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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).
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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
(=100-500 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 =277 -e* (1/eyn— e I8 - - £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, r;= 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=-AQy/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 @(o0) =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



6 Neumann, Kakorin, and Toensing

A
@ o
B Q@
A(')md
0 A(pind
C o g0
e
0 Lo
() ‘
s Aq)s
D (o)
Qo= 0 ..... 1 .
1
i i A(pna’(
(p(i) §
X

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@, = @©—¢ (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 Ag,, = 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, << A¢, 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,, = AQ;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 A@, . + AQ, is opposite to A@;,q. For example, if A@,,=—-70 mV and
AQ;,g=-500 mV, one has at the left pole cap A@,,=—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.

E,=

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=¢, € Sp/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 + A,
with
=q/(1/C;—1/C,).

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

AT (s) 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

Jio)= (Z}Z? : Cj) /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, A@, 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:



10 Neumann, Kakorin, and Toensing

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]

dt —  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 . _ 1t
v ek (1 ‘ ) ®)

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

=k +hk) =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 6-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, GIRT, (12)
The molar work potential difference
AG® = G®(P) - G® (0),

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® = LI (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 + VLU = (V- T+ VL DS

In Eq. 13, yis the line tension or pore edge energy density and L is the edge
length, T" 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=Ny] (=100 dL=2-7-Ny -7 7, (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
[AT 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()y=€" Oioy* 1 5 (g - & o) kT) << 1,
that H §! is given by:

H=2/3)-(s%=s2)/(s3- 1j+s2-19),
where in the SI notation

159 =T[g,- &0 kT (2 €% Jio)- Na)I"2

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.
FaMag, = 2O QR 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 .

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 O 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 (7, =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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E/MVm

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™!, =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 Kp, of overall binding),
electrodiffusive penetration (rate coefficient k) 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= c¢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

e R e (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 - (O — '),

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=ot = 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(#), where the characteristic flow coefficient for
the radial inflow is defined by
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P,-S. _ 3-P,

k0= = 2
i A P (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(1) dt +tf 270 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 (7g). 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,(#,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 7, 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):

¢ {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 ¢, <7 < ¢, 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 3?2P-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



26 Neumann, Kakorin, and Toensing

(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:

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

where f$ =P = f0- {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



Principles of Electroporation and Transport 27

In (k,/k(E=0))=b*-cos?0-E?

where
b*=(9/8) - gy a® (&w—€) Ta-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 &, (E, = 0) to Ay (Eg=4kV cm™)
= A(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, fpy/ - 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=1r 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, -
fotg) = 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 5 =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, = AA,, /A; =
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1.0 - 1073, where Ah,=13- 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 - 1 - ¢> =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,, -/, =4.2 - 109 cm s~ The
diffusion coefficient of SBG is D, = Py, - d=2.1- 10 cm? s and D = D,,, - f,
=2.1-10"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 tg; a relationship of the type E?- tg = ¢ 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?- ti; = ¢) 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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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 (1). 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

From: Methods in Molecular Medicine, Vol. 37: Electrically Mediated Delivery of Molecules to Cells
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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



42 Hofmann

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 0 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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Fig. 6. Isoelectric field lines around a two-needle array. Field strength: V/cm;

potential applied: 942 V; distance between needles: 0.65 cm.
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Fig. 7. Ratio of actual versus nominal field strength.

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
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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 pum), 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.
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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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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

From: Methods in Molecular Medicine, Vol. 37: Electrically Mediated Delivery of Molecules to Cells
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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=vE 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= Tyx Tyy Yyz | - (3)
Vzx Yzy Yz
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:

Yx 0 0
Y= 0 Yyy 0 . “4)
0 0 Yoz

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--Vul]=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=4a, (11)

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)

" 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 u 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 7.7x13
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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In Vitro Delivery of Drugs
and Other Molecules to Cells

Marie-Pierre Rols, Muriel Golzio,
Christine Delteil, and Justin Teissié

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 E 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 = E,/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 A¥Y. An electrodiffusive component @ is present, it is
given by the Nernst-Plank relationship by:

O (S)=— (P, SA¥Yz 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 B-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

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

99



100 Mir and Orlowski

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 ps 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-
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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, like
SICr-EDTA (J. Gehl et al., unpublished results), injected intravenously within
the minutes following the electric pulses application. Some differences have
already been evidenced between normal and tumor tissues. Recovery times in
normal tissues, that is, in tissues with a regular microvasculature, are shorter
than those in tumors. Normal tissue in both mice and rabbits, blood flow is
re-established within a few minutes after the electric pulse application (53)
(J. Gehl et al., unpublished results). By contrast, in tumors, SerSa and col-
leagues, using the 3RbCl extraction technique, recently showed that the tran-
sient reduction in blood flow was maintained for one hour (55). The
pretreatment level progressively recovered 18 to 24 hours after the electric
pulses application (55). In the presence of bleomycin, these transient vascular
effects seem to be reinforced and prolonged because the endothelial cells could
also be killed by the treatment. In fact, infarction areas have been detected after
the treatment of transplanted carcinomas in the liver of rabbits (27). It has also
been shown that the inaccessibility of the Patent Blue to tumors treated by
electrochemotherapy with bleomycin lasts for more than 24 hours (G. Sersa,
personal communication).

Bleomycin has always been injected before the electric pulses delivery,
whatever the mode of administration of the drug, because, based on in vitro
determinations, the transient permeation structures generated by the electric
pulses in the tumor cell membrane should disappear rapidly at 37°C. In the
case of the intravenous or of the intra-arterial way of administration, the exist-
ence of these unexpected vascular effects reinforces the obligation of adminis-
trating the bleomycin prior to electric pulses application. Indeed, bleomycin
injected after the electric pulses application should have a restricted access to
the electropermeabilized areas and therefore could not be potentiated. More-
over, if the drug is already present in the tissue submitted to the electric pulses,
it is likely that the vascular effects should help in the delivering of the drug to
the cells in the pulsed volume (besides the permeabilizing effects of the elec-
tric pulses, of course). Indeed, these vascular effects should keep high the con-
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centration of bleomycin (or of any other nonpermeant drug) locally in the
treated volume by transiently stopping the wash-out of the drug from this part
of the body. Even in the case of the bleomycin intratumoral injection, this
should apply, and in fact, experiments in mice showed that the optimal sched-
ule was to inject the drug 10 minutes before the electric pulses application
(45). Therefore, the vascular effects of the permeabilizing electric pulses could
have important consequences on the efficacy of electrochemotherapy.

4.2. Role of the Host Imnmune System

Since the first preclinical trials, the role of host immune response in the
efficacy of electrochemotherapy was evident (I). Indeed, using an immu-
nogeneic murine fibrosarcoma, Mir and colleagues (1) observed peritumoral
edema occurrence and they obtained cures among the syngeneic tumor-
bearing immunocompetent C57B1/6 mice treated by electrochemotherapy with
bleomycin. However, the same treatment of the same tumor type but in immu-
nodeficient (nude) mice resulted in the arrest of tumor growth but never in the
achievement of cures (). A parallel situation has been described in the case of
electrochemotherapy with cisplatin (56). To demonstrate the role of the host
immune system in the eradication of residual tumor cells surviving the direct
effects of bleomycin electrochemotherapy, the immunocompetent C57B1/6
mice bearing the same immunogeneic tumor were transiently immu-
nodepressed: the percentage of cures fell down, from 60% of mice cured after
a single electrochemotherapy treatment to only 10% of cured animals (57).
The host immune response is thus an additional mechanism playing an impor-
tant role in electrochemotherapy efficacy.

It is possible to take advantage of the participation of host immune response
to improve electrochemotherapy antitumor effects using an adequate
immunostimulation. Until today, only two groups have explored the possibili-
ties offered by the combination of electrochemotherapy with biological
response modifiers like tumor necrosis factor-o (58) or interleukin-2
(57,59,60). In both cases, a significant increase in the number of cures was achieved.

Moreover, using the same immunogeneic murine fibrosarcoma, systemic
antitumor effects were obtained by the combination of electrochemotherapy
with injections of cells engineered in vitro to continuously secrete high amounts
of interleukin-2 (59,61). The interest of this combination is the wide applica-
bility of this approach: on the one hand, electrochemotherapy is applicable
whatever the tumor type to be treated, and, on the other hand, the immuno-
therapeutic arm of this combination used xenogeneic interleukin-2-secreting
cells (61) that can be administered to all the patients, irrespectively of the indi-
vidual polymorphism of the major histocompatibility phenotype. Even in the
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case of a poorly immunogeneic murine tumor model prone to rapidly generate
lung metastases (the Lewis lung carcinoma), improvement of the systemic
antitumor effects has been achieved by its combination with this immuno-
therapy (62). Therefore it appears that the association of electrochemotherapy
with an appropriate immunotherapy is a convenient way to potentiate the local
efficacy of the treatment as well as to obtain distant systemic antitumor effects.
This combination increases the interest of electrochemotherapy and broadens the
number of carcinologic situations to which this new treatment could be applied.

5. Summary and Conclusions

Antitumor electrochemotherapy is a new treatment based on the local
potentiation of the cytotoxic activity of nonpermeant anticancer drugs by cell
permeabilizing electric pulses delivered at the level of the tumor nodules. On
the one hand, electrochemotherapy consists in the local application of short
and intense electric pulses that transiently permeabilize the cells in culture as
well as in tissues. The choice of the electric pulse parameters is crucial to
obtain this permeabilization without provoking a direct cell killing. On the
other hand, the nonpermeant drugs that can be associated to the electric pulses
have to possess intracellular targets and a high intrinsic cytotoxicity. The most
convenient drug is bleomycin, a currently used anticancer drug, but cisplatin
cytotoxicity is also increased in vivo by means of this original drug delivery
approach. The existence of vascular effects of the permeabilizing electric pulses
and the complementary role of the host’s immune system also contribute to
antitumor electrochemotherapy efficacy and they can be considered as part of
the basic mechanisms of this new treatment method.

Electrochemotherapy is thus the first medical application of in vivo cell
electropermeabilization, that can be considered as a new promising drug deliv-
ery system. Antitumor electrochemotherapy using bleomycin has been tested
in a variety of animal tumor models and has already been entered in clinical
trials. The basis of the efficacy of this combination are established. However, it
must be possible to find other adequate nonpermeant drugs, undetected until
now because the screening procedures were never performed on electro-
permeabilized cells. The use of new drugs that could still have less side effects
than bleomycin, or oligonucleotides, or even DNA, as well as the combination
of electrochemotherapy with appropriate immunotherapies, offer many possi-
bilities for the future development of this new treatment.
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Electrochemotherapy
Animal Model Work Review

Gregor SerSa

1. Introduction

The major disadvantage of clinically established chemotherapeutic agents is
their lack of selectivity for tumor cells. Therefore, for a pronounced antitumor
effect, high doses of the chemotherapeutic drugs are needed, which often cause
systemic toxicity and severe side effects. Some chemotherapeutic drugs do not
exert their antitumor effects because they have hampered transport through the
plasma membrane, but once inside the cell, they can be very potent. To over-
come membrane restriction, much effort has been put into the development of
drug delivery systems. These systems are aimed at facilitating the delivery of a
chemotherapeutic drug into tumor cells at concentrations that are sufficient for
effective cell killing and, at the same time, to minimize the drug concentration
in normal tissue.

In view of this, several approaches to selective drug delivery have been
made, including local application of the drugs (1,2), targeting by binding of the
drugs to tumor specific antibodies (3), magnetic drug targeting (4), incorpora-
tion of the drugs into liposomes or other vehicles (5-7), or by selectively
increasing permeability of plasma membrane on tumor cells by chemical meth-
ods (8). Many of these methods are based on a systemic approach, however,
another approach to better drug delivery is to potentiate the effect locally, at
the tumor site, by exposure of tumors to electric pulses (9).

Exposure of cells to electric pulses induces a position-dependent transmem-
brane potential that, above the threshold level, results in a marked perturbation
of membrane structure, that is, in the formation of still undefined transient
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permeabilization structures, also termed electropores (10,11). Under suitable
conditions, these membrane changes are reversible and cell viability is thus
maintained (12). Consequently, the plasma membrane becomes permeable to a
variety of hydrophilic molecules that are otherwise unable to diffuse through
the plasma membrane. This electrically induced permeabilization has been used
successfully in the insertion of drugs, dyes, genes, oligonucleotides and mono-
clonal antibodies into living cells (13,14).

In vitro data have demonstrated that electroporation of cells can potentiate
cytotoxicity of some chemotherapeutic drugs, predominantly those that have
hampered access into the cytosol through the plasma membrane. One of the
molecules, which demonstrated a 700-fold increased cytotoxicity after
electroporation of cells is bleomycin (15,16). This drug was demonstrated by
L. M. Mir and colleagues to be one of the best candidates for drug delivery
with electroporation (13). However, there are also other drugs like Adriamycin,
netropsin, methotrexate, melphalan, mitramycin, mitomycin C, actinomycin
D, cyclophosphamide, and cisplatin, which are much more cytotoxic when cells
are electroporated (13,17-19). Among these chemotherapeutic drugs cisplatin
proved to be a good choice, its cytotoxicity can be potentiated up to 70-fold by
electroporation of cells (18). Although there may be even more candidates,
only bleomycin and cisplatin have been extensively studied in vivo on animal
tumor models and also in Phases I and II clinical trials (Fig. 1). The aim of this
review is to present the results of the combined use of chemotherapeutic drugs
and application of electric pulses in vivo on animal tumor models.

2. Electrochemotherapy With Bleomycin

Although electroporation has been known for quite some time to be an
effective method for introduction of molecules into cells in vitro, only in the
last 10 years has it been used in vivo. The first report on combining chemo-
therapeutic drug and application of electric pulses to treat subcutaneous hepa-
tocellular tumors in rats was given by Okino and Mohri (20). Shortly after that,
L. M. Mir and colleagues performed a detailed study on application of electric
pulses as a drug delivery system for bleomycin on transplanted and spontane-
ous tumors in mice and termed it electrochemotherapy (21,22). Since then, a
number of studies have been conducted with great success, bleomycin being
the most often used chemotherapeutic drug. The pioneering work of Okino and
Mir has been followed by several groups demonstrating that in vivo applica-
tion of electric pulses dramatically increases antitumor effectiveness of
bleomycin (23-26). Potentiation of antitumor effectiveness of bleomycin in
vivo was demonstrated to be about 10,000-fold (21).

Since electrochemotherapy combines local application of electric pulses
after systemic injection of bleomycin, the toxicity of this combined treatment
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Fig. 1. Macroscopic changes on tumors observed after electrochemotherapy. Sig-
nificant reduction in tumor volume is observed in tumors treated by electroche-
motherapy with cisplatin (4 mg/kg) 2 weeks after the beginning of treatment, compared
to tumors that were without treatment, treated with cisplatin or electric pulses only.

is predominantly dependent on the toxicity of bleomycin. This treatment has
minimal side effects because, even with low doses of bleomycin good antitu-
mor effect of electrochemotherapy can be obtained (21,25,26). In addition,
electric pulses are delivered locally and confined to the tumor area. Therefore,
the potentiated effect is localized and restricted to the area where the electric
pulses are applied. However, application of electric pulses may induce muscle
contraction which subside after their application. Sometimes local burns on the
skin are observed when plate electrodes are used (21,25,26). The electric
pulses are the means for delivering the drug into the tumor cells and are not
intended to reduce cell viability. However, the combination of both treatments
can result in tumor cure, as demonstrated by several groups that have per-
formed experiments with electrochemotherapy on different animal tumors
(9,21,25,26).

Similarities exist in the way in which the experiments on electrochemo-
therapy were performed. Most groups administered bleomycin intravenously,
except L. M. Mir in his first study where he injected the drug intramuscularly
(21), but later, also applied intravenous injection of the drug. Shortly after the
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drug reaches the tumor, electric pulses are applied. In the initial studies, expo-
nential electric pulses were used (27). However, in most studies square
wave electric pulses were used with an amplitude to electrode distance ratio
1300 V ecm™! or 1500 V cm™!, repetition frequency of 1 Hz, and pulse duration
100 us (21,25,26). Since antitumor effectiveness is dependent on drug concen-
tration in the tumor during application of electric pulses, interval between the
drug and pulse treatments is very important. A 3-minute interval between
the treatments was found to be optimal (21,25,26). The amplitude of electric
pulses is even more important; amplitudes of 1200 V cm™! or higher are needed
to obtain a good antitumor effect. With higher amplitudes of electric pulses,
more cells in the tumor are permeabilized. Permeabilization of the tumor cells
is dependent also on the number of electric pulses applied. It has been found
that at least four pulses are needed; however, most of the studies have been
performed with eight electric pulses (21,28).

