L,) of n lipids L forming an
electropore (19). The degree of membrane electroporation f, is defined by the
concentration ratio
[Pl _ K

[Pl+[C] 1+K’
where K = [P]/[C] = k,/k_, is the equilibrium distribution constant, k; the rate
coefficient for the step C — P and k_; the rate coefficient for the resealing step
(C < P). In an external electric field, the distribution between C and P states is
shifted in the direction of increasing [P]. Note, the frequently encountered
observation of very small pore densities means that K<< 1. For this case f, = K.
Hence the thermodynamic, field-dependent quantity K is directly obtained from
the experimental degree of poration.

(6)

fp:
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2.3.2. Reaction Rate Equation

Kinetically, the reaction rate equation for the time course of the electroporation-
resealing cycle describes the differential increase d[P] in pore concentration at
the expense of lipids outside the pore wall, d[C], in the form of the conven-
tional differential equation (4):

d[P] _ _ d[C]

d — dt

= kl[C] - k,l[P] (7)

Mass conservation dictates that the total concentration is [Cy] = [P] + [C].
Substitution into Eq. 7 and Eq. 6, integration yields the time course of the
degree of pore formation:

C P _ K . _ it
i =g (1-em). (®)

where the practical assumption that f,(0) =0 at E'= 0 and 7 = 0 was applied. The
relaxation time is given by:

=+ =k (L+ K )
For the after-field time range ¢ > tg where k_;>> k; and

folte) = K/ (1 +K) - (1 —e/™),
integration of Eq. 7 yields:

f§_>C =fp(tp) - ekoyt=ty), (10)

It is readily seen that the experimentally accessible quantities T and K yield
both rate coefficients k; and k_;. The symbol P may include several different
pore states. If, for instance, we have to describe the pore formation by the
sequence C = HO = HI, then (P) represents the equilibrium HO = HI
between hydrophobic (HO) and hydrophilic (HI) pore states (Fig. 2). In this
case normal mode analysis is required and k_; in the expressions for f, must be
replaced by k_;/(1 + K;), where K, =[HI]/[HO] is the equilibrium constant of
the second step HO = HI (19).

2.3.3. 6 Averages

For the curved membranes of cells and organelles, the dependence of the
induced potential difference A@;,q and thus the transmembrane field E;, =
—A@;,q/d on the positional 6 angle leads to the shape-dependent 0 distribution
of the values of K and k;; k_; is assumed to be independent of E and thus inde-
pendent of 6. Therefore, all conventionally measured quantities (f,, and 1) are
0 averages. The stationary value of the actually measured 0-average fraction

Jp of porated area is given by the integral:
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Fig. 4. The fraction, fp, of membrane surface area covered by electropores as a
function of the positional angle 0. The 6 average fp of membrane electroporation is by
a factor of 4 smaller than f? p in the cell pole caps opposite to the electrodes (6 = 0°,
0 =180°, respectively).
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The actual pore density f 9 in the cell pole caps, where 6 = 0° and 180°,
respectively, can be a factor of 4 larger than the 0 average fraction fp (Fig. 4).
Itis found that f is usually very small (11,12), for example, fp <0.003, that is,
0.3%. Even the pole cap values fe (0°, 180°) =4 - f,=0.012 certainly corre-
spond to a small pore density.

3. Thermodynamics of Membrane Electroporation

As already mentioned, the lipid membrane in an external electric field is an
open system with respect to H,O molecules and surplus ions, charging the
membrane condenser. Therefore, to ensure the minimization of the adequate
Gibbs energy with respect to the field E,, we have to transform the normal
Gibbs energy G with dG proportional to E,, - dM, where M is the global electric
dipole moment, to yield the transformed Gibbs energyG = G — E,,M with dG
proportional to -MdE,, (27). Now, E,, in dE,, is the explicit variable and mem-
brane electroporation can be adequately described in terms of E,, and the
induced electric dipole moment M of the pore region.

The global equilibrium constant K of the poration-resealing process is
directly related to the standard value of the transformed reaction Gibbs energy
AG® by (28):
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K = 8, GOIRT, (12)
The molar work potential difference
AG® = G®(P) - G® (),

between the two states C and P in the presence of an electric field generally
comprises chemical and physical terms (18):

L s H E
AG® = I (v W+ AydL+] AT dS+] AB dH—JmArM dE,. (13)
J 0 0 0 0

Note that A, = d/d&, where d€ = dn;/v; is the differential molar advance-
ment of a state transition, n; is the amount of substance and \7 is the stoichio-
metric coefficient of component j, respectively. The single terms of the
right-hand side of Eq. 13 are now separately considered.

3.1. Chemical Contribution, Pore Edge Energy,
and Surface Tension

The first term is the so-called chemical contribution. The pure concentration
changes of the lipid (j = L) and water (j = W) molecules involved in the forma-
tion of an aqueous pore with edges are described by v$and the conventional
standard chemical potential uf’“ of the participating molecule j, constituting
the phase a, either state C or state P (27); here,

AGT=ZZ (v W% = (VT + VL U = (V- T+ VL U D)

In Eq. 13, yis the line tension or pore edge energy density and L is the edge
length, I" is the surface energy density and S is the pore surface in the surface
plane of the membrane. Explicitly, for cylindrical pores (HO-pore, Fig. 2) of
mean pore radius 7, the molar pore edge energy term reads:

L L
JAydL=N\[ (p=¥o)dL=2 - Ny-7v-T,, (14)

where yp =y (because Yc = 0, no edge) and L = 21 - 7, is the circumference line;
N, = R/k is the Avogadro constant.
The surface pressure term for spherical bilayers in water:

N
JAT dS=NA(f)(FP—1"C) ds (15)

is usually negligibly small because the difference in I" between the states P and
C is in the order of <1.2 mN m™! for phosphatidylcholine in the fluid bilayer
state (29).
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3.2. Curvature Energy Term

The explicit expression for the curvature energy term of vesicles of radius a
and membrane thickness d is given by (18,30):

[AB dH =N, Bp - Bc) dH

_ 64N, - TI:ZOLK 75 C (_ A a) (16)

where differently to reference (30) here the total surface area difference refers
to the middle of the two monolayers (31). Note that the aqueous pore part
has no curvature, hence the curvature term is reduced to Bp — Bc = —Bc.
H = Hy+ 1/a is the membrane curvature inclusively the spontaneous curvature
Hy=H{*™ + H¢, where H ™ is the mean spontaneous curvature due to dif-
ferent chemlcal composmons of the two membrane leaflets and H § is the elec-
trical part of the spontaneous curvature, for example, at dlfferent electrolyte
surroundings at the two membrane sides. If H, = 0, then, in the case of spheri-
cal vesicles, we have H = 1/a. Further on, ¥ is the elastic module, o (=1) is a
material constant (31), { is a geometric factor characterizing the pore conicity
(18). It appears that the larger the curvature and the larger the H§ term, the
larger is the energetically favorable release of the (transformed) Gibbs energy
during the pore formation. The curvature term JA B dH can be as large as a few
kT per one pore (30). For small vesicles or small organelles and cells the cur-
vature term is particularly important for the energetics of ME.

The effect of membrane curvature on ME has been studied with dye-doped
vesicles of different size, that is, for different curvatures. At constant trans-
membrane potential drop (e.g., A@,, = —0.3 V), an increased curvature greatly
increases the amplitude and rate of the absorbance dichroism, characterizing
the extent of pore formation (Figs. SA,B) (19,30). This observation was quan-
tified in terms of the area difference elasticity (ADE) energy resulting from the
different packing density of the lipid molecules in the two membrane leaflets
of curved membranes (Fig. 5C) (31,32). Strongly curved membranes appear to
be electroporated easier than planar membrane parts (4).

Different electrolyte contents on the internal and external sides of mem-
branes with charged lipids cause different charge screening. This has become
apparent when salt-filled vesicles were investigated by electrooptical and
conductometrical methods. The larger the electrolyte concentration gradient
across the membrane, the larger the turbidity dichroisms, characterizing the
extent of pore formation and vesicle deformation (19). The effect of different
charge screening on ME is theoretically described in terms of the surface
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Fig. 5. The effect of vesicle size on the extent and rate of electroporation. The
amplitudes of the absorbance dichroism AA~/A, (A) and (B) the relaxation rate 7!
as functions of the vesicle curvature H= 1/a at constant total lipid concentration [L ]
= 1.0 mM and the same nominal transmembrane voltage drop ApN =—1.5-a-E=-0.3 V.
The unilamellar vesicles are composed of L-o-phosphatidyl-L-serine (PS) and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) in the molar ratio PS : POPC
of 1:2 doped with 2-(3-(diphenylhexatrienyl)propanoyl)-1-hexadecanoyl-sn-
glycero-3-phosphocholine (B — DPH pPC, M, = 782); total lipid concentration
[Lt] = 1.0 mM; [ — DPH pPCy] =5 uM; 0.66 mM HEPES (pH =7.4), 130 uM CaCl,;
vesicle density py = 2.1 - 105 L1, Application of one rectangular electric pulse of
the field strength E and pulse duration ¢z = 10 us at 7'= 293 K (20°C). (C) The mem-
brane curvature is associated with a lipid packing difference between the two membrane
leaflets and a lateral pressure gradient across the membrane. Membrane electro-
poration, causing conical hydrophobic (HO) pores, reduces the lipid packing density
difference between the two monolayers and, consequently, the gradient of lateral pres-
sure across the membrane.

o N b O
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potential drop A@,, see Eq. 4, and the electrical part of membrane spontaneous
curvature H g.

Extending previous approaches (33,34), we obtain for a thin membrane
(d<<a), 1:1 electrolyte and for small values of the dimensionless parameter

Si()=€" Oioy* 1 5 (g - & o) kT) << 1,
that H §! is given by:

H'=(2/3)- (3= s2)/ (5% 1 +52 - 19),
where in the SI notation

1[0 =gy €0 KT/ (2 €2 Jigy - Na)I2

is the explicit expression for the Debye screening length, €;, the dielectric
constant of the inner (i) and outer (o) medium, respectively. It has been found
that large salt concentration gradients across strongly curved charged mem-
branes permit electroporative efflux of electrolyte ions at surprisingly low
transmembrane potential differences, for instance IA@, | =37.5 mV at a vesicle
radius of a = 50 nm and pulse durations of g = 100 ms compared with IA@,|
= 500 mV for planar noncurved membranes (11,35).

3.3. Electric Polarization Term

In the electric polarization term | AM dE, the electric reaction moment
AM = M (P) — M,,,(C) refers to the difference in the molar dipole moments
M,, of state C and P, respectively. The field-induced reaction moment in the
electrochemical model is given by (21):

AM=Ny-V,-AP (17)

2.,

where Vp=11: Ty

cylindrical pore.
Inspired by the physical analysis of Abidor et al. (35), we define the chemi-
cal reaction polarization as (19):

A P =¢g(ew—€) En, (18)

d is the average (induced) pore volume of the assumed

The difference €y — € in the dielectric constants of water and of lipids, respec-
tively, refers to the replacement of lipids by water. Note that the possible dif-
ference in the values of E,(C) and E,,(P) is not too essential for the calculation
of AP, because usually ey >> € and E(C) = E(P), thus we may approxi-
mate €, (&w (P) — €L E, (C)) = € (€w — €)E,(P). In general, this approxima-
tion is valid only for small pores of radius <1 nm, which are not yet too
conductive. Since €y >> €1, the formation of aqueous pores is strongly favored
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in the presence of a cross-membrane potential difference AQ,, = AQ;q + AQ, +
AQ,.» in particular when the contribution A, is large; see Eq. 3.

The final expression of the electrical energy term is obtained by sequential
insertions and integration; explicitly at the angle 0, we obtain (18,19):

E, 2. — LF2.
Fa M ag, = 2GR T ) 00 B (19)
0 :
where we see that the polarization energy depends on the square of the field
strength.

If the relation between K and E can be formulated as K = K, exp [,fAr M dE,/
RT], where K, refers to £ = 0, Eq. 19 can be used to calculate the mean
pore radius 7, from the field dependence of K or of f, (the degree of poration).
Typically, at A@;,q = —0.42 V and pulse duration 75 = 10 us, we obtain
7, =0.35 nm (19).

4. Membrane Electroporation and Cell Deformation

Besides direct visualization of porous patches and elongations of vesicles
and cells in the direction of the external field, there are many electrooptical and
conductometrical data on lipid vesicles filled with electrolyte which convinc-
ingly show that the external electric field causes membrane electroporation
and electromechanical vesicle elongation (18). In the case of these vesicles the
overall shape deformation under the field-induced Maxwell stress is associated
with at least two kinetically distinct phases (11,12).

4.1. Electroporative Shape Deformation at Constant Volume

The initial very rapid phase (microsecond time range) is the electroporative
elongation from the spherical shape to an ellipsoid in the direction of the field
vector E. In this phase, previously called phase O (Fig. 6A) (4), there is no
measurable release of salt ions. Hence the internal volume of the vesicle
remains constant. Elongation is therefore only possible if, in the absence of
membrane undulations in small vesicles, the membrane surface can be
increased by ME. The formation of aqueous pores means entrance of water and
thus increase in the overall membrane volume and surface. Thus, vesicle
elongation is rapidly coupled to ME according to the scheme: C = P<=>
(elongation).

It is important, that the characteristic time constant T, of vesicle deforma-
tion is usually smaller than the 6 average time constant of ME (T= 0.5 to 1 Us).
Actually, for vesicles of radius a = 50 nm, a typical membrane bending rigidity
of k=2.51072°J and the viscosity of water = 10.05 - 10* kg m~!' s7! at 20°C,
the upper limit of the shape deformation time constant at zero field is (36):
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Fig. 6. Electroporative deformation of unilamellar lipid vesicles (or biological
cells). (A) Phase 0: fast (us) membrane electroporation rapidly coupled to Maxwell
deformation at constant internal volume and slight (0.01-0.3%) increase in membrane
surface area. Phase I: slow (milliseconds to minutes) electromechanical deformation
at constant membrane surface area and decreasing volume due to efflux of the internal
solution through the electropores. Maxwell stress and electrolyte flow change the pore
dimension from initially T, = 0.35 £ 0.05 nm to T, = 0.9 £ 0.1 nm. (B) Membrane
electroporation and shape deformation in cell tissue subjected to an externally applied
electric field. The electrical Maxwell stress “squeezes” the cells, permitting drug and
gene delivery to electroporated cells through the interstitial pathways between the cells
into electroporated cells distant from the site of application of drug or genes. At E =0,
resealing and return to original shape occurs slowly.

®

:

T4er(0) = 0.38 - m - @’/ = 0.9 ps.

It can be shown that in electric fields of typically 1 < E/MVm ! <8, the shape
relaxation time constant Ty.(E) is 100-fold smaller than t.¢(0), say 10 ns (Kakorin
et al., unpublished). Therefore, because T >> T 4.¢(E), it is the structural change
of pore formation, inherent in ME, that controls not only the extent, but also
the rate of the vesicle deformation in the phase 0. Vesicle and cell deforma-
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tions, and thus ME, can be easily measured by electrooptic dichroism, either
turbidity dichroism or absorbance dichroism. Proper analysis of the respec-
tive electrooptic data provides the electroporative deformation parameter
p = c/b, where ¢ and b are the major and minor ellipsoid axis, respectively, of
the vesicle or cell. Specifically, from p we obtain the 0 average degree ]_‘p
of ME (4).

4.2. Shape Deformation at Constant Surface

In the second, slower phase (millisecond time range), previously called
phase I (Fig. 6A) (4), there is an efflux of salt ions under Maxwell stress
through the electropores created in phase 0, leading to a decrease in the vesicle
volume under practically constant membrane surface (including the surfaces
of the aqueous pores). The increase in the suspension conductivity, A Al/ A, in
the phase I reflects the efflux of salt ions under the electrical Maxwell stress
through the electropores. The kinetic analysis in terms of the volume decrease
yields the membrane bending rigidity k = 3.0 + 0.3 x 1072 J. At the field
strength £ =1.0 MV m™! and in the range of pulse durations of 5 <t/ ms < 60,
the number of water-permeable electropores is found to be N, = 35 + 5 per
vesicle of radius a = 50 nm, with mean pore radius T, =0.9 £ 0.1 nm (11). This
pore size refers to the presence of Maxwell stress causing pore enlargement
from an originally small value (', =0.35 £ 0.05 nm) under the flow of electro-
lyte through the pores.

4.3. Electroporative Deformation of Cells in Tissue

The kinetic analysis developed for vesicles may be readily applied to tissue
cells. The external electric field in tissue produces membrane pores as in iso-
lated single cells and the electric Maxwell stress squeezes the cells (Fig. 6B)
(12). The electromechanical cell squeezing can enlarge preexisting, or create
new, pathways in the intercellular interstitial spaces, facilitating the migration
of drugs and genes from the periphery to the more internal tissue cells. The
results of single vesicles or vesicle aggregates finally aim at physicochemical
guidelines to optimize the membrane electroporation techniques for the direct
transfer of drugs and genes into tissue cells.

5. Electroporative Transport of Macromolecules

It is emphasized again that the ion efflux from the salt-filled vesicles in an
electric field is caused by membrane electroporation and by the hydrostatic
pressure under Maxwell stress and that the electrooptic signals reflect
electroporative vesicle deformations coupled to ME. The analysis of
electrooptic dichroisms yields characteristic parameters of ME such as electri-
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Fig. 7. The average fractionfP of the electroporated membrane area, (M) at a large
NaCl concentration difference (in the vesicle interior [NaCl];, = 0.2 M, in the medium
[NaCl],,; = 0.2 mM, osmotically balanced with 0.284M sucrose), (A) at equal concen-
trations ([NaCl];, = [NaCl],,, = 0.2 mM, smoothly increases with the field strength E,
whereas the massive conductivity increase AA!/ X, , (®) of the suspension of the salt
filled vesicles of radius @ = 160 + 30 nm (A, = 7.5 uS cm™!, T'=293 K (20°C)) (18)
indicates an apparent threshold value E ;, = 7 MV m™!. The ratio fp= S(tg) / S, was
calculated from the electrooptic relaxations, yielding characteristic rate parameters of
the electroporation—resealing cycle in its coupling to ion transport.

cal pore densities for ion transport across the electroporated membrane patches.
The fraction 7p of the electroporated membrane surface (derived from
electrooptics) smoothly increases with the field strength (Fig. 7). In terms of
the chemical model there is no threshold of the field strength (4,18). Experi-
mentally there is always a trivial threshold when the actual data points emerge
out of the margin of measuring error. The conductivity increase (AA!/ X)) in the
suspension of the salt filled vesicles however appears to have a “threshold
value” of the field strength (Fig. 7). The large pore dimensions refer to the
pores maintained by medium efflow under Maxwell stress or reflect fragmen-
tation of a small (<1%) fraction of vesicles (U. Brinkmann et al., unpublished
data).

5.1. Electroporative Transport of lonic Macromolecules

The transport kinetics of larger macromolecules such as drugs and DNA
indicates that there are several kinetically distinct stages. Transport is greatly
facilitated if there is at first adsorption of the macromolecules to the membrane
surface (10,24). For charged macromolecules, adsorption is followed by elec-
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Fig. 8. Scheme for the coupling of the binding of a macromolecule (D), either a
dyelike drug or DNA (described by the equilibrium constant Ky, of overall binding),
electrodiffusive penetration (rate coefficient kj,) into the outer surface of the mem-
brane and translocation across the membrane, in terms of the transport coefficient k9
and the binding of the internalized DNA or dye molecule (D™) to a cell component b
(rate coefficient k) to yield the interaction complex D, as the starting point for the
actual genetic cell transformation or cell coloring, respectively.

trophoretic penetration into the surface of electroporated membrane patches.
Further steps are the afterfield diffusion, dissociation from the internal mem-
brane surface and, finally, binding with cell components in the cell interior
(Fig. 8) (9,10).

5.1.1. Surface Adsorption

The transient adsorption of potential permeants on the membrane surface
may change both the local surface structure and the local membrane composi-
tion (phase separation) in the outer membrane leaflet. The alterations of the
molecular structure and redistributions of membrane components can lead to
local changes in the membrane’s spontaneous curvature, bending rigidity and
surface tension, respectively (31,32). Increased spontaneous curvature can
either hinder or facilitate ME (30). For instance, the Ca** mediated adsorp-
tion of the protein annexinV to anionic lipids increases the lipid packing den-
sity by insertion of the tryptophan side chain into the membrane surface. This
in turn, reduces the electroporatability of the remaining membrane parts (30).
Alternatively, the adsorption of plasmid DNA on the membrane surface, medi-
ated by calcium or sphingosine, obviously facilitates ME and thus the transport
of small ions (leak) and DNA itself across the membrane (10,37,38).

The degree of transformation fr of yeast cells by plasmid DNA as a function
of pulse duration is characterized by a long “delay phase” (Fig. 9A) (10). The
delay phase gets shorter with increasing field strength. The degree f of cell
coloring of B cells by dye SERVA blue G exhibits a similar functional depen-
dence as fr of yeast cells (Fig. 9B) (9).
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Fig. 9. Kinetics of the electroporative uptake of DNA and dye. (A) Degree of trans-
formation fy of yeast cells by plasmid DNA (M, = 3.5 - 10°) and (B) degree of coloring
Jfc of mouse B cells by druglike dye SERVA blue G (M, = 854) as a function of pulse
duration at different field strengths: E,/ kVem™ = 2.5 (#); 3.0 (0); 3.25 (0); 3.5 (®);
4.0 (m), for cell transformation, and E / kV cm™": (0) 0.64; (@) 0.85; (0) 1.06; (m)
1.28; (») 1.49; (a) 1.7; (V) 1.91; (V) 2.13, for cell coloring, respectively. E, is the
amplitude and T, is the characteristic time constant of an exponential pulse used for
the transformation of yeast cells by plasmid DNA (M, = 3.5 - 109). E is the amplitude
and g is the duration of the rectangular pulse used for the coloring of mouse B cells by
the (druglike) dye SERVA blue G (M, = 854).

5.1.2. Flow Equation for Drug and DNA Uptake

The similarities of cell transformation and cell coloring suggest that the
mechanism for the electroporative transport of both genes and drugs into
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the cell interior has essential features in common. Therefore a general formal-
ism was developed for the electroporative uptake of drug and genes.

In line with Fick’s first law, the radial inflow (vector) of macromolecules is
given by:

dnl™ de,
@i = Pm ST

(20)

where " is the molar amount of the transported molecule in the compartment
volume V,, ¢, and D,, are the concentration and the diffusion coefficient of the
permeant in the membrane phase, respectively, S,, is the membrane surface
through which the diffusional translocation occurs. The concentration gradient
within the membrane is usually approximated by:

depldx = (¢ = ¢ )/d, 1)

where ¢ % and ¢, are the concentrations of the permeant in the outer and inner
membrane/ medium interfaces, respectively (Fig. 10). The partition of the
permeant between the bulk solution and the membrane surfaces may be quan-
tified by a single distribution constant according to: Y= ¢9%/c°" = ci/c!", where
c®tand ¢ = ni"/V, are the bulk concentrations inside and outside the cell (or
vesicle), respectively. We now define a flow coefficient k; for the cross-
membrane transport:

Y- Dm . Sm

R (22)

where the permeability coefficient P, for the porated membrane patches is
given by:

Ve
Sm

p D

q (23)

P, can be calculated from the experimental value of &, provided S, is known.
Substitution of Egs. 21 and 23 into Eq. 20 yields the linear inflow equation:

de™/dt = —kg - (¢ — ).

Frequently, the external volume V|, is much larger than the intracellular or
intravesicular volume, that is, N, - V, << V,,, where N, is the number of cells or
vesicles in suspension. Mass conservation dictates that the amount n°" of
permeant in the outside volume is given by n°® = n, — ni"- N,. Hence the
inequality N, - V, << V|, yields: c®®=n°"/Vy=cy—c™- N, - V,./ Vy= c,, where
ny and ¢y = n/V, are the initial amount and the initial total concentration of
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Fig. 10. Profile of concentration of a lipid-soluble or surface adsorbed permeant
across the lipid plasma membrane of the thickness d, between the outer (out) and inner
(in) cell compartments, respectively, in the direction x. Because of adsorption of
permeant on the cell surface, the bulk concentrations ¢®" and ¢™ of the permeant are
smaller than ¢ and ¢, respectively; c,, refers to the very small volume of a shell
with thickness &, where & is given by the diameter of the flatly adsorbed DNA,

sketched as double-helical backbones. For the data in Fig. 9A, the distribution constant
is Y=t = 1.3 - 103,

the permeant in the outside volume, respectively. Substitution of the approxi-
mation ¢®" = ¢, into the flow equation yields the simple transport equation:
de™

7 =~k (co—c™ (24

If the effective diffusion area S, changes with time, for instance, due
to electroporation-resealing processes, the flow coefficient k(¢) is time-
dependent. In this case we may specify S,,(f) with the degree of electro-
poration f,, according to S,,(7) = f,,(t) - S, where S, = 4m - a’is the total area
of the outer membrane surface. The explicit form of the pore fraction f,(7) is
dependent on the model applied. The time dependent flow coefficient can now
be expressed as: k¢(t) = k‘f) - fp(2), where the characteristic flow coefficient for
the radial inflow is defined by
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P,-S. _ 3-P,

k0= = 2
f V. a (25)

Note that £ and thus P, are independent of the electrical pulse parameters
E and tz. Hence these transport quantities are suited to compare vesicles
and cells of different size and different lipid composition. Substitution of
ke(t) = k2 - Jp(#) into Eq. 24 and integration yields the practical equation for
the increase in the internal permeant concentration with time:

t Tobs
cin = ¢, {1 —exp [k9- (ffg =P(p) dt +tf 220 dt)]}. (26)
0 E

If the transported molecules are added before the pulse, we have t, = 0. For
the postfield addition the first integral for f g ~Pin Eq. 26 cancels and we set
Ig =ty = t,qq, Where 7,44 1s the time point of adding the molecules after pulse
termination (#g). Usually, the appearance of the transported molecules becomes
noticeable at observation times ?,,, which are much larger (min) than the char-
acteristic time of pore resealing (k_;)~' which is in the milliseconds to seconds
time range. For these cases the approximation 7., — oo holds (9,10). Note that
the integrals in Eq. 26 contain implicitly the pulse duration ty and the field
strength E in the degree of poration f,(z,7g,E).

In the case of charged macromolecules like DNA or the dye SBG, the pres-
ence of an electric field across the membrane causes electrodiffusion. The
enhancement of the transport of a macroion only refers to that side of the cell
or vesicle where the electric potential drop A@,, is in the favorable direction.
The electrodiffusive efflux of the macromolecules from the cell cytoplasm is
usually negligibly small compared with the influx and may be neglected. For-
mally, for the boundaries f, and tg, D,, in Eq. 26 must be replaced by the
electrodiffusional coefficient (10):

D.(E)=D,, (1 + IzeffIk-TeO . A(pm)’ @7
where AQ,, = —(3/8) a E - f(A,,) is the © average transmembrane potential
drop, A,, the angular average of the membrane conductivity and z the effec-
tive charge number (with sign) of the transported macromolecule.

On the same line, the permeability coefficient with respect to
electrodiffusion is given by:

Po(E) =V PulE). (28)

Itis instructive to compare the present analysis of (electro) diffusion through
porous membrane patches characterized by the quantities k9, P,,, and fp with
the conventional approach with the permeability coefficient P in the context of
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formally f, = 1. The conventional coefficient P is related to P, of the present
analysis by: P = f,(tg)- Py,

The analysis of the kinetic data of cell transformation and cell coloring by
dyes (Fig. 9) suggests that the rate-limiting step is the binding of the permeants
to intracellular components. The simplest binding scheme is given by (see
Fig. 8):

. k
D"+ b—L5Dy, (29)
where D™ symbolizes the macromolecules in the cell interior (¢i"), b the yet

unoccupied binding sites in the cell and ky, is the overall rate coefficient of
binding. The degree of binding of molecule D is defined by:

S =1[Dyl/ [bol, (30)

where [Dy] is the concentration of bound maromolecules and [b] is the total
concentration of binding sites in the cell interior.

The integration of the binding rate equation d[Dy]/dt =k, - ¢ - [b] for the
Eq. 29, and substitution of Eq. 26 yields (10):

cm. {1 —expA}
[bo] — c™ - exp A’

where the dependence on 7 and 7, is explicitly in ¢ (tg,t,p,) and

fb(tE’tobs) = (31)

A(tE’tobs) = kb “Tobs (Cin(tobs’tE) - [bO])

For the cell transformation the time of observation is ¢, = 2 hours. Note that
c"(tg,t ops) Tefers to the total amount of the transported molecule which enters
the cell interior in the time interval ¢, < ¢ < ¢, when a pulse of duration 7y was
applied. In a previous study the equation for f, contains a misprint (10).

As previously suggested (24), the degree of transformation f = T/ T,y
where T, 1S the maximum number of transformants, may be equated with the
degree of bound molecules f;,. Hence the data analysis uses fr1,c = f; and
Eq. 31. Obviously, at least one binding site b has to be occupied with DNA to
permit transformation. In the following we present the reevaluation of previ-

ous data in terms of the transport parameters k¢, P, and Jor

5.2.1. Uptake of DNA by Yeast Cells

For an efficient uptake, DNA should be present, preferably adsorbed
already before pulse application. Both the adsorption of DNA, directly mea-
sured with 32P-dC DNA, and the number of transformants are collinearly
enhanced with increasing total concentrations [D,] and [Ca,] of DNA and of
Ca®*, respectively. At the total bulk concentration [D,] = 2.7 nM, the molar
concentration of DNA bound to the membrane surface amounts to [D{] =2 nM
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(10). At the cell density p, = 10° cm™, there are Npya = Ny - [D31/p. =
1.2 - 10° DNA molecules per cell of radius a = 2.7 um. Presumably all
adsorbed DNA is located in the head group region of the outer leaflet of mem-
brane bilayer. The actual concentration of DNA in the membrane surface refers
to a thin layer of thickness 6 = 2.37 nm, where 6 is the diameter of the B helix
of DNA. We obtain ¢ 2" =[D;1/(p.. - S, - 6) =9.2 uM (Fig. 10). Since the bulk
concentration of DNA is ¢°" = [D,] — [D}] = 0.7 nM, the partition
coefficient amounts toy=c¢ r‘;}“‘ / c°"t=1.3 - 103; that is, the concentration of the
absorbed DNA is about 103-fold larger than the bulk concentration. This feature
was not considered so far and requires a partial reevaluation of previous data
(10), Fig. 9A, where it was found that the direct electroporative transfer of
plasmid DNA (YEp 351, 5.6 kbp, supercoiled, M, = 3.5 - 10°) in yeast cells
(Saccharomyces cerevisiae, strain AH 215) is basically due to (electro)
diffusive processes. At the field strength E, = 4.0 kV cm™!, the diffusion
coefficient ratio is D,,(E) / D, = 10.3. Hence electrodiffusion of DNA is about
10 times more effective than simple diffusion. Addition of DNA after the field
pulse only occasionally leads to transformants. The most decisive stage in the
cell transformation is the electrodiffusive surface penetration of DNA followed
either by further electrodiffusive, or by passive (after field) diffusive, translo-
cation of the inserted DNA into the cell interior (Fig. 8).

Actually, the rather long sigmoid phase of f(7g), Fig. 9A, requires a
description in terms of an at least two-step process: C X P, %25 P, where
the state P, denotes pore structures of negligible permeability for DNA; P, is
the porous membrane state of finite permeability for DNA. The electroporation
rate coefficient kj, is assumed to be the same for both steps, associated with the
same reaction volume A,V . This assumption is theoretically justified by the
corresponding minima in the hydrophobic force profiles as a function of pore
radius (39). Pore resealing, that is, the reverse reaction steps (P, — P; — C),
may be neglected for the time range 0 <t <ty in the presence of the external
field. We recall that k, explicitly occurs in the integral:

g
[FS=P dr=f9 {tg+k;'[2+k, - 1) - eFph 2]},
0

where f$ =P = f3- {1 - (1 +k,-1)-e¥p '} for the reaction P, = P; — C and
f g is the amplitude value of fg_*’ (). Applying Eq. 31 for the exponential
pulse of the initial field strength E, = 4.0 kV cm™! and the decay time constant
T =45 ms, we find with 1 = T that k, = 7.2 s7".

The mean minimum radius of DNA-permeable pores has been calculated
from the field dependence of k,(E(): rp(P,) = 0.39 £ 0.05 nm (10). If we

assume that deviations of the data points from the relationship
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In (k,/ky(E=0))=b*-cos?0-E?

where
b*=(9/8) - gy a® (&w—€) o Na-fH(Ay) - E*/(d-kT)

at higher field strengths is due to the increase in the average transmembrane
conductivity by A&, =2.5-107 S em! from &, (Eq = 0) to Ay (Eg=4kV cm™)
= Au(Ey = 0) + AL,,,. This conductivity increase corresponds to a replacement
of 0.0025% of the membrane area by pores filled with the intracellular medium
of conductivity A; = 1.0 - 102 S cm™! under Maxwell stress. The fractional
increase in the transport area for small ions (Na*, Cl7) is given by f L= Adn/ N
=2.5-107 (15). For these conditions the mean number of conductlve pores
per cell is N =S.-fy/ - rg =4.8 - 103, corresponding to an average minimum
distance between the pore centers 1, =(S./N,)""? =138 nm. In order to esti-
mate the permeability coefficient P,,, of DNA, one may identify the fraction f,
of DNA permeable membrane area (pore state P,) with that of small ions:
f=r i If the DNA permeable membrane area is smaller than the area of ion
permeable pores: f,, <f b We obtain only an upper limit of P, for DNA.

Apparently, the mean radius 7 ,(P,) = 0.39 nm of the pores in DNA-
permeable pore patches is too small for free diffusion of large plasmid DNA.
Such a small pore radius is not even sufficient for the entrance of a free end of
a linear DNA molecule, because the diameter of the type B-DNA is & = 2.37 nm.
Nevertheless, small parts of the adsorbed DNA may interact with many small
pores, and the DNA-polymer may penetrate part by part into the membrane.
The total length of a 6.5 kbp DNA is about 1 py, =6.5-10%-0.34nm=2.2-10°
nm and the corresponding surface area on the membrane is Spxa = 1 pna - D =
5.2 - 10° nm?. On average, one totally adsorbed DNA may cover only 4 - N, -
Spna /'S¢ = 1 membrane electropore in the cell pole caps (see
Fig. 4). Since the DNA is probably only partially inserted into porous patches,
the regions can be considered as closed, but leaky. If the occlusions locally
decrease the membrane conductivity, the transmembrane field gets larger such
that the membrane somewhere in the vicinity of the inserted DNA part is
electroporated. As a consequence, a neighboring part of DNA can penetrate
into the newly porated membrane patch. In any case the interaction of the
adsorbed DNA with the lipid membrane appears to largely facilitate ME, yield-
ing larger transiently occluded pores. Leaky porelike channel structures are
indicated by ionic current events if DNA interacts with lipid bilayers.
Furtheron, if DNA is present in the medium, there is a sharp increase in the
membrane permeability of Cos-1 cells to fluorescent dextrin molecules in
the electric field (40).
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The reevaluation of the data (Fig. 9) for E, = 4.0 kV cm™' and #; = Tz = 45 ms
yields k¢ =2 - 10* s7'. With f(tg) = f, = 2.5 - 107 the characteristic flow
coefficientis kY =7v-D(E) - S./d - V,=8.0-10%s! at T=293 K. From Eq. 23
we obtain the corresponding permeability coefficient P, =k%-a/3=7.2-102
cms™!. Because D, (E) = Dy, - 10.3, we see that at E = 0 formally P2 =P, /10.3
=70 cm s~!. Note that the conventional membrane permeability coefficient P°
refers to the total membrane surface area by P*= P2 - f (tz) = 1.8 - 10~ cm 57!,
With y=1.3 - 103 and d = 5 nm, the electrodiffusion coefficient D,,(E) of DNA
in the electroporated membrane patches at E = 4kV cm™! is D (E) =
P,d/y=28-107 cm?s7!, and at E = 0 we have D,,= D,(E)/ 10.3=2.7 - 1078
cm? s~!. If the diffusion of DNA is formally related to the total membrane sur-
face (electroporated patches and the larger nonelectroporated part), D = D, -
fo(tg) = 6.7 - 1071 cm? s7!. Compared with the diffusion coefficient of free DNA
in solution D¢ = 5. 108 cm?s~! (41), the bulk diffusion is about 7 - 10*-fold
faster than the interactive diffusion of DNA through the electroporated mem-
brane, reflecting the occluding interaction of DNA with perhaps many small
membrane electropores.