A finding common to all the studies is that after electrochemotherapy with
bleomycin, at least a considerable growth delay of solid tumors in mice and
rats is obtained. The tumors studied were sarcomas, malignant melanoma,
hepatocellular, mammary, and bladder carcinomas, Ehrlich ascites carcinoma,
and others (21,24,30). Many studies reported that with bleomycin doses far
below toxicity, antitumor effectiveness of electrochemotherapy induced com-
plete responses of the tumors and often also tumor cures, even above 80% in
the most responsive tumors (Fig. 2).

Electrochemotherapy with bleomycin was performed also on tumors in
internal organs. The first study on internal organs was performed on glioblas-
toma transplanted into the brain of rats (23). Later, when new electrode design
was introduced in electrochemotherapy, several studies reported good results
in the treatment of tumors transplanted into other internal organs. The results
of these studies demonstrated that electrochemotherapy can be used also in the
treatment of different tumors seeded in the liver of rats, cats, and rabbits
(31-34). The results of the studies demonstrated that the antitumor effective-
ness of electrochemotherapy with bleomycin is as effective on tumors growing
in the liver as on solid subcutaneous tumors, indicating that shortly we can expect
the first reports on electrochemotherapy on internal organs in cancer patients.

In spite of very good results, differences in responsiveness of tumors to
electrochemotherapy were observed. Comparison between the responsiveness
of tumors and the sensitivity of cells in vitro to bleomycin demonstrated that
intrinsic sensitivity to bleomycin predetermines responsiveness of the tumors
to electrochemotherapy with bleomycin. It has been found that some tumors
are more sensitive to one drug than to another used in electrochemotherapy
(34). In another study, it was demonstrated that the difference in sensitivity to
electrochemotherapy in vitro was the same as the difference in sensitivity to
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Fig. 2. Growth curves of tumors treated by electrochemotherapy (ECT) with
bleomycin. B16 malignant melanoma tumors were treated with bleomycin injected
intravenously and 3 minutes thereafter exposed to eight electric pulses. (Adapted from
ref. 26, with permission.)

chronic exposure to bleomycin, and was reflected in difference in responsive-
ness to electrochemotherapy in vivo (16). Therefore, all these data indicate that
not all tumors have equal level of sensitivity to electrochemotherapy with
bleomycin, but all tumor types have shown a response to electrochemotherapy.
In the cases when tumors cannot be optimally treated by electrochemotherapy
with bleomycin, some other drug can be used.

3. Electrochemotherapy With Cisplatin

Although Melvik et al. (17) demonstrated in the early eighties that cytotox-
icity of cisplatin in vitro can be potentiated by exposure of cells to exponen-
tially decaying electric pulses, cisplatin was applied in electrochemotherapy
protocol using square wave electric pulses no sooner than in the nineties. At
that time, we demonstrated that with square wave electric pulses even better
cytotoxicity of cisplatin can be obtained; on B16 melanoma cells, up to 70-fold
potentiation was demonstrated (18). Although this potentiation is not as out-
standing as with bleomycin, cisplatin has high potential in clinical practice
because it is already effectively used in many chemotherapeutic protocols.

The first extensive study using cisplatin in electrochemotherapy was elabo-
rated on parameters that established its optimal use in the treatment of cutane-
ous tumors (18). Electric pulses used in the study for electroporation of tumors
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were the same as used in electrochemotherapy with bleomycin in order to be
able to compare antitumor effectiveness of both treatments. Similarly as with
bleomycin, it was found that optimal timing for cisplatin administration, when
injected intravenously, was three minutes before the application of electric
pulses. The antitumor effectiveness of cisplatin was potentiated severalfold
and was dependent on the amplitude of electric pulses as well as cisplatin dose.
Again, electric pulses of at least 1200 V cm™! were needed to obtain good
antitumor effect. The optimal dose for cisplatin used in electrochemotherapy
was demonstrated to be 4 mg kg~!, which corresponds to the suboptimal clini-
cally effective dose.

The antitumor effectiveness was demonstrated on four subcutaneous tumor
models in mice, fibrosarcomas SA-1 and LPB as well as on B-16 malignant
melanoma and Ehrlich-Lettre ascites carcinoma (18,35). With doses of 8 mg
kg~! specific tumor growth delay of at least 20 days was obtained, and up to
80% tumor cures, as demonstrated on LPB sarcoma in C57Bl/6 mice (35).
These results are comparable with the results obtained with bleomycin. Confir-
mation that electrochemotherapy is also effective in the treatment of tumors
implanted into the liver came in the latest study of Heller’s group. They dem-
onstrated that electrochemotherapy with cisplatin could be as effective as
electrochemotherapy with bleomycin in the treatment of hepatomas implanted
into the liver (34). Furthermore, evidence exists that electroporation of tumors
increases access of cisplatin into tumor cells in vivo. Approximately a twofold
increase in platinum bound to DNA and accumulated in tumors was obtained
in tumors exposed to electric pulses than in those that were not (36).

Clear evidence that different tumors respond to electrochemotherapy with
one drug better than with another is found when comparison is made between
results on the same tumor models with the same protocol (18,25). It is evident
that sarcomas are more responsive to electrochemotherapy with bleomycin than
to cisplatin, and that melanoma is more responsive to electrochemotherapy with
cisplatin. However, further studies are needed to demonstrate which tumors
are more susceptible to treatment with specific drug in electrochemotherapy.

Resistance that develops to the drug during the chemotherapy protocols is
one of the issues that has to be considered. Cisplatin is one of the drugs that
induces resistance mechanisms in cells, often early in the course of the treat-
ment. Some studies have already addressed this issue, and demonstrated that
electroporation can overcome resistance of cells to cisplatin, at least to some
degree (37). Resistance of cells to cisplatin can be related to several mecha-
nisms, but until now studies have not indicated which mechanism is overcome
by electroporation. Presumably membrane restricted mechanisms are overcome
by electric pulses, however, to confirm this, further studies are needed.
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4. Other Drugs in Electrochemotherapy

It is not surprising that only bleomycin and cisplatin have found successful
application in electrochemotherapy. Since bleomycin has proved already in
the first experimental studies to be so effective, there was no need to test other
drugs. Nevertheless, we initiated the first studies with cisplatin, with the
thought that clinicians are more receptive to new protocols if performed with
drugs that are already widely used in routine chemotherapeutic schemes.
Because electrochemotherapy is more effective than the use of drugs alone,
that have hampered access to the cytosol, the search for drugs that are hydro-
philic, nonpermeant, and very cytotoxic when reaching intracellular targets has
to be conducted.

Some attempts to determine whether other drugs would be effective in
electrochemotherapy protocol in vivo were made. In the study of Kanesada
(38) it was shown that some potentiation of antitumor effectiveness can be
obtained with the use of peplomycin, cyclophosphamide, and mitomycin C.
Also Heller’s group (34) performed a study on the drugs doxorubicin, 5-fluo-
rouracil, and taxol used in combination with electric pulses. The treatment was
tested on hepatoma and sarcoma tumors implanted into the rat liver. All drugs
proved to be ineffective in electrochemotherapy protocol used on hepatomas,
and only doxorubicin was moderately effective in the electrochemotherapy
treatment of sarcoma.

The search for new drugs to be used in electrochemotherapy will most prob-
ably not continue, because of the disappointing results of these studies. Drugs
already used in chemotherapeutic protocols do not seem to be good candidates
because of their lipophilicity. Good candidates may come only when new drugs
will be synthesized and their cytotoxicity will be hampered by poor plasma
membrane permeability.

5. Attempts to Increase Effectiveness of Electrochemotherapy

Although electrochemotherapy has proven to be very effective in cancer
treatment, many researchers have undertaken steps to improve its effective-
ness. The aim of their work was to improve electrochemotherapy in order to
increase local tumor control. Three different approaches were made. The first
was to improve electric current distribution within the tumor for better
electroporation of cells in the tumors; the second was by local delivery, that is,
intratumoral injection of the chemotherapeutic drug to increase drug concen-
tration in the tumors and consequently effectiveness of electrochemotherapy;
the third means of improving effectiveness was by repetitive treatment of the
tumors to have better control over tumors that tend to regrow after the first
treatment.
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The first electrochemotherapy studies were performed using eight electric
pulses to electroporate the tumors after administration of the chemotherapeutic
drug. In those studies, plate electrodes were used which encompassed the
tumors when being electroporated. If the tumors were small enough and
adequately encompassed by the electrodes, good antitumor effect was
observed. However, when the tumors were bigger, deeper parts of the tumor
and its margins were suboptimally electroporated. Although many tumors can
be successfully treated after substantial period of partial or complete response,
some tumors regrow at their margins where there was no contact with the elec-
trodes. In those areas some clonogenic tumor cells must have remained, we
presume that they were suboptimally permeabilized, survived and eventually
regrew into a tumor. Based on this observation, a study was undertaken to
model and verify a hypothesis that by changing the electric field orientation
during electroporation better antitumor effects can be obtained (28,39). This
protocol, described in a separate chapter of this volume, indicates that the opti-
mization of electric field distribution in tumors is a prerequisite step for effec-
tive electrochemotherapy. The explanation for the underlying mechanism is
that electric field intensity in the midplane of the tumor falls substantially, and
is further dropping toward the edges of the tumor. On the cellular level the
explanation could be that, due to different shapes of the cells, there is higher
probability of optimally electroporating each cell by changing the orientation
of the applied electric pulses (28).

Research has been initiated to develop a device to electroporate even bigger
tumor areas, using optimal electric field parameters. The idea was to construct
needle electrodes that could be inserted into the tumors and electroporate also
deeper parts of the tumors (40). Besides, by applying electric pulses between
the needle electrodes and rotating the sequences of the pulses, the idea of opti-
mally electroporating the entire tumor area can be realized. The approach was
developed by two groups, R. Heller’s group in cooperation with Genetronics
Inc. and L. M. Mir’s group. The first group constructed an array of needles on
a holder and rotated the application of electric pulses. To electroporate differ-
ent sizes of tumors they have constructed different sizes of applicators (41,42).
In the comparative study, they demonstrated that needle array electrodes
showed a 50% increase in tumor doubling time and in complete response
rate compared to standard parallel plate electrodes (42). L. M. Mir’s group
approached the problem by constructing a honeycomb structured array of elec-
trodes (32,33). This kind of electrode array has an advantage that, in sequences,
it can electroporate varying sizes of tumor masses. This is only a brief descrip-
tion of this very important field, that has to be developed to bring
electrochemotherapy into broader clinical practice. More data about construc-
tion and modeling of different electrodes for electrochemotherapy are avail-
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able in other chapters of this volume. Both groups provided the evidence that
needle array electrodes were very effective in treatment of subcutaneous as
well as tumors in internal organs. Their response rate of the tumors was even
better than those obtained with plate electrodes and was above 80%.

The second approach to increase effectiveness of electrochemotherapy is to
deliver chemotherapeutic drug for electrochemotherapy locally, into the
tumor. Injection of the drug directly into the tumor exposes cells to a higher
concentration of the drug during application of electric pulses, without prior
distribution of the drug in the vascular system. For effective electrochemo-
therapy, sufficient amount of the drug in the tumor is needed, but often because
of the physiological problems after intravenous administration of the drug, sub-
optimal drug concentration in the tumor is achieved. Both bleomycin and
cisplatin have been tested in preclinical trials for their effectiveness in
electrochemotherapy. Heller’s group demonstrated that electrochemotherapy
with bleomycin was an effective treatment when the drug was injected
intratumorally (43,44). The effect was dependent on the drug dosage as well as
on intensity of the electric pulses used for electroporation. Objective responses
on melanoma B16 tumors were more than 80%. It was also established that the
time span for intratumoral drug injection was optimal up to 30 minutes before
application of electric pulses (43). Another study that we conducted demon-
strated basically the same. Electrochemotherapy with cisplatin proved to be
also very effective when the drug was injected intratumorally, and was depen-
dent on the drug dosage as well as the timing (39,45). The best antitumor effect
was observed when cisplatin was injected 5 minutes before or simultaneously
with application of electric pulses, inducing up to 65% tumor cures. Confirma-
tion that electroporation increases intracellular accumulation of cisplatin was
obtained by measuring the platinum content in the tumors and platinum bound
to DNA. It was found that approximately two times more platinum was
retained in the tumors and bound to DNA (45). This treatment can be very
effective, inducing high degree of tumor cures, as compared to the same drug
dosage used at electrochemotherapy with intravenously injected cisplatin
(Fig. 3). In summary, electrochemotherapy with intratumoral drug administra-
tion is as effective as intravenous, it can be performed using longer time inter-
val, the treatment of multiple tumor sites is less constrained and the drug dosage
can be based on the tumor volume instead of total body surface area. Based on
these conclusions, some clinical trials were conducted that used intratumoral
injection of the drug in electrochemotherapy. The results of these clinical stud-
ies are encouraging and are summarized in another chapter of this volume.

The third approach to increasing the effectiveness of electrochemotherapy
is to perform repetitive treatment. When tumors are suboptimally
permeabilized or drug concentration in tumors is suboptimal, tumors often
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Fig. 3. Electrochemotherapy (ECT) with cisplatin. Comparison of antitumor effec-
tiveness when cisplatin is injected intravenously or intratumorally into SA-1 tumor-
bearing mice.

regrow. In such cases, treatment can be successfully repeated on the remaining
viable part of the tumor. So far, only two studies have been performed on
electrochemotherapy with bleomycin, both demonstrating that antitumor
effectiveness of multiple treatments is superior to single treatment. In the first
study, Mir et al. (21) demonstrated that three repetitive treatments in a weekly
interval yielded superior results to single treatment on LPB sarcoma by
increasing the curability of tumors from 30% to 50%. The results of the second
study on B16 melanoma tumors demonstrated a twofold increase in tumor dou-
bling time and greater percentages of complete responses as a result of mul-
tiple treatments (44). Both studies also demonstrated that, by repetitive
treatment, approximately a 15-fold decrease in drug dose could be used, and
still yielded results that were equivalent to a single treatment. Although there
are no data demonstrating that similar effects can be obtained by electro-
chemotherapy with cisplatin, experiences from clinical trials support this
notion (46).

All these attempts have been made to increase antitumor effectiveness of
electrochemotherapy, by increasing its effectiveness at local tumor control. As
electrochemotherapy is a localized treatment, this is self explanatory. But many
researchers that are involved in electrochemotherapy are focused at adding a
systemic component to this treatment.
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6. Immune System and Electrochemotherapy

Most electrochemotherapy studies were performed on immunocompetent
mice. The importance of the immune system was demonstrated in the study
that compared the same electrochemotherapy protocol with bleomycin on
tumors with different immunogenicity (25). Immunogenicty of tumors could
be correlated with the antitumor effectiveness of electrochemotherapy with
bleomycin, since electrochemotherapy resulted in a higher curability rate (62%)
for immunogenic tumors, and in a low curability rate (5%) for moderately
immunogenic tumors.

Studies comparing antitumor effectiveness of electrochemotherapy with
bleomycin on immunocompetent and immunodeficient mice supported the pre-
sumption that the immune system of the organism contributes to antitumor
effectiveness (21). Much higher percentage of tumor cures was obtained in
immunocompetent than in immunodeficient mice. Similar results were
obtained in the study comparing the effectiveness of electrochemotherapy with
cisplatin on the same tumor model in immunocompetent and immunodeficient
mice (35). Tumor growth delay was approximately twice longer in immuno-
competent than in immunodeficient mice. Furthermore, high percentage of
cures was obtained in immunocompetent mice (82%), but none in immuno-
deficient mice.

All these studies demonstrated that the immune system plays a central role
in the long-term control of tumor growth and that both, monocytes and lym-
phocytes are affected by electrochemotherapy (47). T lymphocytes were found
to be important, since their depletion by monoclonal antibodies reduced cur-
ability of the tumors from 60% to 20% (48). However, stimulation of the
immune response by adjuvant immunotherapy with biological response modi-
fiers can increase effectiveness of electrochemotherapy. Both T Iymphocytes
and monocytes-stimulating agents were used as adjuvant immunotherapy. Fol-
lowing this idea, preclinical studies combining electrochemotherapy with
bleomycin, and interleukin-2 (IL-2) or IL-2 secreting cells have already been
performed (48-50). Stimulation of T cells by systemic injection of IL-2 or
IL-2 secreting cells resulted in an increased, almost 100% cure rate of the mice
(48,49). Furthermore, systemic antitumor immunity mediated by CD4+ and
CDS8+ T cells was observed after adjuvant therapy with IL-2 secreting cells
(50). In addition to localized tumor control, a systemic response was observed
as well, leading to tumor regression in almost 50% of the tumors at distant sites
where no electrochemotherapy was performed (Fig. 4) (50).