For practical purposes of optimum transformation efficiency, I mM Ca>* is
necessary for sufficient DNA binding and the relatively long pulse duration of
20-40 ms is required to achieve efficient electrodiffusive transport across the
cell wall and into the outer surface of electroporated cell membrane patches.

5.2.2. Uptake of Druglike Dyes by Mouse B Cells

The color change of electroporated intact FcyR™ mouse B cells (line IIA1.6,
cell diameter 25 wm) after direct electroporative transfer of the drug-like dye
Serva Blue G (SBG) (M, = 854) into the cell interior is shown to be prevail-
ingly due to diffusion of the dye after the electric field pulse (9). The net influx
of the dyes ceases, even if the pores stay open, when the concentration equality
" = ¢, is attained. For this limiting case, the fraction f. = ¢/ ¢, of the colored
cells equals unity. The data in (Fig. 9) suggest that at least three different pore
states (P) in the reaction cascade C=P,;=P,=P; are required to model the
sigmoid kinetics of pore formation as well as the biphasic pore resealing. The
rate coefficient for pore formation k, was taken equal for all the three steps:
C—=P,, Py—P, and P, —P;. At E=2.1 kV cm™" and T = 293 K, we find
from the respective integral ffg ~P(1) dr that k, = 2.4 + 0.2 x 10% s7'. The
resealing rate coefficients are k , =4.0+0.5x 102 sandk 3 =4.5+0.5 x
1073 571, independent of E as expected for E = 0. Analysis of the field depen-
dence of k,(E) yields the mean radius of the dye permeable pore state r (P3) =
1.2£0.1 nm (9).

The maximum value of the fractional surface area of the dye-conductive
pores is approximated by the fraction of conductive pores: f, = Ak, /A; =
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1.0 - 1073, where Ah,=1.3- 1075 S cm™! is the increase in the transmembrane
conductivity at E=2.1 kV cm™ and A, = 1.3 - 102 S cm™!. Hence the maxi-
mum number of dye permeable pores is N, = S, - f,/ - 72 (P3) = 4.4 - 10°
per average cell, where S, =4 - 1t - ¢> =2.0 - 10 cm?. Data reevaluation yields
ke=1-10"2s7'. From k¢(f) = k9- f,(r) we obtain the characteristic flow coeffi-
cient k(ll =(1.0£0.1) - 10! s7!. Since there is no evidence for adsorption of SBG
on the membrane surface, the partition coefficient was assumed to be y = 1.
The corresponding permeability coefficient of dye in the pores is:
P,=k%-a/3=42-1073 cm s!. If the permeability coefficient is related to
the total membrane surface area, we obtain P=P,, - f, =4.2 - 109 cm s~ The
diffusion coefficient of SBG is D, = Py, - d =2.1- 10 cm? s and D = D,,, - f,
=2.1-107"2 cm? s7!, respectively. It is seen that D,, is by the factor D"/ D,
=2.4-107 smaller than D¢ =5 . 1075 cm? s~! estimated for free dye diffusion.
This large difference apparently indicates transient interaction of the dye with
the pore lipids during translocation and partial occlusion of the pores.

5.3. Field-Time Relationship for the Electroporative Transport

Obviously the two pulse parameters E and ¢y are of primary importance to
control extend and rate of the transmembrane transport. Within certain ranges
of E and ty; a relationship of the type E?- t; = ¢ holds (Fig. 11), where c is a
constant (9,10,26). However, very large field strengths or very long pulse
durations may lead to secondary effects like bleb formation (9) or fragmenta-
tion of the vesicles and cells under Maxwell stress. Therefore in the range of
massive cell deformation and fragmentation the constant c has a different value
than in the range of short pulse durations. In any case, the empirical correlation
E? -ty = constant is theoretically rationalized in terms of the interfacial polar-
ization mechanism of ME (24,26).

6. Summary and Conclusions

Since the electroporative transport of permeants is caused by ME, the trans-
port quantities fr(¢) and f-(¢) are closely connected to the degree fp(t) of ME,
permitting to investigate the mechanism of formation and development of
membrane pores by the electric field. The results of our theoretical approach,
based on electrooptical data of vesicles, as well as on the kinetics of cell
electrotransformation and cell coloring, can be used to specify conditions for
the practical purposes of gene transfer and drug delivery into the cells. In
electrochemotherapy, for instance, the optimization of the electroporative chan-
neling of the cytotoxic drugs into the tissue cells may be refined by using the
electroporative transport theory (4,42-44). Future work may include optical
probes like DPH in cell plasma membranes to elucidate the sequence of events
of the electroporative DNA and protein transfers as well as to investigate
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Fig. 11. Field strength/pulse duration relationship. The data refer to the selected
fraction f of (A) transformed (f1 = 0.5) and (B) colored cells ( f- = 0.5). Experimental
parameters as in Fig. 9. The linear dependencies are consistent with the interfacial
electric polarization mechanism (E?- ty; = ¢) preceding cell membrane electroporation.

molecular details of other electroporation phenomena such as electrofusion and
electroinsertion.

In conclusion, the theory of ME has been developed to such a degree that
analytical expressions are available for the optimization of the ME techniques
in biotechnology and medicine, in particular in the new fields of electroporative
drug delivery and gene therapy. The electroporative gene vaccination is cer-
tainly a great challenge for modern medicine.
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Glossary

SBG Serva Blue G
[Ca,] total concentration of Ca
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[Dy] =c°
[Dp]
[P,]
[Ps]
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out .in
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Dy,

D, (E)
D

[Dy]
(D3]

ty
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total concentration of DNA

concentration of bound DNA

concentration of DNA-permeable pores

concentration of SBG-permeable pores

cell/vesicle radius

molar concentrations of the permeant in the outer and inner mem-
brane/medium interfaces, respectively

bulk concentrations of the permeant inside and outside the cell (or
vesicle), respectively

initial total concentration of permeant in the outside medium
diffusion coefficient in electroporated membrane patches
electrodiffusion coefficient in electroporated membrane patches
diffusion coefficient related to the total membrane surface area
concentration of bound macromolecules to the intracellular sites
concentration of bound macromolecules to the membrane surface
electric field strength

transmembrane field strength

elementary charge

vacuum permittivity

dielectric constant of water

dielectric constant of the lipid phase

degree of cell transformation

degree of cell coloring

degree of binding of permeants to intracellular sites

fraction of porated membrane area

conductivity factor

partition coefficient of permeant between membrane and solution
electrical potential difference across the electroporated membrane
patches

rate coefficient for the step C - P

rate coefficient for the step P — C

Boltzmann constant

rate coefficient for intracellular permeant binding (M~ s7!)
electroporation rate coefficient (s!)

flow coefficient for cross-membrane transport (s™')

characteristic flow coefficient (s™!), independent of E and #g
transmembrane conductivity (S m™')

conductivity of bulk solution

conductivity of cell interior

number of electropores per cell

molar amount of DNA or SBG in one cell
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nout molar amount of DNA or SBG in the bulk solution
P, permeability coefficient for the electroporated membrane patches
P conventional permeability coefficient (related to the total membrane)
7y mean pore radius
Pe cell density
S cell surface area
Sm electroporated area of cell surface
Sp surface area of the average pore
g electrical pulse duration
T decay time constant of an exponentially decaying field pulse
V. volume of an average cell
Vo external volume
Z charge number (with sign) of ion i
Zeft effective charge number of the DNA-phosphate group
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Instrumentation and Electrodes
for In Vivo Electroporation

Gunter A. Hofmann

1. Introduction

Electroporation (EP) of drugs and genes into cells in vitro became a stan-
dard procedure in molecular biology laboratories in the last decade. Numerous
protocols aid the researcher in selecting appropriate procedures; commercial
instrumentation is readily available and discussed (). The more recent transi-
tion to applying EP to living tissue poses a new set of requirements and few
practical guidelines are available.

In general, the requirements for successful in vivo electroporation for deliv-
ery of drugs or genes are twofold: the molecules need to be present at the site to
be treated, and an appropriate electrical field needs to be applied to this site
within a time window. For the choice of electrical parameters, the type of tis-
sue appears to be of less importance than the molecule to be delivered: drug
versus genes.

In vivo EP requires techniques for the delivery of the drug/gene to the tissue
site, and techniques for the delivery of the field. The delivery of the field is
done by a voltage pulse generator and applicators that transform the voltage
into an efficacious electric field in the tissue. Figure 1 shows the relationship
between the macroscopic parameters of voltage, current, and resistance and
the microscopic, effective, parameter, the electric field strength as well as the
current density, which is a function of the medium specific resistivity.

The generator provides a voltage output to the electrodes. This voltage, or
potential difference, between electrodes results in the generation of an electric
field in the volume between the electrodes and extending somewhat beyond.
The voltage needs to be selected so that in the volume between the electrodes
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Fig. 1. Important electrical parameters for electroporation.

the efficacious field strength is achieved or exceeded. It is desirable to provide
a field amplitude that has a safety margin above the marginally efficacious
field strength. These issues are the subject of the following sections.

The process of developing a new in vivo therapeutic application of EP gen-
erally proceeds in the following steps: Uptake of the drug or gene is demon-
strated in vitro, then efficacy shown in vivo in an appropriate animal model,
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then, if possible, in situ in an animal model, and, finally, in human clinical
trials. We will discuss only in vivo and comment briefly on hardware issues
relating to the steps from animal experimental trials to human clinical trials. A
large variety of drugs or genes can be electroporated into widely differing tis-
sues in vivo. In the following, we will focus on a few representative examples.

2. Delivery of Drug/Gene to the Tissue

In vivo EP is a process of delivering drugs and genes from the interstitial
tissue space into cells by temporary permeabilization of cell membranes. As a
first step, the molecule of interest is typically brought into the tissue before EP.
Several techniques are being used: systemic delivery by intravenous injection
(IV) or intratumoral injection (IT). Tumors differ from normal tissue by
elevated interstitial pressure which is typically between 10 and 40 mmHg,
whereas normal skin has 0.4 mmHg pressure (2). This high pressure and gradi-
ent towards normal tissue makes systemic delivery less effective than IT. When
IT is used, a technique of fanning the syringe throughout the tumor aids in the
distribution of the drug. IT delivery of bleomycin into tumors and subsequent
EP gave superior results over the IV route (3). lontophoresis might be
employed as a transport mechanism of charged molecules across tissue to the
site of EP.

The transport of molecules through the skin is made difficult by the pres-
ence of the stratum corneum (SC), the outermost layer of the skin made up of
dead cells. Iontophoresis can be used to transport charged molecules through
existing pathways such as sweat glands and hair follicles through the skin;
brief electrical pulses across the SC can create additional pathways by break-
down and formation of aqueous pores. Ultrasound can enhance the transport of
molecules across skin (4,5).

3. Electric Field Configurations

The voltage delivered from the EP pulse generator needs to be transmitted
to the tissue so an efficacious electric field can be generated at the desired
tissue site. A variety of possible basic electrode configurations are shown in Fig. 2.

If the tissue is easily accessible, not too large in volume and raised, outside
electrodes (Fig. 2-1) in form of parallel plates can be utilized. Early gene EP
experiments (6) and tumor treatments by EP (7,8) used parallel plate type elec-
trodes. If it is desirable to confine the electric field to a shallow layer of tissue,
as in transdermal drug delivery, then closely spaced surface electrodes as
shown in Fig. 2-2 are useful. Deeper-seated tissue can be reached with inser-
tion electrodes or needles (Fig. 2-3). The resulting electric field distri-
bution can be improved by arranging needles in arrays of different geometries
(Fig. 2-4).
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In principle, an electric field can be generated by induction according to
Faraday’s law from a coil with a fast varying electrical current. Though this
approach allows for an electrodeless creation of the electric field in tissue, it is
not very practical. Very high currents at high frequency are needed in order to
create induced fields of an amplitude sufficient to induce EP. A tumor response
effect was demonstrated with this technique even without addition of a
drug (9).

Hollow organs and cardiovascular applications of EP require catheter-type
configurations (Fig. 2-6). Some cardiovascular implementations are described
in (10-12). A flow-through EP system (Fig. 2—7) can be used either for
ex vivo EP therapy or, in a shunt mode, to electroporate bodily fluids extra
corporeally. Practical implementations of some of these electrode configura-
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tions will be discussed in Subheading 6. The determination of the minimum
efficacious field strength for EP will be discussed in Subheading 4.

4. Minimum Efficacious Field Strength

The parameters which determine the efficacy of the delivery of molecules
into cells are field strength, pulse length, wave shape of the pulse and number
of pulses. The combination of all of these is too large to address their specific
importance, especially when one considers that the molecule to be delivered
may change the optimal parameter combination. However, some general state-
ments can be made which will help in trade-off considerations of the most
important parameters which are field strength and pulse length. Figure 3 shows
the area of EP efficacy. If the field strength is too low, the transmembrane
potential required to permeabilize the cell membrane (typically 0.7 V) can not
be reached. Similarly, if the pulse length is too short (microseconds), the mem-
brane capacitance does not charge up high enough to reach the required trans-
membrane potential. If the delivery of genes is intended, the parameters need
to be selected within the EP effective area. However, if the goal is the destruc-
tion of tumors by delivery of chemotherapeutic agents with EP, lysing of cells,
which results from excessive field strength or pulse length, is not detrimental
to the ultimate goal of tumor destruction.

There appears to be a difference in effective parameters between drug and
gene for delivery by EP. High field strength, short pulse length gives good
results at least with some of the drugs investigated (i.e., bleomycin), whereas
gene EP benefits more from a combination of low electric field and long pulse
length. The majority of presently ongoing drug EP is applied to the treatment
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of tumors, and the drug of choice is mostly bleomycin. We will therefore
discuss the determination of the minimum efficacious field strength for this
application.

Belehradek and colleagues (13) injected bleomycin into nude mice bearing
subcutaneously T-DC-3F clone 4 tumors (Chinese hamster lung transformed
fibroblast cell line). Tumors were removed and sliced. Slices were
electroporated in the presence of bleomycin with 100 psec pulses between par-
allel electrodes, which provided a reasonable homogeneous field. The lower
limit of effective field was between 400 V/cm and 600 V/cm. In a study com-
paring the efficacy of different needle arrays and voltages in a human prostate
cancer model in mice (14), a good tumor response was found in the center of a
needle array at a field strength of 780 V/cm, which was the lowest field strength
investigated.

Does this critical minimum field vary much with the tumor cell type? The
critical parameter for the electroporation of mammalian cells is the achieve-
ment of a transmembrane potential of about 0.7—1 V. For a given field strength,
the induced voltage V is inversely proportional to the cell diameter: V = 1.5Er
cos 0, where E is the field strength, r is the cell radius, and O is the angle
between the direction of the field and the cell surface vector. If the cells are of
similar size, similar minimum efficacious field strength can be expected.

5. Effect of Electroporation on Normal Tissue

The following issues are of importance when considering inserting elec-
trodes into a tumor and transversing healthy tissue: What is the safe level of the
electric field and what is the effect of EP of a drug into healthy tissue?

5.1. Electric Field Effects

Reilly (15) offers some comments on the effect of electric fields in tissue.
Only the field strength is given but, unfortunately, no pulse length. The effects
listed may not occur at the very short pulse length (100 ps) used in most EP
drug delivery experiments. The minimum field to stimulate nerves is 6 V/m =
0.06 V/cm. No significant alterations in the evoked response in the peripheral
nerves of hogs occur up to 33 V/cm. To generate lesions in tissue requires field
strengths above 100 V/cm. Similar levels are probably necessary for neural
damage as well. In vitro muscle cells rupture between 50 and 300 V/cm. Fibro-
blasts rupture above 1 kV/cm.

5.2. Electroporation of Healthy Tissue

Recently Hasegawa and coworkers (16) have published an interesting paper
that discusses results of electrochemotherapy (ECT) of squamous cell carci-
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noma and hepatocellular carcinoma transplanted into the tongues of rats. They
used bleomycin as the agent and electrical parameters typical for those used
for parallel plates, 1200 V/cm and 8 X 100 us pulse length at 1 Hz. The authors
made detailed observation of (i) not only the tumor but also the surrounding
normal tissue, (ii) the epithelium in or not in contact with the electrodes, (iii)
the nuclei of the endothelial cells and also changes in the muscle on day 1, and
(iv) the nature of the healing process throughout day 14 after the treatment.