When a monocyte stimulating agent, tumor necrosis factor-o. (TNF-o) was
used, similar results were obtained. In the study, a suboptimal dose of
bleomycin was used, electrochemotherapy induced moderate (5.6 days) tumor
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Fig. 4. Effect of electrochemotherapy (ECT) with bleomycin combined with injec-
tion of allogenic P815 (interleukin-2; IL-2) cells. IL-2-secreting cells were injected on

the flank on days 1, 2, and 5 after electrochemotherapy. (Adapted from ref. 50, with
permission.)

growth delay, however, when adjuvant immunotherapy with TNF-a., given
intratumorally was added, the combined use induced 15.1 day tumor growth
delay and even cured 33% of the mice (51).The increased antitumor effective-
ness was neither the result of potentiated antitumor effectiveness of TNF-o
due to exposure to electric pulses, nor due to interaction with bleomycin.

Based on the data of these studies, immunotherapy has great potential as a
adjuvant therapy in electrochemotherapy. It does not only augment antitumor
activity of electrochemotherapy, but possibly adds a systemic component to
the localized electrochemotherapy treatment.

7. Effect of Electrochemotherapy
on Metastatic Potential of the Tumors

Metastatic capacity of malignant tumors represents one of the major prob-
lems in cancer treatment. Since electrochemotherapy is a locoregional treat-
ment, the issue of its impact on metastatic capacity of tumors has to be
addressed; however, very few studies have done that (20,38,52). Most of them
have scored distant metastases after treatment of the primary tumor. Results of
these studies, although lacking in extensiveness and scientific rigorousness,
have demonstrated that electrochemotherapy does not induce increased meta-
static potential of the tumors. The data that they have provided do not support



Electrochemotherapy: Animal Model Work Review 131

their conclusion that electrochemotherapy reduces the formation of metastases.
However, the study examining electrochemotherapy with bleomycin in rabbits
and adjuvant immunotherapy with IL-2 demonstrated a decreased number of
metastases (32), as well as the study on murine Lewis lung carcinoma (52).
But, this effect was predominantly due to adjuvant immunotherapy, and could
not be ascribed to electrochemotherapy alone. Also, clinical studies support
the presumption that electrochemotherapy does not stimulate the metastatic
spread of the tumors. The studies were predominantly done on tumors that
have low metastatic capability (basal cell carcinoma, squamous cell carci-
noma). Only clinical studies on malignant melanoma could be instrumental,
however, those patients had terminal disease and it was impossible to demon-
strate prolonged survival in those patients after electrochemotherapy. As
already mentioned, the issue of metastates has to be addressed in well con-
trolled preclinical and clinical studies to demonstrate what is the impact of
electrochemotherapy on the formation of metastases.

8. Summary and Conclusions

It is evident from the preclinical and clinical studies that electrochemo-
therapy is very effective locoregional treatment. The administration of the drug
either intravenously or intratumorally combined with local application of elec-
tric pulses is an effective treatment, but the drug dosage needed for the pro-
nounced antitumor effect is too low for systemic side effects. Furthermore, the
application of electric pulses is strictly local, confined to the tumor area. Since
the applied electric pulses are the means to introduce the cytotoxic drug into
the cells, their potentiating effect is confined to the area of their application.
Another advantage of electrochemotherapy is that normal tissue damage is
restricted to the area which was subjected to application of electric pulses in
the presence of the drug. Although cancer is a systemic disease, many other
treatments in cancer are also locoregional, such as surgery and radiotherapy.
It was often postulated that good local control in the treatment of cancer is very
important for the outcome of the disease. Therefore, although electroc-
hemotherapy is locoregional, it holds promise as such and will find its place in
the treatment of cancer.

Based on the current preclinical studies, electrochemotherapy is being tested
in treatment of tumors seeded in internal organs. This is an important step for-
ward which will broaden the application of electrochemotherapy from treat-
ment of accessible tumor lesions in the skin to intraoperative treatment of tumor
lesions in gastrointestinal and gynecological organs as well as to tumors in the
lung. When electrodes are designed that will be minimally invasive
(laparoscopy), almost any internal organ will be accessible with minimally
invasive technique.
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Many of the chemotherapeutic drugs are also radiosensitizers. Therefore,
electrochemotherapy with such drugs will find its application in radiotherapy
of tumors. Preclinical and clinical studies are already in progress and based on
these results we can predict that combined electrochemotherapy and irradia-
tion of tumors will be effective in treatment of patients.

Electric pulses also have a blood-modifying effect. An area that is exposed
to electric pulses has a temporary shutdown of blood flow (53,54). This is
another advantage of electrochemotherapy since the drug that is used in the
protocol is trapped in the area, and has a prolonged period of its cytotoxic
action. On the other hand, when needle array electrodes are used, this vascular
occlusion prevents bleeding of the electroporated area (33).

Blood modifying effect of electric pulses can be exploited also in another
direction. Use of bioreductive drugs that are effective in hypoxic environment
could be potentiated by application of electric pulses. This is especially of
interest since the desired physiological condition can be induced only in the
confined area where the pulses are applied.

These are the most evident future directions of electrochemotherapy. In
addition, there are many other applications that are already in progress, such as
electrogene therapy, or others that have not yet been foreseen.
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Clinical Trials for Solid Tumors
Using Electrochemotherapy

Richard Heller, Richard Gilbert, and Mark J. Jaroszeski

1. Introduction

Chemotherapy is a standard treatment for a wide variety of cancers. How-
ever, response rates are usually low. In melanoma, for example, partial
response rates range from 20-45 % with complete responses of less than 5%
(1-4). The cell membrane can be a significant barrier for agents with an intra-
cellular site of action. The inability to cross the cell membrane and enter the
cell could lead to a low response rate. The effectiveness of these agents could
be enhanced if combined with a procedure that increases the permeability of
the cell membrane.

A new approach is being explored as a potential means of enhancing drug
delivery to tumor cells. This approach involves the use of electric pulses to
increase the permeability of cell membranes and is currently being explored
for the treatment of several types of malignancies. The application of electric
pulses alters membrane permeability to facilitate the transport of the drug into
cells. This transient increased permeability is due to a reversible breakdown of
membranes that is induced by exposing cells to direct current pulses at a suffi-
cient electric field strength. This electrically induced permeabilization, also
called electroporation, has also become the preferred method for the transfor-
mation of cells. The exposure of cells to electric fields has been used for
electroporation as well as the related process of electrofusion. Potential uses
for both of these techniques have recently been demonstrated (5-8).

The process of electroporation is a physical phenomenon. The physical
nature of electroporation makes it applicable to all cell types. In addition, a
variety of applications are enhanced by utilizing this procedure to gain tempo-
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rary access to the cytosol. These include production of monoclonal antibodies
(9,10), cell—cell fusion (10-12), cell-tissue fusion (13,14), insertion of mem-
brane proteins (13,15,16), and genetic transformation (17-19). The most clini-
cally significant application of pulsed electric fields currently under
investigation is the delivery of drugs into cells. The use of electric pulses to
deliver chemotherapy drugs has been termed electrochemotherapy (ECT)
(20,21).

Preclinical ECT studies have focused on delivering drugs for the treatment
of solid tumors. These studies have mainly used bleomycin as the chemothera-
peutic agent, however, cisplatin has also been used in combination with
electroporation. Studies performed in both mice and rats have shown that when
bleomycin or cisplatin is administered in combination with electroporation their
effectiveness as an antitumor agent is greatly enhanced. These studies have
been performed with a variety of tumor types including, melanoma, hepatocel-
lular carcinoma, lung carcinoma, breast carcinoma, fibrosarcoma, and glioma
(22) (see Chapter 6 in this volume for a review). These studies obtained
objective response rates as high as 90% and complete response rates as high
as 85%.

Promising results from early animal studies motivated the translation of ECT
from the laboratory to the clinic. Mir et al. (23,24) performed the first ECT
clinical trial in 1991. Since then, clinical ECT research has been conducted in
the United States, France, and Slovenia. Trials for the treatment of head and
neck squamous cell carcinoma, basal cell carcinoma, and melanoma have been
conducted. All trial results have shown ECT to be a very effective treatment.
This chapter summarizes the results from clinical ECT studies to provide an
updated status of drug delivery by electroporation for the treatment of cancer.

2. Clinical Results Using Intravenous Bleomycin

Mir and collaborators performed the first clinical trial using ECT at the
Institut Gustave-Roussy, Villejuif, France (23,24). Patients with recurrent or
progressive permeation nodules (cutaneous metastases) of head and neck squa-
mous cell carcinoma located in the anterior cervical region or in the upper part
of the thorax were enrolled in this trial. The ECT procedure utilized bleomycin
administered intravenously in combination with electric pulses administered at
a nominal field strength of 1300 V/cm. Following the success of the Villejuif
trial, several other centers around the world initiated trials using either the exact
Villejuif protocol or a slightly modified one. Tumor types treated in these other
studies including melanoma, basal cell carcinoma, adenocarcinoma, and squa-
mous cell carcinoma.

Success of the therapy was evaluated by determining the response of each
treated nodule. Response rates were based on the tumor volume by measuring
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the longest diameter (a) and the next longest diameter (b) perpendicular to a.
The tumor volume was calculated by the formula: V = ab>n/6, where V repre-
sents the tumor volume. The number of objective responses (OR) was deter-
mined by adding the number of complete responses (CR; no palpable or
measurable tumor detected for at least 30 days following treatment) and partial
responses (PR; greater than 50% decrease in tumor volume for at least 30 days
following treatment). Stable disease (SD) was defined as no growth but less
than 50% reduction of tumor volume; and progressive disease (PD) was
defined as continued growth.

There were a total of 199 nodules (34 patients) treated in all the studies
using intravenous bleomycin. An objective response rate of 80% (160 nodules
responded) was obtained. In addition, complete responses were seen in 88
treated lesions (44%); 10 lesions (5%) had progressive disease. The results with
respect to tumor type are described in detail in the remainder of this subheading.

The treatment resulted in little or no adverse side effects (23-29). In gen-
eral, the patients were reported as tolerating the treatment well. Slight muscle
contractions were observed during each pulse. An unpleasant sensation was
associated with these contractions, which varied in intensity from patient to
patient, and was dependent on the location of the site treated. However, in
every case this unpleasant feeling subsided immediately after each electric
pulse. No residual sensations were noted. Reactions at the site of treatment
included slight oedema and erythema beginning 1-2 h after treatment. These
conditions disappeared within 24 h. No significant modification of cardiologic
or hemodynamic parameters was noted during or after ECT treatment.

2.1. Head and Neck Squamous Cell Carcinoma

Patients with squamous cell carcinoma of the head and neck were enrolled
at three centers in France: Villejuif, Toulouse, and Reims. All patients enrolled
in the studies had been previously treated with radiation therapy, surgery, and/
or chemotherapy. The three centers enrolled a total of 17 patients and a total of
87 nodules were treated at these three centers. Before treatment, patients with a
small number of treatment sites received only sedatives (Lorazepan or
Levomepromazine) and those with large tumors or with numerous sites were
treated under neuroleptanalgesia using Midazolam and Alfentanyl or under
general anesthesia. Following ECT treatment, 77 of the 87 nodules treated were
able to be evaluated. The other 10 could not be evaluated for various reasons,
the most common being a short follow-up period. Of the 77 lesions that were
evaluated, objective responses were seen in 48 (62%) with 33 (43%) showing a
complete response.

The protocol utilized by these trials was similar to the preclinical methods
for administering ECT. The chemotherapeutic agent used was bleomycin. The
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dose administered was 18 U/m?, and it was injected as a bolus. Pulses were
administered to the first tumor beginning 3.5 min after injection. Subsequent
tumors were treated in series with a 1-min interval between electrical treat-
ment. Two parallel stainless steel strips with a fixed distance of 6 mm were
used as the electrodes (23,24). Eight 99 us electric pulses were generated using
a PS 15 electropulsator (Jouan, Nantes, France). Clinical responses were deter-
mined by periodic measurement of the tumors that were treated with ECT.

Eight patients were enrolled in the initial Villejuif study (first of two studies
performed in Villejuif), and a total of 42 nodules were treated (Table 1).
Objective responses were seen in 29 (69%) of the nodules, and 23 (55%) of the
42 tumors responded completely (23,24). No responses were seen in nodules
that did not receive electric pulses even though they were subjected to the same
bleomycin dose as the electrically treated tumors. The 70% response rate was
extremely encouraging when taking into account that this was the first ECT
trial ever performed in humans, the treatment was administered only once,
and the enrolled patients had recurred or failed other therapies before to ECT
treatment.

The trials conducted in Reims and Toulouse were performed using the same
ECT protocol used in Villejuif except the Reims trial used a 27 U/m? bleomycin
dose (Table 1). Three patients were enrolled in the Reims trial and a total of 10
nodules were treated. Objective responses were seen in 4 (40%) of the lesions
with 1 (10%) complete response (30). One patient with 6 nodules was treated
in Toulouse. Objective responses were seen in 6 (100%) with 5 (83%) com-
plete responses (30).

The potential of ECT as an effective cancer therapy was examined further in
a second trial performed in Villejuif. Five patients were enrolled in this study
that included the treatment of larger and deeper head and neck squamous cell
carcinomas (25). The dimensions of these tumors were up to 20 cm in diameter
which was considerably larger than previously treated nodules. In addition,
these tumors had a greater depth. As in the previous trials bleomycin was
administered intravenously, however, intraarterial injection was used for two
patients as a means of allowing the drug to reach the treated area more easily.
Both injection procedures used a dose of 27 U/m?.

ECT treatment of these large nodules resulted in large antitumor effects at
the superficial regions of the nodules while the deeper portions continued to
grow. This difference in response may have been due to an uneven administra-
tion of the electric field. The parallel plate electrodes were positioned on the
tumor/skin during pulse delivery which probably limited the electrical treat-
ment of the deeper portions of the nodule. This would have resulted in the
tumor cells in these deeper regions from being subjected to fields of sufficient
intensity to cause electropermeabilization. Even with the difficulty of properly
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Table 1
Intravenous Bleomycin ECT Clinical Trial Results?

No. of Bleomycin Clinical Tumor Responses (%)*
Trial Cancer No. of  Tumors Administration

Location Type” Patients  Treated Route NE PR CR OR
Villejuif HNSCC 8 42 Intravenous bolus 31 14 55 69
Reims HNSCC 3 10 Intravenous bolus 50 30 10 40
Toulouse ~ HNSCC 1 6 Intravenous bolus 0 17 83 100
Villejuif HNSCC 5 19% Intravenous bolus 53 26 21 47
Tampa Melanoma 3 10 Intravenous infusion 50 20 30 50
Ljubljana  Melanoma 7 30 Intravenous bolus 10 10 80 90
Toulouse = Melanoma 4 54 Intravenous bolus 4 87 9 96
Tampa BCC 2 6 Intravenous infusion 0 83 17 100
Villejuif Adeno 2 20¢ Intravenous bolus 0 0 100 100
Tampa Adeno 1 2 Intravenous infusion 0 0 100 100

HNSCC, head and neck squamous cell carcinoma; BCC, basal cell carcinoma; Adeno, adenocarcinoma; NE, no effect; PR, partial
response; CR, complete response; OR, objective response.

¢All treatments performed with parallel plate electrodes.

bA total of 29 tumors were treated but a response could not be evaluated on 10.

A total of 28 tumors were treated but a response could not be evaluated on 8.
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administering the electric fields, complete (21%) and partial responses (26%)
were obtained. However, treatment effectiveness was lower than the previ-
ously treated small nodules.

Although the response rates were lower in this study several important
observations were made. Maximum antitumor effects were obtained when
pulses were administered between 8 and 28 minutes after injection of a bolus
bleomycin dose. This indicated the time when bleomycin concentrations were
highest in the interstitial fluid surrounding the tumor cells. In addition, intra-
arterial bleomycin injection was observed to result in increased effectiveness
in two patients.