The readers are referred to the actual paper for details, but the following
features are notable and summarized. On day 1, they observed massive
destruction of the tumor and edema which by now are well established phe-
nomena following ECT. The epithelium in contact with the electrodes peeled
off but the tissue surrounding the tumor, not in contact, was found to be nor-
mal. Nuclei of the endothelial cells were enlarged and some skeletal muscle
lost the striation pattern. As days progressed, several important features
became evident; the epithelium close to the necrotic tissue was regenerated
and the granulation tissue proliferated. Eventually, the necrosis fell off, the
wound healing was nearly complete and the tongue was covered with stratified
epithelium.

We point out that because of the presence of the mucosal component in the
tongue, some of the features seen by the authors are not necessarily the same as
are seen in the xenografted subcutaneous tumors. The bleomycin dose the
authors use for subcutaneous injection is very high, ~7-10 times of what is
normally used intratumorally (0.5 U [0.5 mg] for a tumor close to 8 mm in the
maximum dimension) (17-19). The authors conclude, “The healing process
following ECT progressed smoothly, including that of normal tissue within the
electrical field that was seriously damaged.”

6. Applicators

The role of the applicators is to act as a conduit to transform the voltage
pulse from a pulse generator into local electric fields in tissue.

6.1. Plate Electrodes

The simplest configuration and the one best suited to generate a more or less
uniform electric field are parallel plate electrodes in the form of calipers
(Fig. 4). The use of parallel plates is facilitated if a scale is attached so that the
distance between the electrodes can be measured. These plates are often
mounted on a Vernier caliper as shown in the figure. The voltage can then be
determined from the desired field strength and the distance (V = E x distance).
Parallel plate electrodes produced good results in human clinical trials (7,8)
with tumors close to the surface. However, superficial skin burning was
observed as a consequence of the breakdown of the SC. Though the breakdown
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Fig. 4. Caliper electrodes for the treatment of subcutaneous tumors. The scale on
the caliper allows measurement of the electrode distance so that the generator voltage
can be set according to the desired field strength: E = V/distance.

occurs at low voltages of about 60 V, the high-current density after the break-
down is detrimental to the structure of the skin. Plate electrodes are less effica-
cious for deeper-seated tumors (20); needles in the form of arrays are better
suited. Improved efficacy with parallel plate electrodes can be obtained by
rotating the field (position of electrodes) 90° between pulses (21).

6.2. Needle Electrodes
6.2.1. Computer Simulation of Electric Field Distribution

The electric field between needles has been calculated with a three-
dimensional computer program (E3 Electrostatic Field Solutions in Three
Dimensions, produced by Field Precision of Albuquerque, New Mexico). For
needle arrays, the field was calculated in a first step between one pair of needles
with the appropriate geometry. The contour lines of constant electric field
(absolute amplitude) were plotted and then plots were superposed after rotat-
ing by 60° (for the six-needle array) or 90° for the square needle array. Ulti-
mately, lines were drawn around areas where the electric field amplitude was
equal to 600 V/cm and 100 V/cm. Inside the shaded area, the electric field is
everywhere above 600 V/cm.

6.2.2. Needle Pair

Early experiments in animals were performed with single pairs of needles
(22-25). Figure S shows a typical experiment with needle pairs. The field is
highly divergent, with a high field strength at the needle surface. Figure 6
shows the 600 V/cm iso field contour line in a cross section of two parallel
needles 0.65 cm apart and with an applied voltage of 942 V. The nominal field
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Fig. 5. Electroporation of tissue (tumors) with two needles.
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potential applied: 942 V; distance between needles: 0.65 cm.
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strength in the center between needles is often given as the voltage on the
needles divided by the needle distance. However, the actual center field
strength is quite different (lower) as shown in Fig. 7. A better field configura-
tion results from multiple needles or needle arrays. Gilbert and colleagues (26)
investigated several needle configurations; the needle pair showed the lowest
efficacy, parallel plates were better. The highest efficacy resulted from the use
of a six-needle array.

6.2.3. Six-Needle Arrays

In a six-needle array configuration, six needles are placed equidistant in a
circle. Six pulses are applied to consecutive pairs of needles around the circle.
Figure 8 shows the six-needle array concept and the switching scheme. By
switching the field between different pairs of needles, a good coverage of the
area within the needle array is achieved (Fig. 10). As shown in Fig. 7, the
actual field strength in the center is closer to the nominal field strength (volt-
age divided by the array diameter) than with two needles. Six-needle arrays
were used (27,28) in clinical trials with good efficacy. A variety of needle
array diameters, angles of the tip, and needle lengths is needed to reach tumors



Instrumentation and Electrodes 47

1 1 1
® @) O +
2e o8 2e 0b 25 ob
Pulse 1 - Pulse3 + Pulse 5
30 + 95 3® Os 3® _ Os
@) @) ®
4 4 4
1 1 1
O O o
o T 6 2 6 2 T .6
O @) O ® O o
Pulse 2 + Pulse4 - Pulse 6
® @) O
4 4 4

Fig. 8. Sequence used to energize individual needles for a six-needle array around
the treatment site.

at different locations in the body (Fig. 11). Though the six-needle arrays
showed good efficacy, the disadvantage of this configuration is the require-
ment to increase the array voltage with the array diameter. Some tumors can be
quite large; though it is possible to use an overlapping multiple entry treatment
strategy, the accuracy of the array placement is not assured. Furthermore, the
voltage between needles can not be increased indefinitely. Above about 1500
V, arcing occurs at the needle tips because of the high field enhancement fac-
tor. It is therefore desirable to restrict the voltage to lower values. A very good
solution to this problem is the subdivision of an array into treatment zones,
with square needle arrays as the most practical approach (29).

6.2.4. Square Needle Arrays

An arrangement of 4 needles in a square (a treatment zone) and pulsing
between opposing pairs, provides a good area of efficacious field (Figs. 9 and 12).
Uptake of agents is increased by delivering 4 pulses in a sequence between
opposing pairs, changing the orientation by 90° between pulses. The total treat-
ment area can be increased by adding treatment zones. Figure 13 shows the
field distribution in a 9-needle array. This configuration allows the electrically
paralleling of zones so that the number of switching steps is vastly reduced.
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Fig. 9. Isoelectric field lines around a four-needle array; 0.65 cm base length. Cross
section is taken in the middle plane of the array. Field strength: V/cm; electrode spac-
ing: 0.65 cm; needle diameter: 0.04 cm; potential applied: 845 V.

The required voltage remains the same as for one square; the current and power
requirements increase with the addition of treatment zones. Figure 14 shows
the electrical arrangement of a 25-needle array covering an area of 2.6 X 2.6 cm
with a 0.65 cm zone base length. All needles with the same number are con-
nected electrically in parallel. The required voltage is only 940 V; the mini-
mum field in the treatment zones is 780 V/cm, which reflects a margin of
efficacy of 30% over the assumed minimum efficacious field of 600 V/cm.
Only 4 pulses are required which can be delivered by the MedPulser™ (28)
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Fig. 10. Isoelectric field lines generated by a six-needle array (four are active), after
switching 60°; 1.35 cm diameter; 1500 V between needle pairs.

generator in one second: first pulse: Needles 1-2 pulsed against 3—4; second
pulse: reversed polarity; third pulse: 1-3 pulsed against 2—4; fourth pulse:

reversed polarity.
6.3. Surface (Meander) Electrodes for the Electroporation of Skin

The biophysical phenomenon of electroporation is pronounced when a thin,
highly resistive membrane surrounds or shields a conductive medium. A very
strong field enhancement will take place in the membrane which can lead to
permeabilization or electroporation. The field enhancement is in first order
proportional to the ratio of the thickness of the conductive medium to the
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Fig. 11. Various six-needle array applicators.

membrane thickness. In the classical case of cells, the cell membrane and the
cytoplasm play this role.

The skin presents a similar biophysical model. A very thin (typically
15 um), highly resistive layer, the SC is surrounding the highly conductive
epidermis and dermis (30). A very low potential difference applied to the skin,
for example, 60 V across two layers of SC (representative for adjacent surface
electrodes), results in very high fields in the SC of about 20 kV/cm. Such a
high field appears to suffice for the breakdown and formation of aqueous pores
in the SC. The SC is normally a very effective barrier against penetration of
outside agents; electroporation of the SC allows the transport of agents across
this barrier by several methods (31,32).

In tissue electroporation, the goal is an even distribution of efficacious field.
In the electroporation of skin for transdermal delivery of agents, it is desirable
to contain the electric field to a shallow skin surface layer so that underlaying
nerves and muscles are not subjected to a strong electrical stimulus. This
objective can be realized by meander electrodes, which consist of closely
spaced opposing finger electrodes (Fig. 15). Figure 16 shows the field and
potential distribution around a meander electrode. As can be seen, the potential
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Fig. 12. Isoelectric field lines generated by a four-needle square array after switch-
ing 90°; 0.65 cm base length.

drop between the electrodes is mainly confined to the SC. After breakdown,
the range in depth of the electric field is related to the electrode spacing; a
narrow spacing will confine the field to a shallow surface region.

6.4. Electroporation in Vessels: Catheters

In vivo electroporation of agents into the walls of vessels requires first posi-
tioning of the agents proximal to the vessel wall without being washed away. A
double-balloon catheter as shown in Fig. 17 blocks the blood flow after infla-
tion of the two balloons. Infusion of the agent occurs into the volume between
the balloons. The electrical pulse is applied between an electrode located
between the balloons and the catheter guide wire as the current return path.
Figure 18 shows the field distribution around the double-balloon catheter. A
strong electric field exists between the center electrode and the adjacent tissue.
Double balloons were successfully employed for the intravascular delivery of
heparin (12) and DNA-binding propidium iodide (10).
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Fig. 13. Isoelectric field lines generated by array of four-needle squares after switch-
ing 90°; 0.65 cm base length; 940 V between needle pairs.

6.5. Other Electrode Configurations

An interesting application of EP in vivo is the delivery of bleomycin into the
eye for the treatment of high intraocular pressure (33). A special cup shaped
applicator was developed to fit around the eye of rabbits. Earlier in vivo work
described the fusing of cells to the cornea of rabbits (34) by means of pulsed
electric fields with a cup-shaped applicator.
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Fig. 14. Square needle array (2.6 cm X 2.6 cm) with paralleling all switching zones.

7. Pulse Generators

The pulse generators for in vivo drug and gene delivery need to deliver on
command a voltage wave form which the electrodes transform into an effica-
cious electric field in the tissue. The important parameters are voltage ampli-
tude, length of the pulse, shape of the pulse, and the number of repeat
applications.

In vitro, a variety of different wave shapes are used with varying effective-
ness: square pulses, exponentially decaying pulses or bursts of radiofrequency
waveforms. In the overwhelming majority of in vivo applications, square waves
are being used. They have the advantage of allowing the user to preset an exact
amplitude and pulse length, provided that the generator was designed to supply
the tissue with the required current. The design requirements for a square pulse
generator are described in detail by Hofmann and associates (29). Table 1 com-
pares the specifications of the generators which were used in the majority of
animal work, preclinical and clinical human trials.



54 Hofmann

Fig. 15. Meander electrodes: electrode gap, 0.2 mm; electrode width, 0.2 mm.
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Fig. 16. Plot of equipotential and electrostatic field lines of meander electrodes on
top of the SC with a distance of 10 um. Specific resistivities: medium surrounding the
meander electrodes, 1000 Q x cm; SC, 6 X 103 Q x cm; viable epidermis, 10° Q X cm.
Potential difference between meander electrodes: £10 V.

High electric fields and short pulse length are generally used for the delivery
of chemotherapeutic drugs into tumors, typically 1000 V/cm and 100 us.
Genes, however, were shown to be delivered at high efficiency (35,36) with
low field strength (100 V/cm) and long pulse lengths (10-50 msec).
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Fig. 18. Electric field and equipotential lines around a double-balloon catheter.

Though a researcher in most cases is not involved in bringing a therapeutic
EP system to the market, the step from in vivo experiments in animals to initial
preclinical trials should be understood. For animal electroporation experiments
and preclinical human trials, commercially available generators, which are
available for in vitro electroporation, were generally used. The following sec-
tion discusses the additional steps in generator design which will make it per-
form to regulatory requirements. These requirements must be met in order to
be able to perform large-scale multi-center clinical trials.
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Table 1

Square Wave Generators for In Vivo Drug/Gene Delivery

Manufacturer Ref. Voltage Range Pulse Length Electrodes
Jouan, France 7 0-1500 V 5 us—24 msec Parallel plates
Electropulsator PS 15 Variable Variable

Commercially available

BTX, a division of 29 0-500 V 0.3 ms—99 msec Parallel plates;
Genetronics, Inc. 20-3000 V 5 us—99 usec needle electrodes
San Diego, CA Variable Variable with auxiliary
ElectroSquare Porator switch

T 820

Commercially available

Genetronics, Inc. 14,28 1500 Vmax; 100 ps fixed Needle electrodes
San Diego, CA preset for each only

MedPulser needle array

In use for multicenter applicator type

clinical trials

8. Regulatory Requirements for Clinical Applications

To encourage the discovery and development of useful medical devices, the
Food and Drug Administration (FDA) provides exemptions for investigational
devices from the premarket approval process. An Investigational Device
Exemption (IDE) permits a device to be shipped in interstate commerce for
clinical investigation to determine its medical safety and effectiveness.
Although the IDE regulation exempts the device from certain requirements, it
requires safeguards for humans who are subjects of investigations: maintenance
of sound ethical standards, and procedures to ensure development of reliable
scientific data.

Certain device investigations are exempt from the requirements of the IDE
regulation. This determination is based upon the risk presented to the patient
either directly from device use or indirectly from medical decisions made with
data from the device. Depending on the device, an IDE may be approved
either by an Institutional Review Board (IRB) or by both an IRB and FDA;
informed consent for all patients, adequate monitoring and necessary records
and reports are required in either case.

If the device has patient contact, it should be constructed with safe,
biocompatible materials and their evaluation should be consistent with the
International Organization for Standardization (ISO)-10993 guidelines, “Bio-
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logical Evaluation of Medical Devices.” Potential risks should be addressed in
a formal risk analysis and measures should be taken to limit patient risk when-
ever possible and feasible.

The products used for investigations should be designed with the clinical
researcher in mind. The following design objectives should be considered in
the clinical product design:

1. The design should preclude the opportunity for operator mistakes.

2. If that is not feasible, then reduce the likelihood of mistakes (e.g. interlocks).

3. If reduction cannot be achieved, then mitigate or limit the adverse consequences
when a mistake is made.

Relying on the user to adjust and compensate for problems presented by a
poorly designed user interface is the least desirable alternative. The goal is to
design devices that are easy to use (user-friendly) and minimize the chance for
users to make mistakes. In addition, since it is not possible to predict and pre-
vent all errors, the design must also be error tolerant.

The most common cause of human factors problems is the failure of the
device designers and developers to anticipate and deal with the characteristics
of the people who interact with the device and the nature of these interactions.
Common problems include:

Unusual or unexpected device operation.

Lack of protection against incorrect use.

Confusing or complex controls, labeling or operation.
Defeatable or ignorable safety features.

NS

Although Investigative Devices are exempt from most FDA Quality System
Requirements (QSR), they are not exempt from the Design Control regula-
tions. At a minimum, the clinical product should be designed based on a prod-
uct development plan, formal design input and output specifications, risk
analysis, and verification tests that demonstrate that the product performs as
designed and intended. The product should be manufactured under a controlled
condition with a stable and repeatable process. The design and manufacturing
revision and history records must be documented and maintained. Acceptance
test and inspection procedures must be developed.

9. Summary and Conclusions

In vivo delivery of drugs and genes to cells in tissue is becoming a powerful
tool, which compares favorably to other delivery modalities (37). Efficacy
depends mainly on two requirements: to have the drug or gene at the tissue site
and to apply the appropriate field pulse to the site. For the treatment of tumors,
it is desirable to investigate a lower drug dosage of bleomycin than currently
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used, while maintaining tumor response, in order to minimize the effect of
ECT on healthy tissue. Some future developments include the selection of the
optimum drug or gene; determination of the most efficacious electrical param-
eters: amplitude, pulse length, waveform (it is desirable to minimize muscle
reactions and pain caused by the EP treatment); and development of the most
appropriate applicator: catheter type applicators for hollow organs, minimally
invasive laparoscopic applicators, and possibly implantable EP applicators.

As the medical field moves from treatment of diseases with drugs to treat-
ment with genes, the EP delivery systems being developed now will be able to
make this transition with ease.
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Numerical Modeling for In Vivo Electroporation

Dejan Semrov and Damijan Miklavéié

1. Introduction

Electropermeabilization of cell plasma membrane is a threshold phenom-
enon. When a cell is exposed to electric field a spatially dependent trans-
membrane potential is induced (1). Above a certain threshold value of
transmembrane potential permeability of plasma membrane drastically
increases. Thus, in order to obtain plasma membrane permeabilization an above
threshold transmembrane potential needs to be obtained. This is achieved by
an above threshold electric field intensity. Electropermeabilization is therefore
characterized by electric field intensity, but also by the duration and number of
applied pulses, as well as their shape (2). Electric field intensity of the pulses
of selected duration must reach a threshold, typical for a particular type of cell
(3). This threshold is also different for the cells in tissue compared to the
threshold for electropermeabilization of the membrane of isolated cells (4).
Selected electric field intensity, appropriate for electroporation, should at the
same time not exceed the value which will cause irreversible permeabilization
or even death of the cell (5). This is particularly important for electro-gene
transfection.

For the in vitro electroporation of cultured cells in suspension (6) it can be
considered, that the cells are exposed to a homogenous electric field, meaning
that its direction is uniform and the magnitude of electric field intensity is
unique throughout all of the conducting volume. Namely, the distances
between the cells in the suspension are very large compared to the diameter of
each particular cell (7). Also, the dimensions of the typical chamber, used for
the in vitro experiments, and the dimensions of electrodes by which the electric
pulses are delivered to the suspension are much larger compared to diameters
of the cells and their mutual distance. The electric field intensity can then be
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calculated using a simple formula E = U/, which is the electric field intensity
inside ideal capacitor, constructed of two charged parallel plates of infinite
surface, where [/ is the distance and U is the voltage between the plates. For the
ex vivo electroporation of tissues or in vivo electroporation in the living organ-
isms, the electric field resulting from the pulse delivery with electrodes usually
used (8) can no longer be considered homogenous.

In the case of ex vivo electroporation there is usually only one type of tissue
involved, but the pulses are delivered using either plate electrodes of various
shapes, placed on the surface of the tissue, or needle electrodes, inserted into
the tissue. Both types of electrodes will result in an inhomogeneous field. Fur-
thermore, the biological tissue can not be considered a homogenous conductor.
It is composed of cells, which have plasma membranes with very low electric
conductivities compared to the conductivity of cytoplasm and extracellular
medium. The shape of the cells and their organizations in the tissue are differ-
ent for each particular type of the tissue (9) thus resulting in different distribu-
tions of electric field inside the tissue. In the case of electroporation, the electric
conductivity of plasma membrane is increased, which substantially changes
the electric phenomena inside the tissue and makes electric field distribution
even more complex.

In the case of in vivo electroporation, there are usually many different tis-
sues/organs with different electrical properties involved. Together with the
diversity of their geometry, dimensions, and structure this results in even higher
degree of inhomogeneity of the electric field resulting from the pulse delivery.
The variety of the electrodes’ shapes, dimensions and positions used for the in
vivo electroporation and the difference in the resulting biological responses
(10,11) further point to the difference in electric field distribution resulting
from specific electroporation regime.

Mathematical modeling is a new approach in evaluation of the electrical
phenomena during electroporation in vivo. Calculation of electric field distri-
bution is a relatively simple, yet efficient tool for the analysis and explanation
of experimental results. The influence of electric parameters (shape, dimen-
sions and position of the electrodes), as well as tissue/organ characteristics on
the distribution of electric field can easily be evaluated. Different electro-
poration regimes and experimental conditions can be analyzed and new experi-
ments planned at lower costs. However, all mathematical models must be
rigorously validated with adequate measurements of electrical parameters in
vivo. Furthermore, mathematical modeling can not replace experimental work,
it is merely a source for additional information in the explanation of the phe-
nomena and experimental planning. Anyway, it can contribute to the knowl-
edge and the understanding of the processes involved in electroporation.

Mathematical modeling has a rather long history in the field of biomedical
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engineering and bioelectromagnetism. First reports were published in the six-
ties (12) and were related to electrocardiology. Electromagnetic field calcula-
tion has preserved its importance in the cardiology until now (13,14). The
majority of reports dealing with the use of different analytical and numerical
calculations were from this field of medicine. In the so called forward or direct
problem, the aim of the research was to determine body surface potentials from
the known active sources in the heart. The objective of the so called inverse
problem was to estimate the source current density in the heart which results
in electromagnetic signals measured outside or on the surface of the body i.e.
electrocardiograms (ECGs) and magnetocardiograms (MCGs). Calculations
of electric fields were also used in the studies of external cardiac pacing (15)
and defibrillation (16), where they proved to be an efficient tool for the optimi-
zation of electrode systems. Similar approach can be found in the studies of the
electromagnetic fields in the human brain (17,18), where forward and inverse
problems are defined in a similar way relating cerebral electromagnetic sources
with the electromagnetic signals outside or on the scalp, that is, magneto-
encephalograms (MEGs) and electroencephalograms (EEGs), respectively.
Magnetic and electric neurostimulation of the brain were also analyzed using
mathematical modeling (19,20). In oncology, mathematical modeling was
widely used in the analysis of the hyperthermia where both the electromag-
netic and thermal phenomena were analyzed (21). Electrode configuration
(position, sizes and driving voltages) for radio frequency (RF) hyperthermia
was also optimized by means of mathematical modeling (22). In the last
decade with the increased awareness of the possible health risk effects of elec-
tromagnetic fields (cellular phones, power transmission lines, radars, magnetic
resonance imaging systems, home appliances, etc.) a lot of research groups
were calculating energy absorbed in human body. Many different numerical
methods were applied in those studies (23,24) due to diversity of problems in
this area of research.

2. Definitions and Basic Theory
2.1. Volume Conductor Theory

The electric field in the biological tissue, resulting from an application of
constant direct electric current, can be considered quasi-stationary, i.e. its time
variations can be neglected (25). Its distribution is described by equations for
the steady electric currents in the volume conductor. The relation of electric
current to voltage and resistance is described by Ohm’s law. For the biological
tissue, where both positive and negative charge carriers are present with differ-
ent characteristics, the electric current density J (units: A/m?) is defined by the
point form of Ohm’s law:
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J=v-E, ey

where E (units: V/m) is electric field intensity and is defined as the negative
gradient of the scalar electric potential u (units: V):

E=-Vu. (2)

v is the electric conductivity of the material (units: S/m) and is in the most
generalized case of the anisotropic volume conductor described as a tensor:
Txx ’ny Yxz
Y= Yyx Yyy Yyz . (3)
YZX YZy YZZ
When the conductivity of the material can be described in an orthogonal coor-
dinate system (x—y—z) and referred to the principal axes, and both the electric
field and the current density are related to the same coordinate system, then
all nondiagonal elements are equal to zero and the above matrix becomes
diagonal:

Yxx 0 0
Y= 0 Tyy 0 . 4)
0 0 Yzz

There are two different conductivities in the anisotropic biological tissue (skel-
etal and cardiac muscles), the parallel or longitudinal, and the perpendicular or
transversal. The directions are referred to the orientation of the muscle fibers.
If the muscle tissue is oriented along one of the principal axes in the coordinate
system, two of the elements in the above matrix, describing conductivities in
the perpendicular direction, are equal. Computation of the electric field is sim-
plified if the model can be described in cylindrical co-ordinate system.

Boundary conditions across interface of two volume conductors with differ-
ent conductivities are:

Jnl = Jn2’ (5)
where J,,; and J , are the normal components of J at the boundary surface in the
volume conductors 1 and 2, and:

Ey=Epy, (6)
where E|; and E,, are the tangential components of E at the interface.

The equation of the continuity for current states that free charge cannot
remain within a conductor and is the field equivalent of Kirchoff’s current law,

which states that the net current leaving a junction of several conductors is
zero. The continuity equation in the differential form is:

V-J=0. (N
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Considering the point form of Ohm’s law Eq. 1 we obtain:
V-(y-E)=0. (®)
Using the definition of the electric field intensity Eq. 2 yields:
V-ly--Vu]=0 ©

If the volume conductor is homogeneous and isotropic (Y is scalar), then the
above equation becomes Laplace’s equation:

V2u = 0. (10)

Equation 10 is a partial differential equation of elliptic type, which together
with two types of boundary conditions describes electric field inside the vol-
ume conductor. The two types of boundary conditions are: the Dirichlet bound-
ary condition defined as a fixed scalar electric potential, that is, applied voltage
on the surface of the model:

u=i, (1)

and the Neumann boundary condition defined as a first derivative of the scalar
electric potential in the direction normal to the boundary surface of the
model,that is, current density flowing in/out of the model in the direction nor-
mal to the surface, divided by the conductivity of the tissue:

q_au _ Jn . (12)

T on Y

Laplace’s equation can be solved analytically or using one of the numerical
methods. The analytic method is suitable when the geometry, inhomogeneities
and anisotropies of the volume conductor are describable in the same coordi-
nate system, i.e. Cartesian, spherical or cylindrical. Models in which this con-
dition is not fulfilled result in complicated systems of equations, which are
difficult to solve. A majority of numerical methods, on the other hand, allow
approximation of any geometry, material properties, and boundary conditions.
Most methods also allow definition of various material inhomogeneities and in
some methods anisotropies can be defined. Complex geometry, inhomogene-
ities and anisotropies of the tissue are characteristic properties of most of the
biological systems. The use of numerical techniques is therefore more appro-
priate in such studies.

2.2. Finite Element Method

The finite element method has proven to be very effective in numerous com-
putations of the electric field inside biological systems (26,27). The
discretization of the domain is the first step in majority of the numerical
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methods. In the so-called domain methods, for example, finite element or finite
difference, the whole volume of a three dimensional model has to be
discretized. In the so-called boundary methods, e.g. boundary element method,
only boundary surfaces bounding regions of the model with the same material
properties, for example, specific biological tissue (skin, muscle, etc.), have to
be discretized. The discretization of the domain in finite element method
involves the decision about the type, number, size, and shape of the finite ele-
ments to model the real biological system, for example, tissue, organ, whole or
part of the body. There are no theoretical guidelines on how to perform this
step. It is merely an art, which depends on the use of engineering judgment, but
can produce inaccurate results if not done properly.

The next step of the finite element method approach is the selection of the
electric quantity which will be calculated and from which all other electrical
quantities will be derived. The scalar electric potential « is a good choice in the
volume conductor calculation since it results in less complex calculations. The
continuous function of electric potential « is then approximated by a discrete
model composed of a set of piecewise continuous functions, usually polynomi-
als, defined over each particular finite element. Appropriate material proper-
ties, i.e. electric conductivities, have to be assigned to each particular element.
Anisotropic conductivities can as well be applied and result in a specific type
of finite element i.e. different function. This is a very important step since it
has a strong influence on the results. Several reports about electrical properties
of living tissues can be found in the literature (28,29). Then the boundary con-
ditions are applied. As described in the previous subsection, two types of
boundary conditions apply in the volume conductor modeling: fixed scalar
electric potential and/or first derivative of the scalar electric potential in the
direction normal to the boundary surface of the model, that is, current density
flowing in/out of the model in the direction normal to the surface, divided by
the conductivity of the tissue. In the modeling of in vivo electroporation, dif-
ferent positions and electrode shapes in models can be represented by applying
appropriate boundary conditions, for example, correspondent values of elec-
tric scalar potential.

After this a set of simple equations describing the discretized scalar electric
potential throughout the whole volume of the model is obtained. After rear-
ranging, this system of equations is solved using one of the appropriate
numerical methods. At the end, all other desired electrical quantities are calcu-
lated from the resulting discrete values of scalar electric potential. The finite
element method is described in greater detail in numerous references (30,31).
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3. Analysis of Electric Field Distribution in Electrochemotherapy

As it was mentioned in the introduction, various electrode geometries were
used in the in vivo studies involving plasma membrane electroperme-
abilization. In electrochemotherapy, membrane permeabilization is used to
enhance delivery of chemotherapeutic drugs into the tumor cells and increase
antitumor effectiveness. Namely, some chemotherapeutic drugs used in cancer
therapy have poor access into the tumor cells. Furthermore, lower systemic
doses of chemoterapeutic drugs are required for successful therapy and thus
adverse side effects are reduced. Numerical modeling can be used as a tool for
the explanation of the observed effects.

In one of the several studies of the efficacy of electrochemotherapy of solid
tumors, performed in Ljubljana (10), it was demonstrated that changing elec-
trode orientation improves the efficacy of electrochemotherapy of solid tumors
in mice (see also Chapter 14 by Cemazar). Ehrlich ascites tumor in CBA mice
was used as a tumor model. When the tumors reached approximately 40 mm?
in volume, they were treated with the combination of intravenously injected
Bleomycin (Mack, Germany) and trains of square-wave high voltage DC pulses
(amplitude 1040 V, pulse width 100 us, repetition frequency 1 Hz). Electric
pulses were delivered by two parallel stainless steel plate electrodes 8§ mm
apart (two stainless steel strips, 7 mm in width with rounded tips). Good con-
tact between the electrodes and the skin was ensured by means of conductive
gel. Tumors were treated either with 4, 8, or 444 pulses in train. In the last
group the second train of 4 pulses was delivered with electrodes oriented per-
pendicularly with respect to the first one with a time interval of 1 s between the
two trains of pulses, that is, 4+4 pulses. This changing of the electrode orienta-
tion resulted in improved anti-tumor efficacy of the electrochemotherapy: pro-
longed tumor growth delay and higher percentage of short and long term
complete responses of the tumors.

3.1. Finite Element Model of a Mouse
With Subcutaneous Solid Tumor

In order to explain improved antitumor effectiveness in changing electrode
orientation experiments and to gain more detailed insight into electrical phe-
nomena inside tumour and in the surrounding tissue during different
electrochemotherapy regimes, a three-dimensional (3D) anatomically based
finite element model of the mouse with injected subcutaneous solid tumor was
built (32). The geometry of the model was based on the 14 cross section scans
of a typical animal with a subcutaneous tumor obtained by magnetic resonance
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Table 1
Electric Conductivities of the Tissues Used in the Model
of the Mouse With Subcutaneous Tumor

Tissue Conductivity ¥ (S/m)

Skin 0.04

Fat 0.046

Muscle Yix = 0.225
Yyy = 0.225
Y.=0.9

Bone 0.025

Connective tissue 0.025

Intestine 0.55

Kidneys 1.01

Liver 0.333

Lungs 0.07

Heart Y= 0.2
Yyy=0.2
Y.=0.9

Tumor 0.125

imaging (MRI). The distance between the two neighboring cross sections in
the longitudinal direction was 2.7 mm. There were eleven MRI scans in the
abdominal and three in the thoracic part of the body of the mouse. Resulting
three-dimensional geometric structure was built of eleven different tissues
(organs), that is, skin, fat, skeletal and heart muscles, bone, connective tissue,
intestine, kidney, liver, lung and tumor. Each of these tissues (organs) formed
a closed region and a mesh of 3D finite elements was generated inside with
appropriate material properties assigned to the elements in each region. Aniso-
tropic characteristics were considered for skeletal and heart muscles, while all
other tissues (organs) were modeled as isotropic. The values of the electric
conductivities of tissues (organs) used in the model were collected from litera-
ture and used in one of previous studies where similar model was verified with
the measurements of electric potential in the 5 points in the tumor and sur-
rounding tissue (27). All tissue conductivities are listed in Table 1. Resulting
3D model was made of 7089 3D finite elements which were defined by 7578
grid points. The cross section through the tumor in which the results were
observed is shown in Fig. 1.

Different electrode orientations were obtained by applying appropriate
boundary conditions in the grid points on the outer surface of the model corre-
sponding to each of the two electrodes. Increased area with the same electric
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Fig. 1. Three-dimensional anatomically based finite element model of a mouse with
subcutaneous solid tumor. Shaded plane represents cross section through the middle
of the tumor in which the results were shown.

potential under each electrode resulting from the use of conductive gel was
also considered. Fixed values of scalar electric potential, that is, Dirichlet
boundary conditions, were assigned to grid points in the regions where elec-
trodes were placed. Two electrode configurations were modeled according to
the position of the electrodes with respect to the tumor, e.g. cranial/caudal and
dorsal/ventral. Potentials of 0 V and 1040 V were assigned to groups of appro-
priate grid points of the finite element mesh corresponding to each of the elec-
trodes thus modeling the conditions in the experimental study. The width of
both electrodes was 7 mm and their thickness was 0.9 mm. In the cranial/cau-
dal electrode configuration the positive electrode was placed on the left side of
the tumor in the direction towards the head of the mouse. The distance between
the electrode and the edge of the tumor was 0.9 mm. The negative electrode
was placed on the other (right) side of the tumor in the direction towards the
tail of the mouse and the distance between the electrode and the edge of the
tumor was again 0.9 mm. In the dorsal/ventral electrode configuration the posi-
tive electrode was placed above the tumor in the direction towards the back of
the mouse. The distance between the electrode and the edge of the tumor was
0.9 mm. The negative electrode was placed on the other side below the tumor
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and the distance between the electrode and the edge of the tumor was again
0.9 mm. On the remaining outer surfaces of the model, the Neumann boundary
condition was applied. This boundary was considered as the interface between
a conducting medium and air (assumed as an ideal dielectric). Since the con-
ductor (skin layer) was linear and isotropic, the usual Neumann condition was
applied i.e. the normal derivative of the electric potential on the interface
between the model and surrounding air was zero.

3.2. Validation of the Model

The process of the mathematical model validation is of utmost importance.
A very basic method of validating in vivo models is simply to compare mea-
sured and calculated values of total currents flowing in/out of the model and
correspondent potentials/voltages for each particular experimental regime. If
there is high correlation between calculated and measured values, the model
can be considered a good approximation of the actual electrical phenomena
inside biological tissue.

In order to validate previously described model in greater detail current den-
sity distributions in tumor were qualitatively evaluated for different specific
electrode sets by means of magnetic resonance current density imaging (33).
Electric current density imaging (CDI) is a magnetic resonance imaging (MRI)
technique that images current density by acquiring data from phase shifts in
proton precession. Phase shifts are caused by short pulses of direct electric
current, which are passing through the sample during imaging time (34,35). In
this study, four point copper electrodes with diameter of 0.6 mm were used,
two by two placed on each cross-plane of the tumor. The point electrodes were
connected to the voltage amplifier as shown in Fig. 2. Two configurations of
electrodes were thus used: the 242 electrode set, where all four electrodes were
connected to the voltage amplifier (Fig. 2¢); and the 2+1 electrode set, where
just three electrodes were connected to the voltage amplifier as depicted in
Fig. 2b. These two electrode configurations where chosen in order to produce
notably different current density and thus electric field distribution in the
observed plane (dashed line in Fig. 2) of the tumor as well as in the whole
tumor. This difference allowed us to validate the model by means of current
density imaging (CDI) and electrochemotherapy effectiveness. CDI was used
to map spatial distribution of electric currents through mice tumors. Mice were
placed into a stereotactic frame and four point electrodes in pairs two by two
with a small amount of conductive gel were affixed to the tumor. The elec-
trodes were connected to a DC voltage amplifier and the voltage applied to the
tumor was 50 V with total duration of current pulses 10 ms. Throughout the
imaging time electric current was controlled with an oscilloscope and a volt-
meter. To construct a map of electric current density spatial distribution (j, in
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Fig. 2. Schematic presentation of 2+1 and 2+2 electrode set positioning with respect
to the tumor and point electrodes electrical connections. The plane of current density
images and presentation of numerical results is depicted with dashed line.

xy-plane), mice were imaged at two orientations 90° apart about z-azis, as
required by theory.