2.2. Melanoma

Melanoma was treated using electrochemotherapy at three centers around
the world: Tampa, United States; Ljubljana, Slovenia; and Toulouse, France.
Patients enrolled in these centers had been previously treated with either sur-
gery, chemotherapy and/or radiation therapy. The three centers enrolled 14
patients and a total of 94 metastatic malignant melanoma nodules were treated.
Objective responses were seen in 84 (89%) nodules and there were 32 (34%)
nodules that had a complete response. Those lesions that had a CR rapidly
disappeared within 1 to 2 weeks after electrochemotherapy. No regrowth of
these nodules have been reported.

Three patients were enrolled in the Tampa trial and a total of 10 nodules
were treated (26-28,30). Bleomycin was administered at a dose of 10 U/m? at
arate of 1-1.5 U/minute. The electric pulses were administered between 5 and
15 minutes following administration of 1% lidocaine, containing 1: 100,000
ephinephrine, around the treatment sites and after bleomycin infusion. A total
of eight 99 us direct current pulses were delivered to tumors. The electrodes
consisted of two flat stainless steel squares that were 20 mm on each side and
were mounted on a vernier caliper (26). The calipers allowed the distance
between the electrodes to be adjusted depending on the size of the tumor. The
electric pulses were generated using a BTX T820 (Genetronics, Inc., San
Diego, California). Objective responses were seen in 5 (50%) of the nodules
with 3 (30%) complete responses (Table 1). All eight lesions that were
exposed to only bleomycin did not respond and continued to grow.

Bleomycin was administered as a bolus injection at a dose of 18 U/m? as
part of both the Ljubljana trial (29,30) and the Toulouse trial (30). Patients
treated at the Slovenian center received lidocaine spray over the treated sur-
face. Patients at the Toulouse center were treated after receiving either only
sedatives (Lorazepan or Levomepromazine), under neuroleptanalgesia using
Midazolam and Alfentanyl or under general anesthesia. Eight 100 us electric
pulses were administered using the flat stainless steel electrodes with a fixed
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gap. The electrode used in Ljubljana had a gap of 7 mm, while the electrode
used in Toulouse had a 6-mm gap. The Ljubljana trial enrolled seven patients
and a total of 30 nodules were treated. Objective responses were obtained in 27
(90%) of the lesions with 24 (80%) having a complete response (Table 1). An
additional three nodules were only exposed to the bleomycin and did not
receive electric pulses. These 3 nodules did not respond and continued to grow.
Four patients were enrolled in the Toulouse trial and a total 54 nodules were
treated. Objective responses were seen in 52 (96%) with complete responses
found in 5 (9%) of the treated nodules (Table 1).

2.3. Basal Cell Carcinoma

Electrochemotherapy was used to treat basal cell carcinomas at the Tampa
center. Two patients were enrolled and 6 tumors were treated under the same
drug and electrical conditions as were used to treat melanomas in Tampa
(26,27,30). Eight 99 us electric pulses were applied using the caliper elec-
trodes and a BTX T820. Both patients had surgery several times previously.
Objective responses were seen in 6 (100%) tumors with 1 (17%) complete
response (Table 1). No response was seen in the six lesions exposed to
bleomycin only and not to electric pulses.

2.4. Adenocarcinoma

The use of electrochemotherapy for the treatment of adenocarcinoma was
tested at two sites. Three patients were enrolled in trials being conducted in
Villejuif (2 patients) and Tampa (1 patient). ECT was used to treat a total of 30
nodules (28 in Villejuif and 2 in Tampa). Follow-up allowed evaluation of 22
of these metastatic nodules. All 22 (100%) responded to electrochemotherapy
(Table 1) and all were CR (26,30). Eight additional metastatic nodules were
treated but could not be evaluated because of a follow-up period that was too
brief. An additional 2 nodules (Tampa) received bleomycin alone and had pro-
gressive disease.

3. Clinical Results Using Intratumor Bleomycin

Intratumor injections of bleomycin was in combination with electric pulses
was first used in a clinical trial performed at the H. Lee Moffitt Cancer Center
and Research Institute in Tampa, Florida. Patients with melanoma, basal cell
carcinoma, squamous cell carcinoma, and Kaposi’s sarcoma were included in
the study (30-32). A response to the treatment was seen in all 34 patients that
were enrolled in the study. ECT was performed on a total of 143 tumors of
various sizes. Objective responses were found in 142 (99%) of which 130
(91%) were complete responses (Table 2). A complete description of the
results with respect to tumor type is given below.
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Table 2
Intratumor Bleomycin ECT Clinical Trial Results

Clinical tumor responses (%)

Trial No. of Cancer No. of Electrode
Location  Patients Type Tumors Treated Type NE PR CR OR
Tampa 2 Melanoma 8 Parallel plate 0 0 100 100
Tampa 10 Melanoma 76 Needle array 1.3 10.5 88.2 98.7
Tampa 5 BCC 13 Parallel plate 0 1.7 92.3 100
Tampa 15 BCC 41 Needle array 0 5 95 100
Tampa 1 KS 4 Parallel plate 0 0 0 100
Tampa 1 SCC 1 Needle array 0 100 0 100
Chicago 8 HNSCC 8 Needle array 25 25 50 75
Chicago 1 Adeno 1 Needle array 0 100 0 100
Chicago 1 ACC 1 Needle array 0 0 100 100

BCC, basal cell carcinoma; KS, Kaposi’s sarcoma; SCC, squamous cell carcinoma; HNSCC, head and neck squamous cell carci-
noma; Adeno, adenocarcinoma; ACC, adenoid cystic caricoma; NE, no effect; PR, partial response; CR, complete response; OR,
objective response.
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A second clinical trial utilizing intratumor bleomycin was initiated at Rush
Presbyterian-St. Luke’s Medical Center in Chicago, IL. Patients with biopsy-
proven head and neck cancer were enrolled in this study (33). Ten patients
were treated at this center and eight showed a response to treatment. ECT was
performed on a total of 10 tumors and objective responses were found in 8
(80%) of which 5 (50%) were complete responses (Table 2).

The treatments performed at both centers were tolerated well by all patients.
Bleomycin was administered intratumorally, approximately at a dose of 1.0
U/cm? of treated tumor, in less than 30 seconds at least 10 minutes before
electric pulse delivery (31,32). Prior to the application of electric pulses,
patients at the Tampa, FL center received a peritumoral injection of 1-3 ml of
1% lidocaine containing 1:100,000 ephinephrine per lesion. Patients at the
Chicago center received general anesthesia which typically lasted less than
1 hour. In addition, the tumor site was injected around its perimeter with 1%
lidocaine containing 1: 100,000 ephinephrine (33). The electrodes used for the
first 8 patients in the Tampa trial consisted of two flat stainless steel squares
that were 20 mm on each side and were mounted on a vernier caliper (same as
used in the Tampa IV trial). The remaining Tampa patients and all the Chicago
patients were treated using an electrode that consisted of a circular array of six
needles (34,35). This needle array electrode was fixed at various sizes includ-
ing 5, 7.5, 10, and 15 mm diameter. BTX T820 generator (calipers or needles)
or a Medpulser (needles) instrument (Genetronics, Inc., San Diego, CA) were
used to deliver electric pulses administered at a nominal field strength of
1300 V/cm. Muscle contractions occurred during each pulse, but subsided at
the end of each pulse. The majority of patients reported feeling discomfort
at the treatment site during each pulse that disappeared immediately at the end
of each pulse. It was also observed that the needle array electrodes caused less
discomfort than the caliper electrodes. None of the patients reported any
residual pain or discomfort following treatment and no significant modifica-
tion of cardiologic parameters were observed.

3.1. Melanoma

Twelve patients with metastatic melanoma patients were enrolled in the
study being conducted in Tampa. These patients had been previously treated
with either surgery, chemotherapy and/or radiation therapy. Electrochemo-
therapy was used to treat a total of 84 melanoma nodules. Standard ECT proto-
col was used which included an intratumor injection of bleomycin followed 10
minutes later by electric pulses. Partial treatment (bleomycin alone or electric
pulses alone) was performed on an additional 12 nodules. Objective responses
were seen in 83 (99%) of the 84 metastatic malignant melanoma nodules
receiving the full ECT treatment (Table 2); 75 (89%) of these tumors com-
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pletely disappeared within 2-3 wk after electrochemotherapy and were called
CR (27,32). No regrowth of these nodules was reported in the 20-mo mean
follow-up period (7-27 mo). There was no observed effect on the twelve nod-
ules that received only partial treatment as these tumors continued to get larger.
Although ECT was successful in removing the treated lesions it did not prevent
the appearance of new metastatic lesions.

3.2. Basal Cell Carcinoma

A total of 20 patients with basal cell carcinoma were enrolled in the Tampa
trial. These patients had 65 BCC primary tumors (20 patients) that were treated
as part of this trial. Electrochemotherapy was performed on 54 tumors, while
the other 11 tumors received partial treatment (drug only or electric pulses
only). All BCCs treated as part of this protocol were diagnosed as a nodular
subtype. No superficial, aggressive growth or morpheaform BCC subtypes
were included in this trial (31). A 100% objective response rate was obtained
in the 54 BCC primary tumors receiving the complete ECT treatment (Table 2).
Of these, 51 (94.4%) disappeared within 1 month and were designated CR.
During a mean follow-up period of 20 months (14-28 months) no recurrences
were observed. Among the 11 BCCs that were treated with either bleomycin or
electric pulses alone, only one nodule (drug only) had a partial response; the
remaining 10 BCC tumors progressed.

In this BCC study, objective responses were obtained with all tumors and
CRs were obtained in all but 3 (PR). Two of these PR tumors were retreated
and complete responses were obtained. Therefore, examining BCCs that
received an intratumor dose of bleomycin and one or two treatments, CR were
obtained in 53 of 54 (98.1%) treated tumors. An excisional biopsy was per-
formed on the remaining PR tumor; therefore, it could not be retreated.

3.3. Kaposi’s Sarcoma and Squamous Cell Carcinoma

Electrochemotherapy was performed on one patient with Kaposi’s sarcoma
(KS) and one patient with squamous cell carcinoma (SCC; 1 nodule) (Table 2).
The KS patient had four sites treated by ECT and an additional 3 sites that
received an intratumor injection of bleomycin only. All four ECT sites com-
pletely responded (32). By contrast, the partially treated sites were observed to
have progressive disease. The single SCC tumor that was treated with ECT
responded partially (32).

3.4. Head and Neck Squamous Cell Carcinoma

Eight patients with squamous cell carcinoma were enrolled (Table 2). Seven
of the eight patients enrolled in the study had been previously treated with
either surgery, radiation therapy and/or chemotherapy, the remaining patient
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refused surgery and radiation therapy. All eight patients had a single tumor
treated. The tumors were located either floor of mouth (2), nasal septum (1),
retromolar trigone (1), oropharynx (1), maxillary sinus (1), base of tongue (1)
or supraglottic larynx (1). Seven of the eight patients were treated while under
general anesthesia, the other patient was treated using local anesthetic. A tran-
sitory masticator and tongue muscle spasm was observed in all patients.
Objective responses were seen in 6 of the 8 (75%) patients and 4 (50%) showed
a complete response (33).

3.5. Adenocarcinoma and Adenoid
Cystic Carcinoma of the Head and Neck

Two additional patients were enrolled in the Rush Presbyterian trial (Table 2).
One patient had an adenocarcinoma of the ethmoid sinus. Patient had previ-
ously undergone radiation therapy. ECT therapy of this tumor resulted in a
partial response. The other patient had an adenoid cystic carcinoma of the
parotid. Patient had previously received radiotherapy and chemotherapy. Treat-
ment with ECT resulted in a complete response (33).

4. Clinical Results Using Intratumor Cisplatin

Clinical evaluation of ECT using a drug other than bleomycin was first per-
formed at the Institute of Oncology in Ljubljana, Slovenia. This trial utilized
intratumor injections of cisplatin followed by administration of electric pulses.
The trial included patients with melanoma, basal cell carcinoma, and squa-
mous cell carcinoma (36). Four patients were enrolled in the study and all
patients showed a response to the treatment. ECT was performed on a total of
19 tumors of various sizes and of various histological types. Complete
responses were found in all 19 (100%) of the tumors treated (Table 3).

Cisplatin was administered intratumorally at doses ranging from 0.25 to 2 mg
dependent on the tumor size. Electric pulses were delivered 1-2 min following
the cisplatin injection. A total of eight 100-us pulses at a nominal field strength
of 1300 V/cm were delivered using two parallel stainless steel electrodes with
a fixed distance of 7 mm between them. The electric pulses were generated
using a Jouan GHT 1287 (Jouan, France). The eight pulses were delivered in
two sequences of 4 pulses, with 1 s intervals and in two perpendicular direc-
tions (37-38). The treatment was well tolerated with minimal scarring and a
slight depigmentation of the skin. A complete description of the results with
respect to tumor type is given below.

4.1. Melanoma

Two melanoma patients were enrolled in the study. Patients had been previ-
ously treated with either surgery, chemotherapy, and/or immunotherapy. A
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Table 3
Intratumor Cisplatin ECT Clinical Trial Results?

Clinical Tumor Responses (%)

Trial No. of Cancer No. of Tumors
Location Patients Type Treated NE PR CR OR
Ljubljana 2 Melanoma 13 0 0 100 100
Ljubljana 1 BCC 4 0 0 100 100
Ljubljana 1 HNSCC 2 0 0 100 100

BCC, basal cell carcinoma; HNSCC, head and neck squamous cell carcinoma; NE, no effect; PR, partial response; CR, complete
response; OR, objective response.
4All treatments performed with parallel plate electrodes.
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total of 13 melanoma nodules received ECT treatment which included an
intratumor injection of cisplatin followed one to two minutes later by electric
pulses. An additional 6 nodules received no or partial treatment. Complete
responses were seen in 13 (100%) of the 13 metastatic malignant melanoma
nodules treated with a combination of cisplatin and electric pulses (Table 3).
No regrowth of these nodules has been observed during the 7- 11-mo follow-
up period (patients still being followed). Two nodules were not treated and one
nodule was treated with electric pulses only; these nodules continued to grow.
Three lesions were treated with intratumor cisplatin only; two had a complete
response and one remained the same (36).

4.2. Basal Cell Carcinoma

One patient with basal cell nevus syndrome was enrolled in this study. The
patient had previously undergone multiple surgeries as well as treatment with
interferon-o. and vitamin A. Four lesions were treated with the electrochemo-
therapy protocol using intralesional cisplatin. An additional five lesions
received either no treatment or partial treatment. The four lesions receiving the
full ECT treatment completely responded (36). No regrowth of these tumors
has been observed during the 9- to 11-month follow-up period (patients still
being followed). Three tumors were not treated and there was no change in the
size of the lesions. Two other tumors received only an injection of cisplatin.
Both of these lesions partially responded.

4.3. Squamous Cell Carcinoma

One patient with squamous cell carcinoma of the head and neck was
enrolled in this study. The patient had previously undergone multiple surgeries
as well as treatment with interferon-a and vitamin A. Two lesions were treated
with the electrochemotherapy protocol using intralesional cisplatin. Both
lesions completely responded to the treatment (36). No regrowth of these nod-
ules has been observed during the 9- to 11-mo follow-up period (patients still
being followed).

5. Summary and Conclusions

Electric pulses can be a powerful tool to increase the effectiveness of chemo-
therapeutic agents. The combination of chemotherapy and electric pulses has
been termed electrochemotherapy and has already been demonstrated to be a
potent antitumor treatment in both animal (20,21,37-51) and human studies
(23-33,36). The vast majority of these studies have utilized bleomycin; how-
ever, cisplatin has also been shown to be enhanced when used with ECT (38).
Although conventional chemotherapy studies have demonstrated that
bleomycin is not generally effective as a single agent for the treatment of solid
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tumors (52,53), when used in combination with electric pulses, bleomycin
becomes effective against a variety of tumors (20,21,37-51).

Bleomycin works by gaining access to the cell’s nucleus and then binding to
the DNA and therefore must be internalized by a cell to be effective. The
inability bleomycin to efficiently cross the cell membrane is the reason it has
been a failure as a single agent. However, this is also the reason why it is an
excellent candidate for ECT. Bleomycin is a nonpermeant drug, and its
entrance into the cell is restricted by the cell membrane (54,55). The applica-
tion of electric pulses to the cell membrane causes a temporary destabilization
of the membrane, which facilitates the internalization of the drug and allows
the drug to reach its target, thus the combination becomes a potent antitumor
treatment.

Cisplatin has a similar mode of action as bleomycin and also must reach the
nucleus to be effective. In contrast to bleomycin, cisplatin is a permeant drug
and can cross the cell membrane. This is probably the reason why in the
cisplatin trial some tumors treated with only intratumor cisplatin responded.
However, there was still an increased response when combining cisplatin with
electric pulses. ECT with cisplatin is still advantageous because the
permeabilization of the cell membranes allows for increased uptake of the drug
which could lead to increased effectiveness. In addition, this increased effi-
ciency would allow a lower dose of the drug to be used.

This chapter reviewed several ECT clinical studies. All of the studies dem-
onstrated the potent antitumor effect of electrochemotherapy (23-33,36).
Bleomycin was used in all but one of the trials which used cisplatin (36).
Bleomycin was administered either via an intravenous or intratumor injection,
while cisplatin was administered via intratumor injection. Several different
applicators were used to deliver the electric pulses. In addition, many different
histologic tumor types were treated with this therapy. Even with these varia-
tions of the treatment protocol, ECT has consistently shown high response
rates.

It should not be surprising that ECT can elicit a high response rate regard-
less of histologic type. The basic underlying principle of ECT is the
electropermeabilization of cell membranes using electroporation. All types of
mammalian cells are susceptible to the physical phenomenon of
electroporation. The phenomenon results from the interaction of electric fields
with a low conductive membrane composed of lipids and proteins (56,57). The
permeabilization of the cell membrane allows free and unrestricted access of
the drug to the inside of the cell. Once inside the cell, interaction of the drug
(bleomycin or cisplatin) with DNA eventually results in cell death (53,56-57).
Thus, all histological types of tumors should be sensitive to electro-
chemotherapy.
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Successful treatment with ECT requires that both drug and electric pulses
must be used in combination and within a critical time frame. Partial treatment
with either bleomycin alone or electric pulses alone has been shown to be inef-
fective and treatment with cisplatin alone has been shown to be less effective.
Therefore, it is important to administer the electric pulses at a time when the
drug concentration in the tumor is sufficient to allow for maximum uptake
while the cells are in a permeabilized state. This time interval was established
by Mir and collaborators to be from 8 to 28 minutes after intravenous bolus
injection of bleomycin. The time interval for intratumor injections of bleomycin
were determined by Heller and collaborators to be 10 minutes (42) and for
intratumor injections of cisplatin to be 1-2 minutes (36,38).

Electrochemotherapy was performed at several centers by administering
bleomycin either by intravenous or via intratumor injection. Both routes of
administration proved to be effective when combined with electric pulses. One
advantage of using the intratumor route of injection was the ability to treat
every tumor independently which allowed the whole electrochemotherapy ses-
sion to be split in as many partial sessions as required. It also allowed the
administration of a tumor dose as opposed to a systemic dose of the drug,
allowing for a reduction of the overall dose as well as concentrating the dose at
the treatment site. It was also interesting to note that although both injection
routes gave high objective responses, the complete response rate resulting from
ECT treatment with intratumor bleomycin represented a dramatic improve-
ment when compared to the CRs obtained with intravenous administration
(88% vs 44%). This difference was even more dramatic when comparing the
treatment of basal cell carcinoma (94% vs 17%). Although both modes have
proven to be effective, utilizing intratumor administration may be an important
consideration when treating patients with circulation problems or tumors that
are not highly vascularized. Overall, the results indicate that electrochemo-
therapy is a very effective treatment irrespective of the drug administration
route and the treatment can be administered in a variety of ways depending on
the clinical situation.

Electrochemotherapy can be an effective means for the local control of a
variety of cancer types. ECT has been demonstrated to be an excellent alter-
native therapy for use as a local treatment. The use of drug delivery with elec-
tric fields is practical for the treatment of solitary tumors as well as local and
regional disease. An ideal application for ECT would be the treatment of
nonmetastatic cancers, such as basal cell carcinoma. There are several major
advantages of ECT over surgery such as reduction in scaring, tissue sparing
and maintenance of tissue functionality. ECT may be an excellent choice for
patients with lesions on sun damaged skin particularly the ears, lips, and nose.
The use of ECT, in its current form, for extensive metastatic disease is cur-
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rently not practical. In the future, ECT may be combined with other therapies
that could add a systemic component that could produce a potent systemic
therapy. Preclinical studies have examined the possibility of combining ECT
with interleukin-2 to treat distant disease (60—62). However, even in its present
form, ECT may be used for patients with extensive disease as a palliative treat-
ment or for the treatment of recurrent or metastatic tumors that can not be
surgically removed or have previously failed other therapies. It is quite appar-
ent from the results of these early studies that combining electric pulses with
chemotherapeutic agents may become a powerful weapon in the treatment of
solid tumors.
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In Vitro and Ex Vivo Gene Delivery
to Cells by Electroporation

Sek Wen Hui and Lin Hong Li

1. Introduction

Electroporation generally refers to the technique of permeabilizing cell
membranes by applying a short and intense electric pulse across a cell, such
that the barrier function of the membrane is instantaneously compromised.
During such time, genetic materials may travel across the membrane. For a
successful gene transfer process, the barrier function of the cell membrane is
rapidly restored, and the cell survives. The electrotransfection process thus
comprises two steps. The first step is electroporation, which is governed by the
electrical properties of the cell and the suspension medium. The controlling
parameters are mainly electrical. The second step is recovery, which must take
into account the biological characteristics of the cells. We consider these two
steps in this chapter.

The phenomenon of reversible electric breakdown of cell membranes was
first observed in the 1970s (1-3). It was later realized that the method might be
used to entrap molecules in cells (4,5). Successful transport of DNA across cell
membranes was reported by Auer et al. (6), and later by Wong and Neumann
(7) as well as Xie et al. (8). Today, this technique has become a standard proce-
dure for transfection and cell loading. A number of commercial electroporation
equipment manufacturers currently have products for sale. In addition, a large
collection of published and manufacturer-supplied protocols are available.

As the method becomes widely acceptable and popular, many variations
have been proposed for various cells and plasmid DNA. Many of these proto-
cols are results of trial and error. Because experimental conditions vary case
by case, new and modified protocols are constantly needed to optimize trans-
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fection yields. Developing new protocols for new cases by trial and error is
wasteful in terms of time and energy. Increasing number of users tend to follow
empirical protocols rather than following basic principles. To comprehend the
vast literature and to derive the maximum benefit from the electroporation method-
ology, it is critical to understand basic principles involved as well as what
obstacles remain for its broader applicability. This chapter is intended to present
a guide based on known theories of electroporation. It should be helpful to all
users as an aid for modifying existing protocols and developing new protocols.

2. Factors Governing Electroporation
2.1. Energetics of Electropore Formation

Although the detailed molecular mechanism of electroporation still needs to
be clarified, recent fundamental studies give us a general picture of the events
happening during the electroporation process. We know that membrane
permeabilization is due to the electric breakdown of the lipid bilayer when the
transmembrane potential exceeds the breakdown potential of the bilayer. Pores
or permeabilization sites are formed and maintained by the electric pulse field.
In contrast to lipid bilayers that reseal immediately after the breakdown, the
permeabilized state of cell membranes may last tens of minutes after the termi-
nation of the pulse field. During and shortly after the pulse, molecules may
enter the cell in a number of ways, including electrophoresis (of charged
molecules such as DNA), electroosmotic and colloid-osmotic flow, as well as
diffusion.

In terms of energy, a membrane pore is created when the energy stored in
the membrane capacitor exceeds the energy of keeping the membrane intact
against pore expansion. The energy of forming a pore of a given radius r in a
membrane is determined by the balance between the line tension 7y of the pore
edge and the surface tension x of the membrane.

E,=2nry—mnriy. (D

This pore energy reaches a maximum at a critical value of pore radius r, = y/y
(9,10). The line tension of the pore edge depends on the molecular packing of
the membrane. Pores with radii smaller r, tend to reseal, while those with radii
greater than r, tend to expand if the membrane is under tension.

When subjected to an imposed electric field £, which charges the membrane
capacitor, the energy stored in the membrane capacitor over an equivalent area
of the pore precursor is:

E.=Twrey(ey, — €,)V?/2d, (2)

where € denotes the dielectric constant and the subscripts 0, w, and m refer to
free space, water, and membrane, respectively. Vis the transmembrane voltage
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(membrane potential) imposed by the pulse field across the membrane of thick-
ness d. For a given membrane, an electropore of radius r will form if the elec-
tric energy E, given in Eq. 2 is greater than the energy E;, required (in Eq. 1) to
form a pore of such size. This energy defines the breakdown voltage V,, over
which the membrane will breakdown and pores of diameter r will form. If r<r,,
the electric breakdown is reversible. Otherwise the pore will expand once it
is formed. A macroscopic relationship has been described by Zelev and
Needham (10).

2.2. Kinetics of Electroporation

Consider the simpler case of a spherical cell. The imposed membrane poten-
tial, or transmembrane voltage V experienced by the cell is (11)

V=15aEcos ¢ [1 —exp (—t/7)], 3)

where E is the imposed pulse electric field, a is the radius of the cell, and ¢ is
the angle between the field direction and the radial vector of the surface point
where membrane potential is considered. The highest V is, of course, at the
poles along or against the field direction where ¢ is 0 and T, respectively. Since
the breakdown voltage (V})) of most biomembranes is around 1 V,a 0.7 kV/cm
pulse of sufficient length is enough to produce a breakdown potential at the
poles for a cell that is 10 um in diameter. A threshold electric field strength
needed for cell permeabilization has been documented (12).

The time required to develop this potential across the membrane is governed
by 1. The charging or relaxation time T of the membrane is determined by the
internal and external conductivities of the cell (13).

t=aC, (1/c; + 0.5/c,). “4)

C,, is the membrane capacitance, and o; and G, are the internal and external
conductivities. For a cell of 5 m in radius, with a 6; = 58 LS/cm and 6, =9 uS/cm,
T is 25 ps. Thus the minimum pulse length required for the electopore to form
is expected to be about 25 us. Larger cells require longer time to reach the
membrane breakdown potential. The minimum pulse length requirement may
be shorter with higher internal and external conductivities.

The electric pressure, I, from the charge buildup across the membrane at
the pole is

IT=0.5e0e.{1.5aE [1 — exp (—t/7)]/ d}? (5)

where d is the membrane thickness. The pressure is generated against the
mechanical resilience of the membrane. Therefore, the time for the membrane
to break down depends not only on the time for the electric pressure to build up
but also on the lateral viscosity of the membrane materials to retract in order
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for the membrane to thin and eventually break. A discussion of the mechanical
breakdown process is given by Needham and Hochmuth (14). The combined
electric relaxation time of the cell in suspension and the mechanical relaxation
time of the membrane determine the temporal process of electroporation.

The imposed membrane potential is felt simultaneously at all points at the
cell surface, according to Eq. 3, because the mechanical relaxation time is usu-
ally longer than the electric relaxation time for most cells. The higher the
imposed field strength E, the farther from the poles extend the area where mem-
brane breakdown potential is experienced, that is, the wider the breakdown
area (12). It can take the form of multiple pores or other forms of membrane
defects over the breakdown areas. The detailed geometry of the permeabilized
area is still controversial.

2.3. Transport of DNA Across Membranes

Apart from the extent of membrane permeabilization, there are several other
factors that control the intake of exogenous DNA by the cell. It is believed that
most exogenous DNA transport into electroporated cells is through electro-
phoresis (15,16). Even if cells remain permeabilized long after the pulse, as
determined by dye penetration, adding DNA immediately after the pulse usu-
ally results in a much lower transfection efficiency compared to adding DNA
before the pulse. Shielding the charge of DNA by cations also reduces the
transfection efficiency. It has been reported that more DNA enters the cells
during a second pulse of lower field strength, once the cell is permeabilized by
the first pulse (17,18). Uptake of DNA adsorbed on cell surfaces has also been
suggested (8). For a given pore-forming pulse voltage, the transfection effi-
ciency depends more on the total length of pulses than on the time span when
cells remain permeable, thus the diffusion of DNA into cells through
electropores is not an important contribution in transfection efficiency. Other
physical factors such as the geometry and concentration of DNA are also
important (19), because the physical forms of DNA affects their electrophoretic
mobility.

If most of the DNA entering the cell does so during the pulse, the transfec-
tion efficiency should be proportional to the integral of the extent of membrane
permeabilization with respect to the pulse time. For simple rectangular pulses
or exponentially decaying pulses, the time integral is the pulse length (or decay
time constant) 7, which is usually much greater than the membrane relaxation
time. If the permeabilized area of the cell is limited to the polar regions as is
normally the case (20), the extent of membrane permeabilization, in terms of
the number, density and size of electropores, is approximately proportional to
E — E,, where E, is the pulse field strength needed to produce the membrane
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breakdown voltage V,. Thus we expect the transfection efficiency to be roughly
proportional to

(E-EWT. (6)

If multiple rectangular pulses are used, 7 represents the sum of all pulse peri-
ods. If an exponentially decaying pulse from a capacitor-type pulse generator
is used, T represents the decay time constants of the pulse. The relationship
should hold as long as E is not too much greater than E, such that the
electropores so created are reversible.

The dependence of macromolecule transport on (E — E,)T has been verified
by using fluorescence molecules as tracers (21-23). Macromolecule intake
during electroporation was indeed proportional to the quantity (E — Ey)T.
Figure 1 shows the uptake of fluorescein isothiocyanate labeled dextran by
C3H/10T,,, cells as a function of 7 when E is fixed. Because cells take up
dextran spontaneously without electroporation, the best fit line does not inter-
cept the origin. The linear relationship holds for a wide range of E and T com-
binations, regardless of voltage and time ranges, as long as the reversible
breakdown limit is not exceeded (22). However, if viable cells only are counted,
the intake drops off once the viability limit is reached. Measurements of
bovine serum albumin uptake by erythrocyte ghosts shows the same trend (23).

If the transfection efficiency is proportional to the percentage of
permeabilized cells that take in DNA, then transfection efficiency would also
be a linear function of (E — E})T. A linear relation was reported for the trans-
fection efficiency of HeLa cells by pRSVgpt plasmids (24), when the number
of transfected clones was plotted as a function of E7. The x-axis intercept of
the least square fit line gives E,T = 0.5 kV ms/cm. This value implies that, for
a 0.75-ms pulse, the threshold applied field strength to cause reversible break-
down in some cells is 0.7 kV/cm. A linear relationship was found when the
logarithm of transfection efficiency was plot against log [E] or log [7] for the
transfection of E. coli JM105 with pBR*?? (25). The effect of pulse strength
and duration on the transfection of CHO cells was investigated by Wolf et al.
(16). The transfection efficiency of CHO cells in suspension, with pSV2CAT
or pBR322-Bgal plasmids, was also found to be a linear function of either E or T
while the other parameter was held constant. Figure 2 shows the linear rela-
tionship between ET and transfection efficiency for JTL B-lymphoid cells. The
decline at high ET value apparently is caused by cell death (as discussed later).
The minimum field strength E for detectable permeability as well as transfec-
tion was found to be 0.6 kV/cm. These values approximately equal that given
by Eq. 3, and agrees with most threshold field strength values for
electroporation (16,26). Interestingly, the transfection efficiency decreases with
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Fig. 1. The percentage of fluorescent C3H/10T7, cells after electroporation in FITC-
Dextran (72 kD), using a 4.2 kV/cm exponential pulse of various decay times (pulse
length). The total percentages of fluorescent cells and viable fluorescent cells (by
trypan blue exclusion test) are represented by (A) and (O), respectively. (From ref. 22,
with permission.)

increasing delay between repeating pulses, indicating that DNA is collected on
the cell surface and driven through the electropores by electrophoretic force, in
agreement with previous experiments using two consecutive pulses to increase
transfection yield (18).

The above analysis applies only to reversible breakdown of cell membranes
by the electric pulses, such that membranes reseal in time, and cells recover
from the traumatic event of electroporation. In cases that the applied field is
high enough to trigger irreversible membrane breakdown, that is, E>>E} such
that r>r,, electropores do not reseal, and the cell viability is low. As a con-
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Fig. 2. The relative transfection efficiency of human JTL lymphoid cells trans-
fected with pCEP4-FUC. The activity of o-fucosidase is plotted as a function of the
product of the pulse field strength E and the equivalent integeral pulse time 7. The
samples were subjected to three exponentially decaying pulses of given decay half-
times: () 0.2 msec, (®) 0.24-0.28 ms, (A) 0.34-0.35 ms, at £ =0.5-2 kV/cm, and (H)
0.14 ms at E =4 kV/cm.

sequence, cell viability imposes an upper limit on the transfection efficiency
(Fig. 2).