CDI images qualitatively show the effect of the two different electrode sets
on the current density spatial distribution through the tumor. Figures 3A and 3C
are conventional MR images, where anatomical structures of the mouse can be
seen, with current density maps superimposed in the tumor area. In the 2+1
electrode set, a small region of higher signal intensity was observed in the CDI
image (Figure 3a), which corresponds to higher current density and thus to
higher electric field intensity. CDI signal was decreasing towards the opposite
side of the imaged plane, where the unconnected electrode was placed. When
all four electrodes were connected to the voltage amplifier (2+2 electrode set)
current density throughout the imaging plane can be observed with two regions
of higher current density (Fig. 3C) and thus higher electric field intensity.
Qualitatively similar results in spatial distribution of current density were
obtained by calculating current density in the observed plane of the finite ele-
ment model at 50 V for 2+1 electrode set (Fig. 3B) and 2+2 electrode set
(Fig. 3d). The results clearly show that spatial distribution of current density
obtained by means of CDI is qualitatively similar to the calculated spatial dis-
tribution of current density in the observed plane using 3D FE model of a mouse
with subcutaneous solid tumor.

In addition, the current measured during CDI was 4.7 = 0.3 mA and
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Fig. 3. Two-dimensional current density spatial distribution: (A) current density
imaging (CDI) map using 2+1 electrode set (C) using 2+2 electrode set, both superim-
posed on a conventional MR images of a mouse with solid subcutaneous tumor; (B)
calculated current densities from the finite element 3D model for 2+1 and (D) 2+2
electrode set. For CDI images current density is given in arbitrary units, i.e. pixel
intensity (a and c). Calculated current density is given in A/m (b and d).

6.3 £ 0.6 mA (mean = standard deviation) in 2+1 and 2+2 electrode set, respec-
tively at voltage being kept constant at 50 V. The total current in the model for
50 V was 4.5 mA and 6.1 mA for 2+1 and 2+2 electrode set, respectively.

The above validation attempts demonstrate that numerical model is reli-
able and can be very useful in further search for electrodes which would make
electrochemotherapy and in vivo electroporation in general even more
efficient.
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Table 2

Mean Values of the Magnitude of Electric Field Intensity Compared
to the Antitumor Effectiveness of Electrochemotherapy with 2+1
and 2+2 Point Electrode Set

Electrochemotherapy E . ean Inside Tumor (V/cm) Growth Delay (days)
2+1 electrode set 202 7713
2+2 electrode set 251 14.0+2.0

3.3. Effect of Electric Field Distribution on Electroporation:
Comparison of Numerical and Experimental Results

In order to further validate our numerical model we performed
electrochemotherapy with 2+1 and 2+2 point electrodes on solid subcutaneous
fibrosarcoma SA-1 tumors in A/J mice. Eight square pulses of 1300V, 100 s,
repetition frequency 1Hz were delivered 3 minutes after intravenous injection
of 5Smg/kg bleomycin. Control experimental groups comprised bleomycin
alone, electric pulses alone and not treated tumors. As expected from numeri-
cal results and current density images, electrochemotherapy with 2+2 elec-
trode set was more efficient than 2+1 electrode set (Table 2).

Distribution of scalar electric potential was also calculated for cranial/
caudal and dorsal/ventral plate electrodes configuration. Distribution of elec-
tric field intensity was then calculated from the values of the scalar electric
potential in the grid points of the model. For the electrode configuration 4+4,
where for the last 4 pulses the electrodes were oriented perpendicularly with
respect to the position of the electrodes for the first 4 pulses, electric field
distribution was determined as a combination of the results for the cranial/
caudal and dorsal/ventral electrode configurations. Since electroporation is a
threshold phenomenon, it can be assumed that in the 4+4 electrode configura-
tion the effective magnitude of electric field intensity in each finite element of
the model is the highest of the magnitudes for cranial/caudal and dorsal/ventral
electrode configurations in that particular element. Based on this assumption
we determined the values of the electric field intensity for all 7089 finite ele-
ments of the model.

The results were observed in the cross section plane through the middle of
the tumor alongside it (see Fig. 1), since we were most interested in the electri-
cal phenomena inside tumor tissue. In Fig. 4 the results for the all three elec-
trode configurations are shown. In both cranial/caudal and dorsal/ventral
electrode configurations, the maximum magnitude of electric field intensity
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Fig. 4. Electric field distribution (from the top) for the cranial/caudal, dorsal/
ventral and 4+4 electrode configurations in the observed cross section (left) and histo-
grams of electric field intensity in total 48 elements representing the tumor in 3D finite
element model (right). Projection of the electrodes to the observed cross section and
tumor location is marked in cranial/caudal and dorsal/ventral electrode configurations.
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Table 3

Mean Values of the Magnitude of Electric Field Intensity Compared

to the Antitumor Effectiveness of Electrochemotherapy With Electrodes
in Different Orientations and Changing of the Electrodes, i.e., 4+4
electrode configuration

Electrochemotherapy E .., Inside Tumor (V/cm) Growth Delay (days)
Cranial/caudal 327 17.10 £ 1.60
Dorsal/ventral 406 2135+ 1.94
4+4 425 26.17£2.32

inside the tumor is obtained on the opposite sides in proximity of the elec-
trodes. It is much lower in the middle of the tumor and it falls even more
towards edges of the tumor in the direction away from the line connecting
electrodes. This pattern is in good agreement with the experimental results.
Namely, in the group where electrode orientation was not changed many of the
tumors regrew after successful treatment in the margins where there was no
contact with the electrodes (10) (see Chapter 14 in ref. 3).

The distribution of the electric field was more precisely studied for 48 ele-
ments representing subcutaneous tumor since we were most interested in the
electrical phenomena inside tumor tissue. The values of electric field intensity
are presented in Fig. 4 in the form of histograms for each of the electrode
orientations. The summary of the data together with experimental results, i.e.
growth delays are listed in Table 3. Good agreement between the level of anti-
tumor effectiveness and the mean value of electric field intensity for each par-
ticular electrochemotherapy treatment regime can be noted.

4. Summary and Conclusions

Mathematical modeling for in vivo electroporation has proven to be simple
and efficient tool for the analysis of electrical phenomena inside biological
tissue. It is very useful for the explanation of experimental results and analysis
of different electroporation regimes. It was also demonstrated, that better cov-
erage of tumors with sufficiently high electric field is necessary for improved
effectiveness of electrochemotherapy and so this approach can be very useful
in further search for electrodes which would make electrochemotherapy and in
vivo electroporation in general more efficient. The objective of such studies
would be to optimize electrode configuration in order to obtain electric fields
over threshold value in the whole selected tissue, for example, tumor, and mini-
mize it in the surrounding and deeper tissues.

Validated mathematical models make possible analysis and optimization of
the shape, position and dimensions of the electrodes used in electrochemo-
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therapy for its better antitumor effectiveness and reduction of the required
quantity of chemotherapeutic drug for the successful therapy that will reduce
its undesired side effects on the healthy tissue. Furthermore they can help to
minimize other possible side effects (pain, contraction of the surrounding
muscles, influence of the induced currents on the deeper lying tissues and
organs). Mathematical modeling can also provide information about electric
currents in deeper lying organs, e.g. heart, and will be very useful in studies of
safety measures that need to be taken in clinical use. In addition, the results
obtained are also relevant for in vivo gene transfection by means of
electroporation.

Mathematical modeling can be very useful in the transfer of the knowledge
gained in experimental work into clinical practice. With its contribution to the
development of electrochemotherapy and electro gene transfection it can bring
benefits to individual patients as well as to the society. Electrochemotherapy is
an attractive approach to the treatment of cancer not only because it seems to
be effective in local tumor control, but also because it is an approach that can
help to circumvent the side effects of chemotherapy. This would reduce the
costs of cancer treatment induced by the care of the side effects, which are
frequently responsible for prolonged stays in the hospitals and large consump-
tion of drugs other than the cytotoxic drugs. With its possibilities in the optimi-
zation of the electrochemotherapeutic regimes and local in vivo gene
transfection, mathematical modeling can substantially contribute to this aims.
The long term perspective of mathematical modeling is to contribute to under-
standing and wider clinical applicability of electrochemotherapy in treatment
of cancer and of electro gene transfection as a future treatment for various
diseases.
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1. Introduction

The permeability of a cell membrane can be transiently increased locally
when an external electric field pulse with an overcritical intensity is applied. A
position dependent modulation of the membrane potential difference is induced
during the pulse. A local membrane alteration is created, which may reseal. Its
molecular definition remains unknown. This phenomenon is now commonly
known as electroporation or electropermeabilization. The former term implies
that physical pores are created in the lipid matrix. However their existence has
never been clearly demonstrated. The term electroporation is therefore rather
misleading.

The term electropermeabilization specifies a change in permeability with-
out any mechanistic description. A free exchange of hydrophilic molecules
indeed takes place across the membrane. This means that a leakage of cytoso-
lic metabolites is present. Loading of polar drugs into the cytoplasm can be
obtained. Under suitable conditions depending mainly on the pulse parameters
(field strength, pulse duration, number of pulses), the viability of the cell can
be preserved. Electropulsation is therefore an elegant way to gain access to the
cytoplasm and to introduce well-defined foreign molecules (1-3). This
approach is routinely used in cell and molecular biology, in biotechnology, and
more recently in medicine. It is now proposed as a very efficient way for drug,
oligonucleotide, antibody and plasmid delivery in vitro and in vivo for clinical
applications (4-7). Moreover, by affecting the stratum corneum, it could
enhance transdermal delivery mediated by iontophoresis (8,9).
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There is a general agreement that very little is known about what is really
occuring in the cell and its membranes at the molecular levels. The focus of
this chapter is to review the current facts dealing with in vitro mammalian cell
permeabilization to small molecules such as drugs and to large molecules such
as proteins.

2. In Vitro Delivery of Small Molecules
2.1. Effect of Electric Field Parameters

Cells in an electric field are submitted to different effects. The most impor-
tant is the modulation of their native transmembrane potential difference AY,,.
This is due to the electrical discontinuity built by the membrane which is con-
sidered as a dielectric with leaks. The electrically induced potential difference
AW}, at a point M on the cell surface can be written as:

A¥ = Fg(\rE cos 0 (M) (1)

where F is related to the shape of the cell (often assimilated to a sphere for cells
in suspension), g depends on the conductivity A of the membrane, which is not
a pure dielectric and where conducting leaks are present, r is the radius of the
cell, E the field strength and 6 (M) the angle between the normal to the mem-
brane at the position M and the direction of the field (10). The field induced
potential difference is added to the resting one (11). Being dependent on an
angular parameter (0), the field effect is position dependent on the cell surface.
Therefore, one side of the cell is going to be hyperpolarized while the other
side is depolarized (Fig. 1).

2.1.1. Effect of Electric Field Strength

Permeabilization is triggered as soon as the resulting potential difference
reaches a critical threshold. Permeabilization is then controlled by the field
strength E. It occurs only on the part of the cell surface where the membrane
potential difference has been brought to its critical rupturing value (12,13).
The field strength controls two effects: (i) it is the trigger of permeabilization.
For a given cell, it must be larger than a critical value E, for the membrane
unbalance to appear; (ii) when larger than E,,, it controls the geometry of the
part of the cell surface which is affected. E;, is linked to the reciprocal of r from
Eq. 1. Larger cells are therefore permeabilized at electric field values lower
than the ones required to permeabilize smallest cells (5). For a given cell popu-
lation, with inhomogeneous sizes, increasing £ induces an increase in the per-
centage of cells that are permeabilized (Fig. 2). But the structural alteration,
which occurs in this alterated cap, is not controlled by the field strength (14,15).
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hyperpolarisation  depolarisation

Fig. 1. Effect of electric field on the modulation of the transmembrane electric
potential difference of a cell. The electric field leads to the induction of a transmem-
brane potential difference AWy which surrimposes to the native one A',. The arrows
are representative of the electrical potential gradient direction: closed arrows, resting
potential, open arrows, electric field induced potential. Their length is indicative of
the magnitude of the potential difference. Cell is then hyperpolarized at the anode
facing side, and depolarized at the cathode facing side.
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Fig. 2. Effect of the electric field parameters on the electropermeabilization of cells.
CHO cells are pulsed at a 1-Hz frequency in the pulsation buffer in the presence of
propidium iodide. The percentage of fluorescent cells is plotted as a function of the
electric field intensity for different number of pulses and duration values: 10 pulses at
0.1 ms duration (O), 10 pulses at 5 ms (A), 20 pulses at 5 ms (®).
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2.1.2. Effect of Pulse Duration

At a given electric field strength E, higher than E,,, increasing 7 induces an
increase in permeabilization efficiency (Fig. 2). The fraction of the cell surface
which is affected by the electric pulse is not dependent on the pulse duration 7,
it is controlled by E. But the extent of permeabilization, that is, the density of
alterations is strongly controlled by 7, not by E.

2.1.3. Effect of the Number of Pulses

The fraction of the cell surface where permeabilization takes place does not
depend on the number of pulses N. But, as for pulse duration, the density of
alterations, meaning the efficiency of permeabilization, is controlled by N
(Fig. 2).

2.2. Electropermeabilization
2.2.1. A Fast and Localized Process

Using video observation of single cells under a fluorescence microscope
gives more direct observations. Membrane conductance changes can be
observed (16). Uptake can be visualized by videomicroscopy. Specific label-
ling with hydrophilic markers is obtained during and after the pulse (17,18).
Propidium iodide passive diffusion in cells is a very slow process, with half-
time of 2.5 hours. In electropermeabilized cells, half-time values of uptake in
the cytoplasm and the nuclei decreased to 1.3 and 1.6 minutes (18), that is, by
two orders of magnitude.

Micrographs of uptake of propidium iodide into CHO cells submitted to
electric pulses are shown in Fig. 3. Propidium iodide uptake in the cytoplasm
is a fast process that can be detected in the seconds following pulsation. Less
than one minute later, it appears at the nuclei level. Moreover, and in agree-
ment with other works, exchange across the pulsed cell membrane is not ho-
mogeneous. It occurs at the positions of the cells facing the electrodes on an
asymetrical way mainly at the anode facing side of the cells (19-22).

The critical potential difference value AW, leading to cell
permeabilization is the sum between AW, and AWg; it has been recently
reevaluated to be of the order of 200 mV (17,23). From Eq. 1, it is clear that
this is obtained for low critical field intensities, only for 0 close to 0 or m. It is
only the parts of the cell surface facing the electrodes, which are affected. E, is
such that:

A¥g = Fg(M)7E, )

This electropermeabilized state of the membrane is observed to be only local
on the cell surface as predicted. The extent of the permeabilized part of the cell
surface, Ay, is given by:
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Fig. 3. Visualization of propidium iodide penetration into electropermeabilized
cells. Plated B16 cells have been permeabilized on culture dish under the microscope
by application of 10 pulses, 5 ms, 1 Hz frequency at 0.8 kV/cm intensity in the pres-
ence of the dye propidium iodide. The set of events is reported with time. Large
arrows indicate the side of cells facing the anode, while thin arrows are relative to the
side of cells facing the cathode. (A) Cells under phase contrast. (B) before pulsation.
(C) 1 second after the last pulse. (D) 5 seconds after the last pulse. (E) 30 seconds after
the last pulse. (F) 60 seconds after the last pulse.

Aperm = Aot (1 = Ey/E)/2 3)

where A, is the cell surface, assumed to be a sphere, and E is the applied field
intensity (when a square wave pulse is applied). The factor 2 is relevant of the
asymmetry of the field effect (Fig. 1).

2.2.2. A Reversible Process

A key feature of cell electropermeabilization is that it is long-lived. It must
nevertheless vanish to preserve cell viability. This reversibility in the mem-
brane alteration is strongly controlled by the postpulse temperature (24).
Kinetic studies of electropermeabilization lead to a description in four steps:

1. The field induces the membrane potential difference increase which gives local
defects (may be due to kinks in the lipid chains) when it reaches a critical value
(about 200 mV)(“Induction step”). This occurs only if the field strength is larger
than a threshold value (E,).

2. These defects expend in size as long as the field is present and with a strength
larger than a critical value (“Expansion step”).
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3. As soon as the field intensity is lower than this threshold value, a stabilization
occurs which brings the membrane to the permeabilized state for small molecules
(“Stabilization step”).

4. A slow resealing then occurs (24-26). It is a first-order process.

The pulse duration and the number of pulses control the second step. A key
observation is that when the delay between the pulses is short enough (second
time range) to make the contribution of step 4 negligible between pulses, an
additive effect of successive pulses is present. Step 3 has a dramatic conse-
quence when a capacitor discharge electropulser is used. The effective pulse
duration is position dependent on the cell surface. An heterogeneous
permeabilization is present in the cap which is affected by the field (27).

2.2.3. Molecule Exchange Controlled by Chemical Nature

Electropermeabilization allows the free diffusion of small molecules and
ions whatever their chemical nature. Polar compounds easily cross the mem-
brane. Free diffusion is observed even with dextrans and oligonucleotides with
molecular weights up to 4 kDa. In intact cells, the intrinsic cytotoxicity of a
drug can be hindered by a limited diffusion across the plasma membrane and/
or by its accumulation and degradation in lysosomes.

Electropermeabilization of cells allows cytotoxic drugs to have a direct
access to the cytosol (28). For the last 20 years, different attempts have been
described to use electropulsation for clinical purposes. In clinical applications,
targeted drug delivery faces several problems. As most pharmacological com-
pounds are hydrophilic, they cannot freely cross the membrane. They must use
transporters. The efficiency of the transfer is always very low. It is then clear
that as electropermeabilization gives a free access to the cytoplasm, hydro-
philic drugs will show their potency when added to electropermeabilized cells.
This is used in electrochemotherapy (4). For drugs choosen on the basis of
their physico-chemical properties, their intrinsic cytotoxicity can be increased
(28). The cytotoxic effect of cis-dichlorodiammineplatinium(II) on electro-
permeabilized cells is 2 to 3 times higher compared with intact cells (29). This
effect is enhanced by the hydrophilic properties of the drugs as shown for
anthracycline derivatives (30). Indeed, amphiphilic or small hydrophilic mol-
ecules (actinomycin D, melphalan) displayed a moderate, 2- to 5-fold,
increase in cytotoxicity, while hydrophilic molecules such as bleomycin dis-
played a gain of 700-fold.

2.3. Associated Transmembrane Exchange Quantification

Free diffusion of low weight molecules across the electropulsed cell mem-
brane (after the pulse) can be described by using the Fick equation on its
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electropermeabilized part (14). This gives the following expression for a given
molecule S and a cell with a radius r:

®(S) = 212 P, AS X(N,T) (1 - E,/E) exp (=k(N,T)1) 4)

where @(S) is the flow at time 7 after N pulses of duration, 7 (the delay between
the pulses being short compared to ), P, is the permeability coefficent of
S across the permeabilized membrane and AS is the concentration gradient of S
across the membrane. E, depends on r. The resealing time (the reciprocal of k)
is not dependent on the field intensity for a given cell. It is controlled by the
cumulated pulse duration (NT). Note that Eq. 4 is valid only under the assump-
tion that no resting potential difference is present, and that S is uncharged.
Efflux of a charged molecule such as calcein has been indeed reported to be
controlled by the surface charges (31). Charge repulsion would then alter the
concentration gradient across the membrane. By taking into account the Gouy-
Chapman theory, the following relationship is obtained:

Sinlerface = Sbulk exp (_Ze \Po / kT) (5)

where z is the number of charges, e is the charge of an electron, k is the
Boltzman constant, 7 is the temperature,'¥, is the membrane surface potential.
The membrane surface potential and as such AS is not the bulk-to-bulk gradi-
ent, but the interfacial one which is under the control of ¥ . The membrane
surface potential and as such AS are directly affected by the surface charge
(31). Moreover, and always in the case of charged molecules, the diffusion
across the permeabilized membrane is modulated by the transmembrane
potential difference AY. An electrodiffusive component @ is present, it is
given by the Nernst-Plank relationship by:

Op (S)=— (P, SAYz F)/RT (6)

where F is the Faraday constant and R is the gas constant. So, in the case of
charged molecules, the flow ® of diffusion of the molecule is given by :

@(S) = 27mr2 P, Sy [exp (—ze W,/ kT) — (AWz F)/RT]
X(N,T) (1-Ep / E) exp (—k(N,T)t) (7)

2.4. Electropermeabilization-Associated Physiological Effects

Cell electropermeabilization can lead to cell lysis. This has to be taken into
account in experiments where cell viability must be preserved. Optimization of
different electric field parameters (E,N,T) and of the pulsing conditions (buffer
composition, temperature) has to be performed for each cell line in order to
preserved cell viability. Electropulsation of cells can induce the generation of
reactive oxygen species in the part of the membrane surface where
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permeabilization is induced (32). But, under controlled parameters, cells can
be permeabilized without affecting their functionality. This is the case for
phagocytic cells electroloaded with a drug which maintain oxydizing activities
for several hours after pulsation (33), and also for electropermabilized C6
glioma cells which keep their affinity for isoproterenol and the density of the
beta-adrenergic receptor (34).

3. In Vitro Delivery of Large Molecules

Clear differences of processes by which molecules of different sizes translo-
cate across the electropermeabilized membrane have therefore been proposed.
While small molecules could rather freely cross the permeabilized membrane
for a time much longer than the duration of the electric pulse application, mac-
romolecules transfer could involve more complex steps of interaction with the
membrane and no free diffusion after pulse application (35).

3.1. Effect of Electric Field Parameters
3.1.1. Effect of Electric Field Strength

Only few experimental studies have provided determinations of
permeabilization versus the different electric field parameters (13-36). The
respective effects of the electric field pulse parameters on the transfer of mac-
romolecules by electric fields remain therefore not clearly defined. A strong
increase in the electric field intensity is not needed to incorporate macromol-
ecules into cells as previously shown in the case of bacteria (37). But, the trans-
fer of macromolecules occurs in the area of membrane where permeabilization
to small size molecules occurs (38,39).

3.1.2. Effect of Pulse Duration

Optimum conditions for macromolecules transfer are obtained at high pulse
duration T values but moderate values of the electric field intensity E to pre-
serve the viability. A quantitative study of molecular transport of bovine serum
albumin in erythrocyte ghosts has been described, a cell model where viability
however cannot be evaluated (40). In that study, BSA uptake was correlated
with the total time integral of field strength (£, T). In another study, transfer of
DNA has been reported to be proportional to the power of the pulse (E? T,,,)
according to a polarization mechanism (41,42). These results are in line with
previous works showing the importance of optimizing E and 7 in gene transfer
experiments (37—43). It was suggested that excessive field strength could lead
to permeation of a wider area, or forming larger pores that may exceed the
resealing limit (43). The same conclusion was also reported by Rosemberg and
Korenstein (44); E controlling the total area of membrane that undergoes
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permeabilization, and T the diameter of “electropores.” Longer pulses corre-
sponding to low field strength were reported to be more advantageous than the
short ones in terms of gene transfer (45) and protein transfer (46).

3.1.3. Effect of the Number of Pulses

It has been shown that increasing N led to an increase in permeabilization in
mammalian cells (47). This was already observed in the case of low molecular
weight molecules. But, as far as macromolecule transport is concerned, pulse
durations in the ms time range are required as previously reported (48,49),
suggesting a contribution of electrophoretic forces (50). Nevertheless, accu-
mulation of a high number of pulses with shorter duration at a constant cumu-
lated value, that is, with a given electrophoretic contribution, allowing efficient
permeabilization to small size molecules, is associated with a decrease in mac-
romolecule transfer (39). One single pulse with the same cumulated duration,
that is, with the electrophoretic contribution, brings the transfer of macromol-
ecules (39). However, one should note that short pulses have been reported to
efficiently deliver plasmid DNA to cells in vivo (50,51).

3.2. Direct Transfer Only Occurs When Macromolecules
Are Present During the Pulses

Several models assumed that transfer of molecules across the membrane
occured across pores, which have never been observed. Different calculations
of the “electropores” diameter have been proposed from 0.39 to 5.8 nm that
correspond to 0.01% to 2% of the membrane area (41,44,53,54). If these val-
ues look reasonable for the transfer of small size molecules (MW < 4 kDa),
they cannot support the penetration of macromolecules such as plasmid DNA
and proteins.

According to the pore percolation model of Sugar et al. (55), it was pro-
posed that the macromolecule induces coalescence and fusion of permeated
structures when increasing their number with the number of pulses. The trans-
fer could then result (42). Furthermore, the major difference between
electropermeabilization of cells to small and to large molecules is the lifetime
of the competent state for transfer. In the case of macromolecules, the mol-
ecule must be present during the pulse for direct transfer. In the case of FITC-
dextran and [3-galactosidase, addition of these macromolecules in the minutes
following pulsation was associated with a vesicular distribution due to a
macropinocytosis induced phenomenon (56-58). These results agree with other
studies showing that recovery of membrane integrity after the pulse treatment
assayed from membrane conductance revealed the existence of at least two
recovery processes. Conductance decreased strongly in about one millisecond
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after the pulse, a fast process that alone did not lead to complete recovery,
which occurred more slowly (53). The existence of two kinds of permeated
structures for small and for large molecules can therefore be suggested in agree-
ment with previous reports. Hui (43) suggested the implication of two popula-
tions of pores, in which the macromolecules can penetrate only at high field
strength or long pulse duration via a population of larger size pores.

3.3. Transfer of Macromolecules by Electrofusion

Another way to load cells with macromolecules is to fuse cells with erythro-
cyte ghosts loaded with the molecule of interest (59). This approach can be
used in the case of fragile cells where long pulses cause their lysis. Cells and
ghosts are electropermeabilized separately under their optimum conditions and
with short pulse duration. Their fusion is then induced by the creation of
contact between them by gentle centrifugation. Penetration of FITC-dextran
(70 kDa) and intact tetrameric -galactosidase into 90-95% of CHO cells has
been obtained by this method.

4. Summary and Conclusions

The electric field strength parameter is the trigger of permeabilization. It
defines the area of membrane where permeabilization is created. But, the num-
ber of pulses and their duration control its extent. These parameters have to be
adjusted to each cell line and to each drug to be electroloaded into the cells.
The associated unpairing of the membrane permeability is a stress for the cells.
The physiology of the cell has to be taken into account in the process of
electropermeabilization of cells, in particular in studies where viabilty has to
be preserved.

Clinical applications of the modifications of cells associated to their
electropulsation are just at the very beginning. The most advanced procedure
is Electrochemotherapy, which clinical applications are now developing rap-
idly only 6 years after the first reports by Okino reported in 1987 (60). Technical
difficulties are due to the definition of the local values of the applied field (61).
One of the limiting problems for other applications is that very few
experimental facts have been gathered to explain the physicochemical mecha-
nisms supporting the reorganization of the membrane in cells. Studies are there-
fore needed to understand the cascade of events triggered at the cell (and tissue)
level by electropulsation. They are required to open new methods for clinical
applications.

Electropermeabilization of cell membranes appears not as punching holes in
a lipid layer (the so called electroporation hypothesis) but as a complex pro-
cess where mostly the membrane/solution interface is altered. The recovery
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(resealing) is dependent on the cell metabolism. This biological aspect must be
taken into account in its use in in vivo drug delivery.
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The Basis of Electrochemotherapy

Lluis M. Mir and Stéphane Orlowski

1. Introduction: Electropermeabilization
as a New Drug Delivery Approach

Antitumor electrochemotherapy is a treatment of solid tumors which com-
bines a cytotoxic nonpermeant drug, like bleomycin, with locally delivered
permeabilizing electric pulses (I-3). More generally, a new form of
vectorization is achieved by the combination of nonpermeant molecules with
intracellular targets and of a physical perturbation that locally permeabilizes
the cells. This vectorization does not require chemical, biochemical or biologi-
cal modifications of the targeted compound, since the modification is per-
formed on the target cells. A very convenient way to transiently permeabilize
the cells is the use of appropriate electric pulses (short and intense square-
wave electric pulses) that are not cytotoxic by themselves (1). These electric
pulses reversibly permeabilize the electropulsed cells. Consequently, they
allow increased drug delivery inside cells, particularly in the case of drugs for
which the plasma membrane is a barrier that limits their access inside the cell
[termed nonpermeant drugs] (4). As illustrated in the various protocols reported
in this volume, electrochemotherapy using bleomycin is efficient to eradicate
subcutaneously transplanted and spontaneous small tumors in mice and rats as
well as experimental internal tumors transplanted in rat brain or in rabbit or rat
liver. All the clinical trials (3,5-10) confirm the efficacy of this new therapeu-
tical approach based on an original way to deliver nonpermeant cytotoxic drugs
inside the tumor cells.

The basis of antitumor electrochemotherapy that allows the understanding
of the potentialities of this new treatment of solid tumors and to determine
what type of electric pulses and what type of drugs may be used to obtain an
efficient treatment is described. A good understanding of the basis of
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electrochemotherapy will allow to adapt the general protocols presented in the
second section of this volume to the more specific situations that researchers
and clinicians can find in their practice.

2. In Vitro and In Vivo Cell Electropermeabilization
2.1. Electropermeabilization of Cells in Suspension

It has been previously well established that, in vitro, appropriate brief and
intense electric pulses transiently and reversibly permeabilize cells in suspen-
sion (11-13). It has been shown that the biophysical change induced by the
external electric field imposed during the pulse duration is a position- and
external voltage-dependent modification (AV) of the plasma membrane poten-
tial (11,14-16). At the point M on the cell surface, the value of AV can be
determined according to the formula :

AVy=fX Eq X rX cos ©

where r is the radius of the cell, © is the angle made by the direction of the
external electric field E,,, and by the normal to the cell surface at the point M,
and f is a geometrical factor (f = 1.5 for spherical cells in suspension). The
biochemical and structural consequences of this transmembrane potential
change, that result in cell permeabilization, are not yet fully described at the
molecular level. However, it is known that they locally occur when AVy
reaches a value above a threshold value. The existence of this threshold value
results in the occurrence of a “permeabilization threshold” in the applied exter-
nal electric field (11,14-16).

In vitro, it is easy to experimentally determine the threshold value of the
external electric field resulting in cell electropermeabilization (also termed cell
electroporation). It is also easy to determine the external electric field value
above which irreversible membrane changes are induced and therefore loss of
cell viability is observed. This is essentially due to the fact that in vitro experi-
mental systems have simple geometries in which homogeneous electric fields
can be generated. Thus in vitro, it is easy to determine optimal conditions
simultaneously allowing the achievement of cell permeabilization and the pres-
ervation of cell viability.

2.2. Electropermeabilization of Cells in Tissues

Electrochemotherapy is a drug delivery method based on in vivo cell elec-
tropermeabilization. The achievement of efficient drug delivery inside cells is
restricted to the volume of tissue submitted to electric pulses of an electric
field intensity sufficient to obtain cell permeabilization. Consequently,
electrochemotherapy is a local treatment. For cancer treatment, this approach
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is adequate for the treatment of localized nodules but obviously not conve-
nient, as a single treatment, for the efficient attack of disseminated diseases.

Cell electropermeabilization in animal tissues exposed in vivo to appropri-
ate electric pulses was first characterized in 1994 (17) and is now well estab-
lished. In vivo, due to geometrical constraints among other experimental
difficulties, it is not easy to determine the optimal electrical conditions result-
ing in cell permeabilization and cell viability.

It is important to note that in electrochemotherapy the electric pulses are just
a means for delivering drug inside living cells. On the one hand, this implies
that drug has to be already present in the vicinity of the cells at the time of the
electric pulses application, and on the other hand, this imposes that the electric
pulses must not be detrimental to the cells. Indeed, if the intensity of the elec-
tric pulses is too far above the permeabilization threshold value, the
permeabilized state is irreversible and results in the death of the cells. In that
case, the skin and the normal tissues surrounding the tumors would also be
destroyed (18), precluding any clinical use of this approach.

The aim of the new method is to deliver supportable electric pulses, using
electric field intensities necessary to transiently permeabilize the cells. As a
matter of fact, all the controls performed in antitumor electrochemotherapy
preclinical trials using square-wave pulses of 100 us showed that these electric
pulses never perturbed tumor growth in the absence of bleomycin. Transient
small burns or marks in the areas just in contact with the electrodes can be
observed in vivo in the presence of bleomycin, but the same preclinical experi-
ments as well as the clinical trials (3,5-10) showed that these consequences
of the procedure are benign and reversible and that the treatment is safe and
tolerable.

Electropermeabilization of cells in tissues is still much less characterized
than that of cells in suspension. The existence of an electric field intensity
threshold for bleomycin uptake demonstrated the occurrence of cell
permeabilization in tissues (17). It is noteworthy that the threshold in the tumor
tissue was inferior to the threshold found with the same tumor cells in suspen-
sion exposed to the same type of electric pulses. The reasons for that difference
in sensitivity to the external electric fields have not yet been elucidated. Simi-
larly, it is not yet known if different intensities of the electric pulses are neces-
sary to obtain cell permeabilization in different types of tissues or tumors.
However, what is definitively established is that cell electropermeabilization is
a general phenomenon, resulting from the interaction of the plasma membrane
with the external electric field, and that in consequence it can be obtained for all
tumor types. Therefore, as demonstrated by the initial clinical trials (3,5-10),
electrochemotherapy is applicable to all histological types of solid tumors.
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2.3. Methods of Study

In vitro, several rapid tests have been proposed to find the appropriate con-
ditions for the simultaneous achievement of cell permeabilization and cell sur-
vival. All of them use molecules that cannot diffuse through the plasma
membrane of intact cells, like the fluorescent marker Lucifer Yellow (4),
propidium iodide (19) or trypan blue (20). Lucifer Yellow is very interesting
because it does not bind to intracellular macromolecules. Therefore, it can leak
from permeabilized cells that have permanent cell membrane damage and that
should die. Thus, after cell washing, the cells that contain Lucifer Yellow in
their cytosol are only the cells reversibly permeabilized that, very likely, will
survive their transient permeabilization (4).

In vivo, the tests for the determination of cell permeabilization are much
less easy to perform, and quantitative studies are scarce. Belehradek and col-
leagues (17) showed a four times increased retention of radioactive bleomycin
in tumors exposed to permeabilizing electric pulses as compared to unexposed
tumors. This factor was equivalent to the one observed in vitro (21) using cells
in suspension exposed to external concentrations of radioactive bleomycin
similar to those measured in mice blood at the time of tumor exposure to the
electric pulses. This factor is low compared to the huge increase in cytotoxicity
due to cell electropermeabilization (see Subheading 3.2.1.).

Cell electropermeabilization in vivo was also demonstrated using the huge
increase in bleomycin cytotoxicity when the electric field intensity is above the
threshold necessary to achieve cell permeabilization (17). Indeed, using an
appropriate drug concentration, all the unpermeabilized cells remain alive in
spite of the external presence of bleomycin, while all the permeabilized cells
are killed by the internalized bleomycin. In practice, electric pulses of various
field intensities were applied to pieces of tumors removed from mice three
minutes after bleomycin injection and the cell killing due to the
permeabilization-facilitated uptake of bleomycin was carefully determined
using in vitro cell viability tests.