Many electroporation protocols give electric parameters in terms of voltage
and capacitor value (in microfarads, for instance). These quantities are mean-
ingful only if the sample resistance and interelectrode distance are given as
well. For a uniform sample in a cuvette, the pulse field strength E is the applied
voltage divided by the interelectrode distance. The pulse decay time 7'= RC is
the capacitance C used in the pulse generator and the capacitance of the sample,
times the total resistance R of the sample plus any circuit elements. The formu-
lae relating voltage and capacitance to the relevant electric parameters E and T
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are sample- and instrument-dependent; therefore voltage and capacitance
should not be cited as independent electric parameters.

3. Recovery After Electroporation
3.1. Colloidal Osmotic Swelling

Cells maintain osmotic balance with the external environment via a system
of membrane transport mechanisms. Although the total osmotic pressure
inside and outside the cell is kept equal, the composition of individual ionic
species are usually different. For instance, the equilibrium between excess
intracellar potassium and excess extracellar sodium is maintained by Na-K-
ATPase at the plasma membrane. The concentration of intracellular calcium is
kept two orders of magnitude lower than that of extracellular fluid by the cal-
cium pump system of the membrane. Electropores created at the plasma mem-
brane can abolish these carefully maintained ionic gradients and lead to cell
death. Cells may recover if the electropores are rapidly resealed and the ion
pump system remain largely intact after the electroporation pulse to counter
the ion mixing through electropores. The resealing times of electropores at cell
membranes are typically seconds to minutes. Cell death due to ionic imbalance
can be reduced by using a reverse Na/K buffer with reduced calcium during
electroporation (27).

A different, and usually more damaging type of osmotic effects is the colloi-
dal-osmotic effect. The origin of this effect is the selective permeability of the
membrane after electroporation. Cells contain molecules that are larger than
ions, such as proteins, nucleic acids, and various macromolecules that make up
the organelles and the cytosol. Because of a high concentration of these large
molecules within the cells, ionic concentrations inside cells are necessarily
lower than that of the external environment in order to maintain a general
osmotic equilibrium. Small electropores allow ions to pass through to attain
ionic equilibrium while large molecules are kept within the cell. An osmotic
imbalance is thus set up by the ion flux. Water is then transported through the
membrane to counter the osmotic imbalance, and the cells swell indefinitely.
This is known as colloidal-osmotic swelling. If electropores are not resealed
rapidly, continuous swelling may lead to cell bursting and death. The increased
tension of the membrane due to swelling further hinders the resealing process
and hastens cell lysis. An example is electroporation-induced hemolysis even
if erythrocytes are pulsed in isoosmotic media. Cell lysis can be reduced if
dextran or PEG is added to the external medium to balance out the colloidal
osmotic effect (28).
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3.2. Inhibiting Cell Swelling Improves Transfection

Most cell death after electroporation is a result of colloidal osmotic swelling
rather than a result of “electrocution” (damage of cellular structure and func-
tion directly by the electric field). In conventional electroporation protocols,
the optimal transfection efficiency is usually achieved when half of the cell
population is killed. If cell swelling can be controlled, the electric pulses can
be stronger (i.e., higher pulse field strength and longer pulses), and the success
rate of transfection would improve. Placing large polymer molecules, such as
PEG or dextran, in the electroporation solution, as described above, may
reduce and even prevent colloidal osmotic swelling of electroporated cells.
The colloidal osmotic balance has to be carefully adjusted so that cells do not
swell or shrink beyond its limit before the membrane reseal.

One method to control swelling is to pulse cells in a centrifugation pellet
(28,29). Intercellular spacing is limited when cells are in a pellet form, and the
transport of ions and macromolecules into and from the pellet to the superna-
tant is slow. Permeabilized cells in the pellet have insufficient room to swell
even if the colloidal osmotic pressure favors swelling. Limited swelling causes
the electric resistance of the pellet to rise after each pulse due to the closure of
the intercellular spacing. The rise time of resistance, typically several minutes,
indicates the swelling time of the cells (28). There is enough time to form the
pellet after pulsing the cells in suspension. This is the postpulse pelleting
method. This method improves the chance for cell survival, which affords
opportunity for DNA in solution to enter permeabilized cells. Transfection
efficiency of a number of cell types, including NK-L, K562 (Fig. 3), L1210
and MC2 cells, has been shown to improve by applying this method (29). These
first three cell lines are extremely difficult to transfect by methods other than
electroporation.

Another method of reducing the colloidal osmotic swelling is to confine the
target cells and DNA in droplets of a phase-separated two-phase polymer mix-
ture. By adjusting the partition coefficients of cells and DNA for a particular
phase, and by also matching the osmolarities of the two phases, it is possible to
select and to compact the cells and DNA into the condensing phase (30). Shak-
ing the polymer mixture breaks the condensing phase into droplets. Electric
pulses are then applied to the suspension. DNA uptake increases because the
cells and DNA are sequestered together within confining droplets. Swelling
also is limited. Post-pulse survival and transfection rate both improve as a
result (Fig. 4). This method has been applied to a number of cell lines, includ-
ing CHO, COS-7, Melan C, and JTL human B-lymphoid cells. The last cell



166 Hui and Li

(0))
o
\

D
o
|

= pellet -5 suspension
I I

0 0.5 1

Cell Density (4x10"/ml)

Fig. 3. The dependence of electrotransfection efficiency (TE) of K-562
erythroleukemic cells on cell density. Cells were transfected with the pEGFP-N1 plas-
mid using four 400-us pulses at a field strength of 2.3 kV/cm. Solid and open squares
represent the transfection efficiency of cells incubated in pellet and suspension,
respectively. (From ref. 22, with permission.)
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type has not been successfully transfected by any other methods including con-
ventional electroporation.

3.3. Electroporation-Induced Apoptosis

Pulse-induced apoptosis is a major obstacle to postpulse recovery for cer-
tain cells. Those cells were often found to die at 6 or more hours after pulsing
rather than instantaneously. Closer examination revealed that the majority of
cell death was the result of pulse-induced apoptosis. What lead to apoptosis
was not the damage caused by the pulsed electric field but the importation of
foreign DNA into the cells. It is known that pulsing cells in the presence of
DNA or other charged macromolecules causes additional damage to the cell
membrane due to the threading of these molecules through electropores (18). It
was only recently found that this type of damage leads to apoptosis in certain
cells (31). By treating cells with an inhibitor (Boc-ASP-FMK) of caspase, an
enzyme responsible for initiating apoptosis, the transfection efficiency of
subclone 3.3 of L1210 lymphoma cells was significantly improved (Fig. 5).

For any transfection operation, only a portion of cells are transfected, even
if all of the above precautions are taken. Within a given sample, cells vary in
size and shape as well as in the dielectric and conductive properties of cellular
components. These variations dictate that the critical field and membrane
relaxation time differ from cell to cell. In addition to this physical variation are
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Fig. 4. The transfection efficiency of CHO cells with the plasmid pSV-B-gal. Cells
were transfected by electroporation in a two-phase polymer system (PEG8000 10%;
dextran75000 20%) using three 320 psec pulses at 2.2 kV/cm. The percentage of trans-
fected cells was measured as a function of plasmid concentration. The lower curve
represents results of electroporating cells suspended in Baker and Knight medium (27).
(From ref. 30, with permission.)

the more important biological differences of cell cycle, age, and gene expres-
sion controls. Therefore, the analysis presented here should be treated only as a
guide. The actual response depends on the homogeneity of the cell population.

4. Summary and Conclusion

The existing theory for reversible electric breakdown of cell membranes
and the transport of DNA across plasma membranes through electropores
adequately describes a linear relation between transfection efficiency and
(E - Ey)T. Ey is determined by the electric energy derived from the applied
pulses and the energy cost to form an electropore in the membrane of cells of a
given size. Although the viability limit varies from cell line to cell line, within
this limit, the linear relationship between transfection efficiency and ET seems
to hold over a wide range of E and 7 combinations, and is applicable to most
cells. It serves as a guideline for selection of electric parameters in various
applications.

Since the transfection efficiency is proportional to E7, there is a choice of
optimizing either E or 7. Excessive field strength leads to permeabilization of
a wider area, or forming larger pores that may exceed the reseal limit r, = y/y.
As long as pores remain reversible, the necessary T value may be satisfied by



168 Hui and Li

N
o
T

—&— 24 hours
- 48 hours

-
[=]

TE (100 pg/million cells)

0 N r 4 A I " L ' I 1
0 50 100

[FMK] (uM)

Fig. 5. The dependence of electrotransfection efficiency (TE) of subclone 3.3 of
L1210 lymphomas on the caspase inhibitor FMK concentration. Transfection was car-
ried out using 400-us pulses at a field strength of 1.7 kV/cm and with the pEGFP-N1
plasmid. The curves with triangles and squares represent the TE assayed 24 and
48 hours after pulse, respectively. (From ref. 31, with permission.)

applying longer and multiple pulses. Cell membranes do not reseal as rapidly
as lipid bilayers, so that multiple pulses may not form additional pores in the
membranes. There are advantages of multiple pulses over single pulse, and
offset AC bursts over rectangular pulses (8,32). A bipolar oscillating field is
reported to have more advantages than unipolar oscillating field, since both
poles of the cells are permeabilized (33). Clearly there is a merit in using lower
applied field strength and increasing the duration and number of pulses to
attained the required ET value.

Postpulse recovery is as important a factor as electroporation in determining
transfection efficiency. The major culprit of postpulse cell death is colloidal
osmotic swelling. Limiting the swelling by confining cells in pellets or in two-
phase polymer droplets improves cell viability and transfection efficiency sig-
nificantly. Controlling post-pulse apoptosis can also improve transfection
efficiency for some cells. The transfection efficiency is sufficiently high such
that the technique can be applied to ex vivo gene delivery to a limited number
of target cells.
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Protocols for electroporation continue to develop as cases demand. The
present knowledge of the electroporation mechanism is capable to guide
the rational design of new protocols. It is hoped that the above analysis will
take some guesswork out of applying electrotransfection in new situations.
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Delivery of Genes In Vivo
Using Pulsed Electric Fields

Mark J. Jaroszeski, Richard Gilbert,
Claude Nicolau, and Richard Heller

1. Introduction

The first research that focused on the effects of pulsed electric fields on
living cells described the phenomena of reversible and irreversible membrane
breakdown in an in vitro environment in the 1960s and 1970s (1-6). This early
research led to the current understanding that exposing cells to intense electric
fields induces a transmembrane potential that is superposed on the resting
potential. Induced potentials of sufficient magnitude cause a dielectric break-
down of the membrane. This physical phenomenon was termed electroporation,
or electropermeabilization, because it was observed that molecules that do not
normally pass through the membrane gain intracellular access after the cells
were treated with electric fields.

All of the molecular events that take place at the membrane level during
electropermeabilization have not yet been elucidated; however, there is agree-
ment in the literature (7-9) that the applied field induces structural defects or
changes in the membrane, which serve as pathways from the extracellular space
to the cell interior. The porated state was noted to be temporary. Electrically
treated cells could recover from their porated state to again have intact mem-
branes as long as the applied field was within certain limits. Specifically, an
induced transmembrane voltage of 0.5 to 1 V is generally accepted as the mini-
mum potential required to induce membrane breakdown in most mammalian
cell types (10). The induced potential can be increased above conditions
required to achieve this threshold potential typically by increasing the applied
field. However, induced potentials above this threshold can cause irreversible
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membrane damage which results in cell death. The minimum threshold and
sensitivity to increased fields are cell type-dependent. It is, however, common
for the fraction of damaged cell to be proportional to the severity of electrical
treatment. Cells that are treated with fields that are sufficient to cause mem-
brane breakdown but minimum irreversible damage remain in a destabilized
state for a time that is on the order of minutes (11).

The effects of pulsed electric fields on biological membranes are physical in
nature. This characteristic makes the use of electric fields universally appli-
cable. Although the characteristics of the applied field that are necessary to
induce membrane breakdown may vary from one cell type to another,
electroporation can be effectively utilized with negligible effects on cell
viability. A variety of in vitro procedures that capitalize on the effects of
electroporation have been developed. These include monoclonal antibody pro-
duction (12,13), cell—cell fusion (13-15), cell-tissue fusion (16,17), membrane
protein insertion (16,18,19), and drug delivery into cells (20). Pulsed electric
fields have also become a very popular means of loading genetic material into
cells in vitro (21-23).

The use of electric fields in vivo to deliver molecules is a more recent appli-
cation of this technology than the above-mentioned in vitro applications. One
clinically important application of pulsed electric fields is the delivery of che-
motherapeutic agents to tumor cells. This type of treatment has been termed
electrochemotherapy (ECT). The first published studies used pulsed fields to
facilitate the uptake of bleomycin (a chemotherapeutic agent) by tumor cells in
animal models (24-27). This technology has rapidly advanced to the clinic.
Several trials for the treatment of cutaneous and subcutaneous tumors have been
performed with objective response rates ranging from 72% to 100% (28-34).

The prospect of using pulsed electric fields to facilitate gene delivery to
cells in vivo is evident based on the success of delivering genes in vitro and
effective delivery of drugs in ECT studies. In addition, the molecular nature of
many recent medical advances has provided an enormous quantity of informa-
tion about genes that translate to molecules that have a tremendous potential
for therapeutic benefit (35-37). Based on these recent advances, gene therapy
has been an extremely popular research topic within many scientific disciplines
as well as with the popular press. Therapy with genes coding for corrective,
cytotoxic, chemopreventive, antisense, and immunostimulatory molecules (36)
has been of research interest using standard gene delivery methods. The suc-
cess of using pulsed fields to deliver molecules coupled with the potential of
therapeutic genes to alter many different disease processes in humans makes
the use of electric fields to deliver genes worthy of intense investigation.
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For gene therapy to be successful, the gene of interest must be transferred
efficiently to target cells. Standard transfer methods employ retroviruses and
adenoviruses (35). Several differerent physical methods have also been inves-
tigated for transferring genes. Three of these methods include the use of plas-
mid liposome complexes, cationic lipids, and direct injection (38). Another
interesting physical method involves bombarding the cells with particles that
have been coated with DNA (38).

An ideal gene transfer method would allow the introduction of DNA into the
desired cells/tissue in an efficient manner with minimal side effects. None of
the currently used methods is ideal (38). For example, the use of viruses has a
safety concern relative to introducing exogenous DNA into the host genome,
low efficiency, potential immunological effects (35). In spite of these draw-
backs, viral methods remain the most common method for gene transfer in the
literature and with researchers. This is probably due to the lack of other suit-
able methods. However, the number of published papers that utilize physical
methods for gene delivery is increasing which indicates the need for alterna-
tive delivery mechanisms.

The use of electric fields to deliver genes in vivo has recently become an
area of greater research interest. The universal applicability of electric fields
coupled with the successful delivery of many types of chemotherapeutic agents
in vivo suggests that electroporation may be an attractive alternative for site
specific gene delivery. Although this type of gene transfer is a very young
technology, some very encouraging results have been obtained. These studies
have demonstrated the utility of electric fields for delivering genes to cells
which may make a significant impact on gene therapy by providing an efficient
delivery method that can be adapted to any tissue. This review chapter focuses
on these studies.

2. Gene Delivery by Electroporation

In vivo electrically mediated gene transfer has been successfully performed
in a variety of animal models. As this is a new gene delivery technology, the
majority of the experimental work has utilized reporter genes (contained in
plasmids) to investigate and develop delivery protocols. These types of studies
are logical precursors to preclinical efficacy studies. However, several studies
have utilized genes that code for functional molecules. The methods, animal
models, electrodes, electrical impulses used for delivery, and results differ
for each published study. Consideration of these aspects of electric field-
mediated gene delivery are essential to understanding this developing
technology.
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2.1. Gene Delivery to Normal Tissues
2.1.1. Liver

The groups of Heller and Nicolau have successfully delivered 3-galactosidase
and luciferase to healthy liver tissue of Sprague Dawley Rats (39). The method
used to deliver the two reporter genes for this study involved surgically expos-
ing the right half of the median liver lobe. An injection of plasmid DNA con-
taining the reporter sequence was administered directly into the treatment site.
Pulsed electric fields were applied to the injection site 1.5 minutes after injec-
tion of the plasmid. The time delay between injection and pulsing was sched-
uled in order to allow time for the plasmid to disseminate within the tissue. The
electrode used to administer electric fields to the tissue was a circular array of
six needles that were equispaced around a 1-cm diameter circle (Genetronics,
Inc., San Diego, CA). The electrode was inserted into liver so that the needles
encircled the injection site. A total of six 100-us electric pulses were delivered
to the tissue using the electrode and a BTX T820 (Genetronics, Inc.) rectangu-
lar pulse generator. These pulses were applied in a manner that rotated the field
around the treatment site. Analysis was conducted on the treated volume of
liver tissue.