It is also possible to use the small radioactive nonpermeant molecule
>lChrome-EDTA (22,23). The interest of this marker is its large renal clear-
ance that rapidly reduces its plasma concentration. Therefore the accumulation
of this marker in any reversibly electropermeabilized tissue becomes detect-
able after very short times (e.g., one hour), which reduces the experimental
constraints linked to the injection of radioactive isotopes in living animals.

2.4. Role of the Different Electric Pulse Parameters

Since the theory as well as the practice show that the control of the electrical
parameters is critical to find conditions simultaneously allowing the achieve-
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ment of cell permeabilization and the preservation of cell survival, it is neces-
sary to analyze the reasons guiding the choice of appropriate electric pulses for
cell electropermeabilization in tissues.

2.4.1. Electric Pulse Shape

In vitro, various types of electric pulses have been employed to obtain cell
permeabilization (20,24,25) but only two types of direct current short and
intense electric pulses are commonly used: exponentially decaying pulses (24)
and square-wave pulses (25).

Exponentially decaying pulses can be obtained using simple devices that
rapidly became very popular. However, the control of permeabilization is lim-
ited, even in the case where these devices possess several capacitances. In con-
trast, using square-wave electric pulses, the achievement of reversible
permeabilization in almost all the electropulsed cells can be obtained (26)
because generators allow the independent setting of the voltage delivered and
of the length of every electric pulse. This is very important since, on the one
hand, once the external electric field is established, it has to stand for several
microseconds for the generation of the membrane-permeabilizing structural
rearrangements. With the exponentially decaying pulses, the maintenance of
the electric field intensity above the threshold for this minimal period of time
requires initial electric field intensities much higher than the threshold,
thus deleterious for the cells. On the other hand, the achievement of
permeabilization depends on the intensity of the external electric field to which
cells are exposed. The square-wave pulses allow to set the voltage at a constant
predetermined value, not too much higher than the threshold, whatever the
pulse length. Moreover, the use of square-wave pulse generators allows to
maintain the chosen electrical parameters in spite of experimental variations of
the volume or of the conductivity of the samples exposed to the electric pulses.

Therefore, with square-wave pulse generators, contrary to the exponentially
decaying pulses, it is not necessary to expose the cells to detrimental, too
intense, electric field intensities in order to fulfil the need to expose the cells
for a sufficient time to the permeabilizing electric fields. Actually, it seems
now well established, both theoretically and experimentally, that square-wave
pulses allow to define in vitro experimental conditions resulting in levels of
electropermeabilized cell survival that cannot be reached using the exponen-
tially decaying pulses (26,27).

Since in vivo, the actual purpose of the method is to achieve an efficient way
to deliver drugs into the cells, it is necessary to avoid direct cell killing by the
electric pulses. In fact, very intense exponentially decaying pulses that lead to
marked burns in the skin around the electrodes were only used in the first
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articles of Okino’s group (18). Since the initial experiments of Mir and col-
leagues (1,2), square-wave electric pulses have been used in vivo in all pre-
clinical as well as in all clinical trials.

2.4.2. Electric Pulse Intensity

In vitro, the choice of the appropriate electric field intensity is a crucial
point to be successful in the reversible permeabilization of the entire popula-
tion of living cells submitted to the electric pulses. Indeed, the electric field
intensity delivered has to be above the intensity that results in transmembrane
potential changes above the permeabilization threshold. However, the electric
field intensity has to remain below intensities leading to permanent nonrevers-
ible changes in cell membrane structure. It often occurs that in vitro the range
of intensities comprised between these two limits is very narrow. Therefore,
this range should be determined for each cell type manipulated in preliminary
experiments.

In vivo, the permeabilization threshold can be masked and the effects of the
electric pulses seem to increase continuously with electric field increasing in-
tensities. This is due to geometrical constraints in the electrode setting and
positioning that result in inhomogeneous electric fields inside the tissues (17).
For the same type of reasons, the intensities of transcutaneous electric pulses
efficient in tumor treatment have been experimentally found to be higher than
the intensities of electric pulses directly applied to tumors (17).

2.4.3. Electric Pulse Duration and Frequency

With the exception of the first articles of Okino’s group (18), all the other
electrochemotherapeutic treatments, including those performed later by this
group (28), have been performed using 4, 6, or 8 square-wave pulses of 100 ps
of duration at a frequency of 1 Hz, that is using parameters notably lower (1,2).
The reason for the choice of this duration (100 ps) is due to the experimental
work on cells in culture performed prior to the preclinical trials on mice
(4,21,29). In agreement with Rols and Teissié (30), it was also found that in
vitro, pulses of 100 us were the best compromise to be sure that pulse duration
was (i) longer than the time required to obtain membrane modifications and
(ii) not too long as to create irreversible membrane modifications due in par-
ticular to an excessive heating of the medium containing the cells.

In fact, the preliminary experiments necessary to develop the
electrochemotherapy concept were performed in vitro (4,21,29). In all these
experiments, the electropermeabilization of cells in culture was achieved in
conductive media (the usual cell culture medium or variations introduced to
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avoid the presence of free calcium). Therefore, the optimal conditions found in
vitro were applied in the initial in vivo trials since interstitial fluid in tissues is
also highly conductive. In consequence, already in the first in vivo experiment,
these conditions gave excellent results. Therefore, this pulse duration has been
widely accepted but has not been the subject of a systematic investigation.

The considerations concerning the electric pulse duration apply similarly to
the choice of the frequency of 1 Hz to deliver the 4, 6, or 8 consecutive pulses
of the treatment.

2.4.4. Electric Pulse Number and Electrode Orientation

The number of pulses, 4, 6, or 8, is not a crucial parameter provided that
bleomycin is in excess in the treated tissue. If bleomycin is injected at limiting
doses, better antitumor effects are obtained with 8 pulses (). Moreover, Sersa
and colleagues showed that changing the electrode orientation during the
delivery of the 8 transcutaneous pulses improved the efficacy of electro-
chemotherapy of solid subcutaneous tumors in mice. In other words, they com-
pared the delivery of either 4 pulses in a row, or 8 pulses in a row, or “4+4”
pulses, that is two rows of 4 pulses with the orientation of the external elec-
trodes during the second run of 4 pulses being perpendicular to the orientation
during the first run. This last setting gave the best results. This can be explained
by a better coverage of the tumor volume actually exposed to the perme-
abilizing electric fields (31).

3. Nonpermeant Drugs Possessing a High Intrinsic Cytotoxicity

Uptake of cell hydrophilic metabolites is a process mediated by channels or
transporters located at the plasma membrane whereas lipophilic and
amphiphilic molecules can diffuse across the plasma membrane because of
their partial solubility in the lipid bilayer. A nonpermeant drug is a molecule
that cannot cross the plasma membrane because it is hydrophilic and devoid
of transporters or channels at the plasma membrane level that would be able
to introduce it directly into the cell cytosol (4). Therefore cell electro-
permeabilization allows the internalization of nonpermeant molecules, impos-
sible in the absence of drug vectorization or plasma membrane alteration.
Obviously, cell electropermeabilization is without interest for the nonpermeant
drugs with a cell surface target, for which internalization is not necessary to
exert their biological activity. In anticancer pharmacology, almost all cyto-
toxic drugs have their targets located inside the cells. However, most of them
are lipophilic or actively transported across the plasma membrane (29). This is
not the case of bleomycin (32).
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3.1. Biological Characteristics of Bleomycin
3.1.1. Bleomycin Is a Nonpermeant Drug

Bleomycin is an excellent example of a nonpermeant cytotoxic drug
(21,29,32). It was demonstrated in vitro that bleomycin cannot diffuse through
the plasma membrane of intact cells (21). In unpermeabilized cells, large
amounts of bleomycin are entrapped in the endocytosis vesicles, but they can-
not diffuse through the membrane of the vesicles to reach the true cell inside,
the cytosol and the cell nucleus (21,33). The amounts of bleomycin entering
the cell by this mechanism of fluid phase endocytosis (pinocytosis) are propor-
tional to the external bleomycin concentration, but they are unrelated to the
cytotoxic effects of this drug that are not proportional to the external concen-
tration (21,29,32). Therefore, the bleomycin molecules entering the cell by
pinocytosis are not responsible for the cytotoxic effects of this drug. The cyto-
toxicity of bleomycin on intact unpermeabilized cells is due to the fact that this
drug interacts with specific membrane proteins at the cell surface. These pro-
teins bind the bleomycin molecules (34) and play a role in the complex mecha-
nism of bleomycin internalization in intact living cells that follows the cell
endocytosis pathway (33). Thus the bleomycin internalization mechanism pos-
sesses the characteristics of a receptor-mediated endocytosis (35,36). It is
important to understand that only the bleomycin molecules following this path-
way are able to enter the cell cytosol and thus the nucleosol, and to interact
with cell DNA, the target of the drug. Because this internalization pathway is
slow and has a very limited transport capacity, bleomycin is actually a
nonpermeant drug, taking into account that the large amounts of bleomycin
entrapped in the fluid phase of the endocytic vesicles cannot reach the cell
cytosol and do not exert cytotoxic effects.

3.1.2. Bleomycin Molecules Possess a High Intrinsic Cytotoxicity

In spite of the reduced transport capacities of the mechanism of internaliza-
tion reported above, bleomycin displays some cytotoxicity on unpermeabilized
cells. This bleomycin activity implies that bleomycin molecules possess a very
high intrinsic cytotoxicity, that is a very high toxicity when the plasma mem-
brane is not a barrier that limits drug internalization and bleomycin accessibil-
ity to the DNA. In fact, using cell electropermeabilization as an in vitro
investigative tool, we showed that the rapid internalization of 200 molecules in
an electropermeabilized cell is sufficient to kill the cell and that an average of
2000 internalized molecules results in the death of all the treated cells (21).
Therefore, the intrinsic cytotoxicity of bleomycin is extremely high. This prop-
erty of the bleomycin molecule is linked to its mechanism of action on DNA
(see Subheading 3.2.2.).
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The high intrinsic cytotoxicity of bleomycin molecules is also the reason for
which bleomycin is an anticancer drug currently used in various conventional
chemotherapy protocols (i.e., in the absence of the electric pulses) in spite of
its nonpermeant character.

3.2. Electrochemotherapy With Bleomycin
3.2.1. Basic Mechanism

Bleomycin is a nonpermeant cytotoxic drug possessing high intrinsic cyto-
toxicity. These two properties explain why it is possible to obtain a huge
potentiation of bleomycin cytotoxicity after cell electropermeabilization.
Indeed, nonpermeant molecules reach either the vesicle inside in the case of
unpermeabilized cells or the cell cytosol in the case of electropermeabilized
cells (4,37). This change in the cell compartment that bleomycin can directly
reach is the main reason of the in vitro increase in bleomycin cytotoxicity
resulting from cell electropermeabilization. It allows to understand why a small
increment [from 2 to 15 times] (21) of the total amount of bleomycin in the cell
(vesicles plus cytosol) can result in large increases in cell cytotoxicity [from
hundreds to thousands of hundreds times] (21,29). In vivo, provided that
bleomycin is already present in the tumor interstitial fluid, the transient
electropermeabilization in situ of the tumor cells similarly allows bleomycin
delivery into the cytosol and nucleosol of tissue cells and thus increases
bleomycin antitumor effects by several orders of magnitude (1,17).

One interesting consequence of the nonpermeant character of bleomycin is
the fact that the doses of bleomycin injected in the electrochemotherapy trials
did not reduce tumor growth in the absence of permeabilizing electric pulses,
whatever the experimental or clinical model tested. This means that these doses
of bleomycin result in an extremely reduced toxicity on the remaining parts of
the body not exposed to electric fields. Therefore, the locally applied
permeabilizing electric pulses are a drug delivery system that introduces a high
specificity in the effects of the cytotoxic agent.

Electrochemotherapy can be performed on all histological types of tumors.
Indeed, once inside the cell, the reaction between bleomycin and DNA is
merely a chemical reaction that will occur in all cells since DNA has the same
structure and composition in all cells (whether tumoral or not). Once the
problem of bleomycin internalization is circumvented by the use of electro-
permeabilization as a drug delivery system, bleomycin acts as a mini-
endonuclease, active on all cell types. The preclinical and clinical data collected
until now confirm that electrochemotherapy is effective in all types of tumors
tested.
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3.2.2. Additional Interests of Bleomycin Use

Other important reasons for performing electrochemotherapy with
bleomycin are (i) the way in which bleomycin kills the cells, (ii) the fact that it
is known that bleomycin is not an immunodepressant agent, and (iii) the possi-
bility to administer the bleomycin by various safe ways.

Indeed, in vitro, bleomycin kills cells by two different mechanisms, either
mitotic cell death or pseudoapoptosis, depending on the amount of bleomycin
internalized in the cells (32,38,39). These cell death mechanisms are linked to
the ability of bleomycin to make single- and double-strand DNA breaks and
are actually based on the double-strand DNA break generation. In vivo,
bleomycin, at the therapeutical doses, kills the cells by a process of slow cell
death that recalls the mitotic cell death observed in vitro (H. Mekid et al.,
unpublished results). Interestingly, only dividing cells can be killed by this
mechanism of mitotic cell death, which introduces some bleomycin specificity
on the tumor cells with respect to the normal cells inside or around the tumor.
Moreover, bleomycin does not induce apoptosis. Consequently, there is no cell
shrinking and disappearance of the tumor cells never occurs without an inflam-
matory response. As a matter of fact, a peritumoral edema is always observed
after electrochemotherapy. Therefore, the bleomycin-induced cell death is a
slow process that could help the host in raising an immunological response
against the treated tumor (see Subheading 4.2.).

It is also important to highlight that bleomycin is not an immunosuppressant
agent (40). Moreover, it has been shown that bleomycin, under specific regi-
mens of administration, results in the stimulation of various compartments of
the immune response: increase of the tumoricidal activity of macrophages (41),
elimination of tumor specific T-suppresser activity (42,43), and induction of
interleukin-2 secretion (44).

Moreover, contrary to other anticancer drugs that are extremely aggressive
at the injection site, bleomycin can be safely administered either intramuscu-
larly, intravenously, intra-arterially or, intratumorally. In the initial preclinical
and clinical trials, bleomycin was administered systemically [intramuscularly
(1,2,18) or intravenously (3,6,7)], with high response rates. This means that,
after bleomycin dilution in the whole body, even if the small concentration of
bleomycin is inactive in the absence of concomitant permeabilizing electric
pulses, this low concentration is still very active where the local electric pulses
are applied. Therefore, not only is the treatment almost devoid of side effects,
but moreover, the systemic injection of the bleomycin allows treatment of sev-
eral nodules or very large tumors masses in a patient with a unique dose of
bleomycin (5). However, in the case of the treatment of very few, small nod-



The Basis of Electrochemotherapy 109

ules, it is very attractive to use still lower amounts of bleomycin injected
intratumorally. This possibility was explored in mice and rats by Heller and
colleagues (45,46). They demonstrated the feasibility of this approach, that has
been successfully applied later in the treatment of basal cell carcinomas and
melanomas in humans (9,10,47). The intra-arterial administration route was
also applied in two patients. Results showed that a dose of bleomycin given intra-
arterially resulted in more intense antitumor effects that given intravenously (5).

Finally, BLM cytotoxicity is not restricted by multidrug resistance mecha-
nisms. Therefore, due to all these various biological characteristics, bleomycin
seems a very appropriate drug for electrochemotherapy.

3.3. Electrochemotherapy With Other Anticancer Drugs

Among the drugs currently used in cancer chemotherapy, only bleomycin
possesses a marked nonpermeant character (29,32). All the other anticancer
drugs are permeant molecules for which the plasma membrane is not a barrier
to enter cells (26,29). Some drugs like melphalan and methothrexate are
actively transported inside cells, while most of the other anticancer drugs have
an amphiphilic character that allows their diffusion through the lipid bilayer of
the plasma membrane. Only cisplatin complexes seem to be low permeant
drugs. The mechanism of cisplatin internalization has not yet been fully
described : a fraction of the cisplatin molecules entering the cells are supposed
to cross the plasma membrane by diffusion, whereas another fraction should
enter the cells through a facilitated transport (48). In vitro, experimental results
show that cell electropermeabilization increases cisplatin toxicity by a factor
of 3 (49), 2.3 (24) or up to 8 (50) depending on the experimental conditions.
Cisplatin cytotoxicity is proportional to cisplatin uptake (48,49), and therefore,
the observed increase in antitumor effects after electrochemotherapy is similar
to the increase in cisplatin uptake resulting from cell electropermeabilization
(49,51,52).

Besides bleomycin, as a consequence of these in vitro observations, only
cisplatin has been used in vivo in combination with cell permeabilizing electric
pulses, in preclinical as well as in clinical trials (as reported in Chapter 6 of
this volume). Even if the increase in cisplatin effectiveness resulting from cell
electropermeabilization is much less than the increase obtained with
bleomycin, cisplatin is another candidate for use in electrochemotherapy.
Moreover, since cisplatin alone is already an efficient anticancer treatment,
electrochemotherapy with cisplatin could be used as local adjuvant treat-
ment in patients who are already treated by a cisplatin-based conventional
chemotherapy.
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4. Other Mechanisms
4.1. Vascular Effects of Permeabilizing Electric Pulses

Electric pulses delivered in vivo, besides their main predictable effect, that
is, cell electropermeabilization achievement, also induce transient vascular
effects in the tissue volume exposed to the electric pulses (53-55) (J. Gehl
et al., unpublished results). For a few minutes after the electric pulses applica-
tion, the treated volume of tissue is not accessible to molecules arriving through
the blood flow such as the diffusion marker Patent Blue (G. Sersa, personal
communication). Such an inaccessibility has also been demonstrated using
fluorescent tracers, like fluorescein (53), or radioactive molecules, lik