Expression was evaluated based on luminescence for luciferase and flow
cytometric method for B-galactosidase. The study results indicated that maxi-
mum luciferase expression occurred 48 hours after treatment when DNA
transfer was conducted using voltage to electrode spacing ratios of 1000 to
1500V/cm. Expression using these fields was approximately 10 times greater
than control samples that received an injection of plasmid without pulses. These
results indicated that electroporation was successfully used to transfer the plas-
mid DNA into the tissue.

This research also focused on optimizing the luciferase dose for their par-
ticular system. Plasmid doses ranging from O to 500 pug per treatment were
utilized. Interestingly, a 25 pg dose resulted in the highest expression in the
tissue. Quantities of plasmid above 25 g resulted in diminished expression,
which perhaps indicates some cytotoxicity due to locally high plasmid doses.

The luciferase assay used for this study did not provide information about
how many cells were transfected. Consequently, the researchers utilized the
B-galactosidase reporter gene and flow cytometry to determine that approxi-
mately 30% to 35% of the cells within the treated tissue expressed the gene.
This value is significantly higher than any other in vivo transfection efficiency
reported to date. Histologic examination of tissue treated with B-galactosidase
followed by nominal fields of 1000 to 1500 V/cm did not result in tissue necro-
sis. The electrotransfected cells were reported to be randomly distributed
throughout the treated tissue.
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Another study that used electroporation to facilitate gene uptake in normal
liver has been published by Suzuki et al. (40). The study utilized male Wistar
rats and a plasmid coding for the green fluorescent protein (GFP) reporter gene.
Delivery was conducted intraoperatively by holding a section of the liver
between two parallel disk electrodes that were mounted on forceps. The disks
were 1 cm in diameter. Plasmid was then injected centrally into the tissue
between the electrodes. One to eight rectangular direct current pulses were
then applied using a BTX T820 (Genetronics, Inc.) generator at one second
intervals. Pulses with either 25-, 50-, or 99-ms durations were applied. Volt-
ages of 25, 50, or 100 V were used. The distance between the two-disk elec-
trodes was approximately 2 mm. Thus, the voltage to electrode spacings used
for this study were 125, 250, and 500 V/cm.

Analysis for GFP expression was conducted on specimens that were col-
lected 48 hours after treatment using fluorescent image analysis and laser con-
focal microscopy. The methods and apparatus used in the study successfully
delivered GFP plasmid to the normal liver based on image analysis data. The
optimal electrical conditions for delivery were eight 50-V pulses with a dura-
tion of 50 ms per pulse. The authors clearly showed increases in expression as
the number of pulses was increased from 1 to 8 under these conditions. Also, a
dose response with respect to the injected plasmid quantity resulted in increased
GFP expression over the 1 to 80 ug range tested.

Normal liver sections were histologically examined for necrosis in the study
of Suzuki et al. (40). It was noted that all samples treated with 100 V pulses
(500 V/cm) resulted in extreme cell damage within the tissue between the elec-
trodes. The area of necrosis enlarged as the duration of the 100-V pulses was
increased. The necrotized area for samples treated with 100 V conditions was
about fivefold greater than the necrotic area in samples treated with 50 V con-
ditions. Results from this study indicated that most of the GFP expressing cells
were located within the surviving region of cells near necrotic areas. The
authors of the successful study concluded that modifying electrodes, and pre-
sumably electrical parameters, to minimize tissue damage and retain efficient
gene expression is a desirable future direction of the work.

2.1.2. Muscle

The injection of plasmid DNA directly into skeletal muscle is perhaps the
most simple method for gene transfer that has been successful (41,42). It has
also been shown that significantly higher levels of protein are produced in
muscle that has been treated with cardiotoxin or bupivacaine to induce regen-
eration before plasmid injection (43,44). Although this method has been suc-
cessful, relatively low expression levels have limited its application.
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A recent study conducted by Aihara and Miyazaki (45) focused on using
pulsed electric fields to facilitate the uptake of plasmid DNA by regenerating
muscle tissue. The study used the tibialis anterior muscle of mice as a target
tissue. Three days before gene delivery, bupivacaine was injected bilaterally
into the mucles. B-Galactosidase and interleukin 5 (IL-5) were injected (50-ug
doses) into the muscles. Pulses were applied using a BTX T820 (Genetronics,
Inc.) generator and two stainless steel needles that were 5 mm long and 0.4 mm
in diameter. Six pulses of 50 ms in duration were administered at 1-second
intervals. The first three had the same polarity, and the polarity of the needles
was reversed for the second set of three pulses.

Delivery of plasmid coding for IL-5 showed a clear dose dependence with
respect to the applied voltage over a 30 to 200 V/cm range. Serum levels of
IL-5 increased over this range as the applied field was increased; this depen-
dence was evident on days 5 and 21 posttreatment. Delivery using fields of
300 and 400 V/cm resulted in reduced IL-5 levels at both time points. Maxi-
mum IL-5 expression was obtained using 200 V/cm fields; peak expression
occurred at 5-7 days following delivery. Serum IL-5 concentrations resulting
from these optimal delivery conditions were approximately 120 times that of
control samples that received plasmid injection alone 5 days after treatment.
The authors noted that expression decreases that resulted when higher fields
were used were probably due to muscle damage induced by the fields.

Expression of IL-5 was detected for up to 6 wk after delivery in some
samples which indicates the potential for long-term benefit. Also, IL-5 expres-
sion was the same when a field of 200 V/cm was applied in either the longitu-
dinal or transverse direction relative to the muscle fibers. The authors also
indicated that the use of bupivacaine pretreatment did not enhance expression
of the plasmid using a suboptimal field for delivery. Expression of the lacZ
reporter gene was used to confirm that electric pulses enhanced the number of
expressing muscle fibers as well as the density of staining when compared to
samples that received plasmid injection alone.

2.1.3. SkKin

The earliest published work that utilized pulsed electric fields in vivo to
deliver genes was conducted by Titomirov et al. (46). The study utilized two
functional plasmids. One coded for the neomycin resistance gene and SV40
large T antigen. The other coded for the E1A region of adenovirus 2 which
immortalizes rodent cells when expressed. The aim of the study was to demon-
strate in vivo electrically mediated gene delivery of both plasmids that code for
functional molecules. Newborn CBA mice (1-3 days of age) were treated with
a combined dose of the plasmids. Neomycin resistance plasmid doses ranged
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from 2 to 12.5 pug per treatment; E1A plasmid doses ranged from 10 to 12.5 pg.
Injections were made subcutaneously. Then, the skin was pleated at the site of
injection and a rectangular (2 cm?) electrode was placed on either side of the
skinfold. Pulses were administered 10 to 60 minutes after plasmid injection.
Two exponentially decaying pulses of opposite polarity were administered for
each treatment. The length of each pulse ranged from 100 to 300 ps. The
applied field ranged form 400 to 600 V/cm.

The strategy for proving expression of both plasmids involved harvesting
the treated tissue and placing the skin cells into selective cell culture condi-
tions. Selection consisted of placing the antibiotic G418 into the media. This
antibiotic ensures that only cells that express the neomycin resistance gene
survive. Selection was started between 24 and 168 hours after the treated skin
cells were placed into culture. Transformation efficiencies were computed by
dividing the number of neomycin resistant colonies by the total number of
attached cells 16 hours after seeding. Efficiencies ranging from 0.2 x 10~ to
7.0 x 10~* were obtained.

Zhang et al. (47) focused their study on the delivery of the lacZ gene into the
skin of hairless mice. The study methods included a 40-pg dose of the plasmid
applied topically to both sides of a skin fold. This skin fold was then clamped
between two rectangular parallel plates (1 cm? each) that were mounted on a
Vernier caliper. Three exponentially decaying pulses with a 120 V amplitude
were applied to the skin fold using a electroporation generator (ECM 600;
Genetronics, Inc.). The length of the applied pulses was either 10 ms or 20 ms,
and the distance between the electrodes was approximately 1 mm. Pressure
from the calipers was maintained for either 1- or 10-minute intervals after puls-
ing as a driving force for gene penetration into the skin. Biopsies and standard
histologic techniques were utilized to examine the maximum depth at which
expression was observed and the number of cells expressing the reporter gene
within the skin.

The study indicated that longer pulse durations and maintaining pressure for
a longer time led to increased success. This increased success was realized
both in the depth of expression and the number of expressing cells. Application
of 20 ms pulses and pressure for 10 minutes after pulsation resulted in a greater
than twofold increase in the depth of expression below the epidermis. A maxi-
mum expression depth of 370 um was achieved. Control samples that were
subjected to topical gene application and pressure only had a maximum
expression depth of 160 pum. Microscopic analysis for the number of express-
ing cells revealed that 20-ms pulses and pressure for 10 minutes resulted in 457
expressing cells per square millimeter. The control samples, gene and pressure
only, had only 27 cells per square millimeter expressing the reporter gene.
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2.1.4. Testes

Gene transfer into germ cells was accomplished by Muramatsu et al. (48).
The study investigated the use of fields to deliver genes to the testes of ICR
mice. The primary goal of the study was to develop a method for gene transfer
into spermatogenic cells with an ultimate goal of producing transgenic animals.
Reporter genes that coded for chloramphenicol acetyltransferase (CAT) and
lacZ were utilized. A 10-ug dose of the plasmid coding for CAT was injected
directly into the surgically exposed testis of the mice. Similarly, a 150-pug dose
of lacZ plasmid was administered. Two electrodes fixed to a tweezer-type
device (personal communication) were positioned on either side of the testes;
the spacing of these electrodes was between 6 and 8 mm. Eight rectangular
direct current pulses were applied for each treatment using a BTX T820 gen-
erator (Genetronics, Inc.). Voltages ranging from 0 to 100 V and pulse dura-
tions ranging from 0 to 50 ms were utilized.

The study results indicated that CAT activity was achieved 48 hours after
transfection. Maximum activity was reported from 100 V pulses with a dura-
tion of 10 ms. Since the CAT assay did not reveal expression in individual
cells, the expression of lacZ plasmid was detected with standard histologic
methods to identify cells that were successfully transfected. Spermatogeniclike
cells in the seminiferous tubules were shown to express the lacZ reporter.

2.2. Gene Delivery to Malignant Tissues
2.2.1. Brain Tumors

Nishi et al. (49) published a study in which the lacZ gene was transferred to
the brain tumors and tissue in Wistar Rats. Tumors were induced by injecting
cultured C6 rat glioma cells 10 days before treatment. Treatment consisted of
inserting a pair of gold plated needle electrodes (0.5 mm in diameter and 5 mm
in length) into the brain; one needle was placed on either side of the established
tumors. The animals were electrically treated with eight rectangular 95 to
99 us pulses administered by a BTX T820 (Genetronics, Inc.). The applied
voltage was set, based on resistivity measurements, so that a current of 0.5 mA
would result. The average applied voltage was 300 V per 0.5 cm of electrode
spacing which translates to a 600 V/cm voltage to electrode spacing ratio. In
contrast to most delivery methods that use electroporation, Nishi injected the
lacZ plasmid dose immediately after electrical treatment was complete. Plas-
mid DNA was injected through the cannulated right carotid artery.

Histologic studies of samples harvested 3 days after gene transfer showed
lacZ expression within the tumor tissue. More specifically, very high expres-
sion resulted in the border regions of the tumor and vascular walls. Expression
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was more intense in tumor cells that were near vessel walls and less intense in
the bulk of the tumor. No expression was detected in the brain tissue adjacent
to the electroporated region. Expression was not noted in samples that received
partial treatment in the form of electric pulses only. Plasmid injection alone
resulted in expression in several cells within vascular structures. Tail vein
injections of plasmid followed by pulses resulted in expression in only a few
tumor cells in the brain.

The study of Nishi et al. (49) also utilized intraarterial plasmid injection
immediately after pulse delivery to established C6 rat gliomas in order to
deliver plasmid coding for human monocyte chemoattractant protein-1
(MCP-1). The plasmid used for this phase of the study included an origin of
replication which allowed replication of the plasmid within the transfected cell.
Immunohistochemistry was employed to determine the presence of the MCP-1
protein in rat brain sections. This analysis was conducted three weeks after
treatment. This assay revealed MCP-1 protein only in animals that received
both pulses and intraarterial MCP-1 plasmid. Animals that did not receive plas-
mid and pulses did not express the protein. In addition to expression, the
chemoattractant protein appeared to be functional. A significantly large num-
bers of macrophages and lymphocytes were observed at the tumor periphery
and within the tumor tissue.

2.2.2. Melanoma

A study conducted by Rols et al. (50) focused on delivering plasmid coding
for B-galactosidase under control of the SV40 promoter into tumors in a
murine model. Tumors were induced by transplanting fragments of B16
B1/6 murine melanoma tumors subcutaneously into B¢D,F; female mice.
Tumor treatment was conducted by first injecting a 12-pg dose of plasmid into
the center of the tumor and then placing two stainless steel electrodes in con-
tact with the skin adjacent to the tumors. The electrodes were 20 mm long and
0.6 mm wide. One electrode was placed on either side of the tumors; electro-
cardiography paste was used to assure electrically conductive contact between
the electrodes and skin. The distance between the electrodes was 4.2 mm. Elec-
trical treatment consisted of ten 5-ms DC pulses administered at one second
intervals by a rectangular wave generator (Jouan; St. Herblain, France).

Tumors were harvested 3 days after treatment and the cells were dissociated
using a mechanical tissue disrupter and placed directly into culture. Three days
later, direct observation was used to quantitate the number of cells expressing
B-galactosidase. Voltages of 294, 336, and 378 V applied across the 4.2-mm
electrode spacing (700-900 V/cm) resulted in detectable expression. The maxi-
mum percentage of B-galactosidase positive cells was 4% and was obtained by
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applying 336 V across the electrodes. Higher and lower voltages resulted in
1-2% of the cells expressing the reporter gene. These data were confirmed
using optical density measurements.

3. Summary and Conclusions

The studies reviewed above successfully delivered genes coding for
luciferase, CAT, IL-5, B-galactosidase, GFP, MCP-1, SV40 large T antigen,
and the E1A region of the adenovirus 2 to normal and malignant tissues in
animal models. The fact that all of the studies focused on developing delivery
protocols clearly indicates that this technology is in its infancy. But, success in
a variety of different tissues is highly encouraging for potentially developing
gene based therapies for the treatment of many different human diseases.

The use of electric fields to mediate gene delivery in vivo has several clear
advantages. First, expression was noted only in cells that were electrically
treated in the presence of plasmid DNA. This has been accomplished by puls-
ing a volume of tissue after perfusion with plasmid or by administering the
DNA shortly after electropulsation. Thus, the nature of applying electric fields
to the target tissue is a means of site specific gene delivery that assures expres-
sion to the cells/tissue of interest. Second, the use of plasmid DNA simplifies
gene preparation, relative to using viruses, and also places few restrictions on
the size of the gene for delivery. This, in turn, makes is much easier to test
existing as well as new genes. An additional degree of specificity can be
achieved by using tissue specific promoters on the delivered plasmid. Finally,
the physical nature of electroporation makes this type of delivery applicable to
all tissue types. This is demonstrated by the successful delivery of DNA to
liver, testes, muscle, brain tumors, cutaneous tumors, and skin.

One interesting aspect of electric field mediated gene delivery is the differ-
ence in protocols that were used. Three studies used needle electrodes and
the remainder utilized parallel plate electrodes. Pulse durations ranging from
100 ps to 50 ms have been used successfully. Both rectangular and exponen-
tially decaying pulses have produced excellent results at field strengths rang-
ing from about 70 to 1500 V/cm. Optimal parameters exist for every particular
delivery situation and cell type. Identifying these parameters was one goal of
each presented study. However, a range of parameters did lead to successful
delivery of genes in all of the studies detailed above. The ranges of parameters
used to deliver genes indicates that a single highly specific protocol is not
necessary to obtain positive results.

The future of this technology is quite promising. The studies reviewed in
this paper clearly demonstrate that electric fields can be used to deliver genes
efficiently. They also provide a foundation that can be used for further devel-
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opment. Preclinical efficacy studies are a logical future direction of this
technology. These types of studies are needed to determine if the expression
levels that can be achieved will result in therapeutic benefit. These studies will
also begin the maturation process from the laboratory to the clinic.
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Mechanism of Transdermal Drug Delivery
by Electroporation

Timothy E. Vaughan and James C. Weaver

1. Introduction

Human skin is a complex system, providing a formidable obstacle to drug
delivery (Fig. 1) (I-3). In particular, the stratum corneum (SC) is the primary
barrier to transdermal drug delivery. The stratum corneum is made up of
corneocytes, which are flattened remnants of cells, surrounded by lipid bilayer
membranes (2,3). Because lipid-based structures tend to exclude charged spe-
cies, the multilamellar arrangement acts as a “brick wall” (4) to prevent ionic
and molecular transport.

Controlled molecular transport through or around this barrier is widely
viewed as a main objective of transdermal drug delivery (1,5-8). Electro-
poration, the creation of aqueous pathways across lipid-based systems by
elevating the membrane potential, has been used to temporarily break down
the skin’s barrier function. The electric field used to porate the skin also pro-
vides a driving force for transdermal transport of small ions and water soluble
molecules. Evidence for electroporation exists for many biological systems.
Membrane electroporation is widely used in cells (9—-12). Viable frog skin
undergoes electroporation (13), and several investigators have used
electroporation in vivo to treat solid cancer tumors (14-19), or to introduce
DNA into tissues (20-25). There is now considerable evidence that moderate
voltage (MV) and high voltage (HV) pulses rapidly cause large increases in
ionic and molecular transport across human skin (26-45), although in some
cases transport into (but not through) the SC is reported (46,47).

The original “brick wall model” (Fig. 1) was introduced to describe passive
permeation of lipophilic molecules across the SC (4), in which transported
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Fig. 1. Key features of skin, skin barriers (104) and hypothetical aqueous pathways.
The stratum corneum (SC) is the dead outermost layer (= 20 um hydrated thickness)
that is the main barrier to transport, particularly for charged molecules (1-3,5).
Appendages (sweat ducts and hair follicles) penetrate the SC, but are lined with a
double cell layer with tight junctions (105), which prevents significant transport.
Hypothetical transport sites are labeled: LV (low voltage): Iontophoresis involves
transport through preexisting aqueous pathways associated with appendages or around
corneocytes within the SC (7,8,53,55,106). MV (moderate voltage) pulses: A rela-
tively fast (>10 ms) process of “macropore activation” is followed by cell lining
electroporation, which is hypothesized to create new aqueous pathways at appendages
(“appendageal electroporation”) (40,107). HV (high voltage) pulses: A very fast
(<10 ps) process is hypothesized to involve a primary event of aqueous pathway cre-
ation based on electroporation of multilamellar lipid bilayers separating corneocytes
(27,61,63,91,108), and secondary processes such as localized heating, or pathway-
enlarging chemical introduction. Lower right: The original “brick wall model” of the
SC (the largest area skin feature) intended to treat permeation of lipophilic molecules
through the continuous “mortar” (4).

species mainly follow tortuous lipid-based pathways. In contrast, to consider
the skin electroporation hypothesis it is essential to describe the development
of voltages across lipids as MV or HV pulses are applied. Moreover, once the
spontaneous localization of molecular transport by HV pulses was discovered
(48), it became important to think about how spatially localized electroporation
could occur within the SC. A modified brick wall model was introduced (49),
featuring a more anatomically accurate but still idealized geometry (50,51) for
the lipid bilayer membranes (the “mortar”) and the corneocytes (the “bricks”).
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Two types of experimental information are relevant: (1) electrical behavior,
due to the movement of small ions such as Na* and C1-, and (2) molecular
transport, particularly fluorescent molecules, which can be measured in real
time with a temporal resolution somewhat less than 1 min, and a spatial resolu-
tion prescribed by ordinary and confocal fluorescence microscopy. Both types
of information have been obtained, but because of the well known variability
within and between biological samples, experiments that obtain both types of
information from the same preparation are particularly valuable.

When skin is pulsed electrically, only a fraction of a voltage applied across
application electrodes appears across the biological system of interest. This
division of an applied voltage across different resistances is a “voltage divider
effect” (6), well established in electrical engineering. Electrochemical systems
have the additional complication that resistances of electrode/electrolyte inter-
faces have complicated behavior, with resistance dependent on many factors,
including current density. Thus, the divider effect is usually variable because
at least one of the resistances is dependent on the current density, and will
therefore change its resistance during pulsing. This basic experimental issue
has been recognized and treated for in vitro cell electroporation protocols (52),
but is often neglected for in vivo cell electroporation experiments. A similar
but more complex problem arises for voltage stimulation of skin. A variable
voltage divider arises in which the electrode voltage is split among three
regions:

1. The electrode/electrolyte interface, particularly for HV pulses, which involve
large current densities during the pulse

2. The electrolyte, which separates the electrodes and the skin

3. The skin itself, wherein most of the transdermal voltage within microseconds
appears almost entirely across the SC.

Some skin electroporation experiments have quantitatively corrected for
the variable voltage divider effect, by making measurements that allow the
transdermal voltage, Ug;,, to be determined through measurement and calcula-
tion (33,34,41,42,48). Determination of Ug;, can be accomplished by using
separate, nearby measurement electrodes in addiition to the pulsing electrodes,
and also making a correction for the voltage drop across the electrolyte between
the measurement electrodes and the skin. In experiments that determine Ugg;,,
typically about 100 £ 50V appears across the SC.

1.1. Response of Skin to Low, Medium, and High Voltages

When describing the response of skin to voltage stimulation, it is useful to
categorize the stimulation as low-, medium-, or high-voltage (6). Although
these designations are approximate, it is still a useful distinction.
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Low-voltage (LV) stimulation of the skin (Ug;, <5 V) results in iontophore-
sis (7,8,53). Such voltages are usually applied continuously, to provide ionic
and molecular transport that is believed to take place mainly through preexist-
ing pathways (7,8,53-55). Localized iontophoresis involving appendages
(“macropores”) has been reported (56,57). These observations are consistent
with staining of skin appendages by charged fluorescent molecules after pro-
longed exposure to low voltages (48), and the absence of significant transport
of the same molecules (calcein and sulforhodamine) across snake skin, which
has no appendages (41). There are also, however, reports of relatively
nonlocalized transport (58). Overall, experimental evidence appears to support
the view that spatially localized iontophoresis at LV occurs at appendages,
whereas HV transport of charged molecules is concentrated at local transport
regions (LTRs), which form away from appendages.

Note that the variable voltage divider effect mentioned above is potentially
important in iontophoresis experiments. For example, if a current clamp proto-
col is used, a skin specimen with a high resistance may be exposed to a maxi-
mum output voltage of tens of volts. If so, inadvertent electroporation might
occur within the first few tens of microseconds of reaching full voltage output,
and the experiment then carried out on inadvertently altered skin. This
problem can be avoided by slowly increasing the voltage available for current
regulation.

Medium-voltage (MV) stimulation of the skin (5 < Ug;, < 50 V) has been
explored recently in a combined theoretical and experimental study (40). Elec-
trical behavior for moderate pulses was treated theoretically by considering
two parallel transport pathways: one (straight-through) crosses the multi-
lamellar lipid bilayers and corneocytes within the SC, and the other involves
the appendages (Fig. 1). The appendageal ducts were represented by tubes with
distributed electrical parameters. Nonlinear equations take into account the
electroporation of lipid lamella, or electroporation of cell layers which line the
appendageal ducts. Numerical solutions to these equations were compared with
both literature results and the companion experiments, with remarkable agree-
ment. This theoretical analysis showed that the observed drop in Ry, is consis-
tent with electroporation within appendages or the SC. For Ug;, < 30 V, a
decrease in Rg;, of up to three orders of magnitude is attributed to
electroporation of the duct lining. For larger voltage pulses there is an addi-
tional decrease in R;, due to the formation of straight-through pathways within
the SC (see below). Recent studies of the transport of fluorescent molecules
are generally consistent with a transition from appendageal electroporation
at moderate voltages, and a predominant contribution of SC electroporation at
high voltages (41,42,59).
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Most skin electroporation studies to date have used high-voltage (HV) stimu-
lation of the skin (Ug;, = 50 V), so this chapter will primarily focus on the
mechanisms relevant to this voltage range. Experiments in this range are char-
acterized by relatively large transdermal transport of ions and molecules, and
very rapid decrease in Ry;,, typically occurring within a few microseconds.
Onset of molecular transport typically requires several tens of seconds (28,44),
which is much faster than onset times for iontophoresis (which in turn is much
more rapid than passive permeation).

An interesting feature of the skin’s response to HV pulses is highly local-
ized molecular transport, revealed by real time video imaging for fluorescent
molecules (48). Other studies that characterized skin fluorescence after puls-
ing in the presence of fluorescent molecules also found sites of localized
molecular transport (31,41,46,59,60). For “short” pulses, typical minimum
LTR size is about 100 um in diameter; “long” pulses lead to much larger LTR
sizes (45,59,60). A study of snake skin, which has no appendages, revealed
LTRs for HV pulsing in the presence of fluorescent molecules, but had insig-
nificant molecular transport for LV iontophoresis conditions (41).

2. Aqueous Pathway Creation by HV Pulsing

As stated above, the electroporation hypothesis has been successful at
describing phenomena involving molecular transport across a variety of lipid
bilayer systems. The essential part of the hypothesis is that an elevated trans-
membrane voltage favors entry of water into a deformable membrane, and the
aqueous pathways created greatly decrease the barrier for ion entry into the
membrane. Furthermore, the electric field within the pathway drives transport.
This hypothesis has been much more successful at explaining experimental
results than a competing idea of continuum compression of a lipid bilayer mem-
brane (62,63).

2.1. Description of Electropores

Basic aspects of a transient aqueous pore model have been recently reviewed
(63), so only major features of lipid bilayer membrane theory are presented
here. A fluid lipid bilayer membrane has conformational changes that can be
occasionally reached by random thermal fluctuations. The first suggestions that
transient aqueous pores could be created in lipid bilayer membranes were based
on thermal fluctuations alone (64,65). Both spontaneous membrane rupture
and “flip-flop” translocations of bilayer molecules were suggested, but the pos-
sible role of the transmembrane voltage was not considered.

The first theory of electroporation was presented within a series of seven
consecutive papers that combined experiments and theory to explain the
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essential features of irreversible membrane breakdown (“rupture”) in artificial
planar bilayer membranes (62,66-71). An aqueous pore can be modeled as a
cylinder (radius rp) of membrane that is removed from a lipid membrane. (This
is known as the “cookie cutter” model.) This involves an energy change in the
membrane, with two contributions: (i) There is an “edge energy” from the for-
mation of a deformed, stressed pore edge of length 2mr,,. If the energy cost per
length is v, then cost to create the deformed edge is 27r,y; (ii) If a membrane
area nr% is removed, and the membrane interfacial energy per area is I', then
the membrane energy is changed by —7 r%)l“, which is a decrease. The total free
energy change is

AW, (rp) = 2myr, — mnlr 2 at Uy, =0, (1)

where U, is the membrane voltage. Equation 1 describes a barrier for pore
expansion. As pores are first created, and then expanded by additional thermal
fluctuations, one or more pores may reach the barrier peak, and then expand
indefinitely. This is tantamount to membrane rupture. Without a large U,,,
thermal fluctuations were hypothesized to create pores, but the probability of
surmounting the barrier is very small.

The effect of elevating U,, on a pore is described by considering the free
energy change that accompanies the change of its specific capacitance, C; _,,,
(62). It is energetically costly for ions to enter small pores (r;, = 1 nm), because
the charge of the ion is brought close to the low dielectric constant lipids.
Because small ions are the electrical current carriers their exclusion means that
a pore’s electrical resistance, R, = pedm/nr%, is large. With this in mind a
small pore was initially modeled as a water-filled, rather than electrolyte-filled,
capacitor. However, for small hydrophilic pores, even if bulk electrolyte exists
within the pores, the permittivity would be € = 70¢, about ten percent smaller
than the permittivity of pure water. Thus, small pores transport ions relatively
poorly.

A small pore’s high resistance is also large relative to the spreading resis-
tance, and microscopic, localized variable voltage divider effect. The local volt-
age across a pore, U, jocq1» 18 close to Uy, so that nearly all of U, appears across
the pore, and the free energy of pore formation is (62)

AWy (rpr, Up) = 21yr, = nlr 2 = 0.5nC Ugmr?, (2)

where C),, is the capacitance change per area for a pore. In subsequent transient
aqueous pore models U, 1,y Was used (72-74), which explicitly recognizes
that some ion conduction occurs, and that conduction is larger for larger pores.

The specific capacitance change due to water replacing lipid as a pore
forms is
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Cp = CO[ o —1] . 3)

m

Here C, = ¢,/d,, is the capacitance per area of a pore-free lipid bilayer of
thickness d,,, and €, = K,€(, and €, = K|€ are the permittivities of water and
lipid, respectively. Using usual values of K; = 2 and Ky = 80, the barrier
AW (rp, U) is found to become smaller as the voltage increases.

2.2. Dynamics of the Pore Population

No detailed molecular-level theory for pore creation yet exists. In spite of
this, progress has been made using a phenomenological estimate of the cre-
ation rate. The theoretical description of pore creation contains a Boltzmann
factor and its prefactor, v,V,,, which is the attempt rate for overcoming the
pore creation barrier (75). v, is an estimate of the attempt rate density, based on
a collision frequency density. The order of magnitude of v,; was obtained by
estimating the volume density of collisions per time in the fluid membrane. V,,
is the volume of the membrane. It is plausibly assumed that pores are created
independently of each other, except through indirect coupling via U,,(¢), which
interacts through the membrane conductance due to all of the pores. In lieu of
its solution, it is assumed that a voltage-dependent energy barrier must be over-
come (74). How pores disappear from a membrane is not well understood in
any detail. A plausible assumption is that individual pore disappearance occurs
independently of other pores, because pores are widely spaced even when a
large number of pores exist, and the total (aqueous) area of the membrane is at
a maximum (74). The rate of pore destruction can be written as proportional to
the number of pores present, to a Boltzmann factor, and to an attempt rate. This
approximate treatment has contributed to reasonable theoretical descriptions
of some experimental behavior.

In the absence of thermal fluctuations, all pores would quickly shrink to the
radius corresponding to the energy minimum of Eq. 2 and remain at the size.
Instead, thermal fluctuations lead to a distribution of pore sizes. This broaden-
ing is counteracted by the increase in energy required for larger pores. A
dynamic pore population is expected, with some pores appearing and expand-
ing, with others shrinking and disappearing. A mathematical description of
these dynamics is based on a one-dimensional probability flux, J,, in pore
radius space, and involves a partial differential equation that describes the pore
population (76). This theory involves D,, a diffusion constant for pore size in
pore radius space, and a description of pore population evolution which arises
from fundamental equations that are believed to describe the essential features
of transient aqueous pores. Additional interactions in cell membranes is
expected to yield a more complicated situation.
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Pores are prevented from growing in size by an energy barrier. The barrier
height is
ny?
r+05C,U2% "

and occurs at a “critical radius” of (62),
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Pores that reach the critical radius will grow without bound. At U, = 0 the
barrier is high, and the chance of a pore becoming “supracritical” is tiny. As
U,, becomes larger, however, the barrier height decreases, and the critical
radius becomes smaller. So the probability of the membrane acquiring one or
more pores with r, > r, . (due to stochastic fluctuations) increases. But creation
of even one supracritical pore is sufficient to rupture the membrane, through
expansion until it reaches the macroscopic aperture that defines the planar
membrane, all of the membrane material collects at the aperture, and the mem-
brane is no longer present. Rupture depends nonlinearly on U ,,; even a moder-
ate increase in U, can destabilize a planar membrane. It should be noted that in
skin electroporation, it is presumably possible that the bilayer lipid membranes
could rupture, but the keratin matrix within the corneocytes should remain intact.

The average membrane lifetime has been described in detail (66), and by a
simpler theory (75). In the latter an absolute rate equation was used to estimate
the rate of critical pore appearance.

A Boltzmann factor, AWP/ kT, and an order of magnitude estimate for its
prefactor was used, yielding

%= Tlvm exp [+ AW, /KT, ©)
If a plausible mean lifetime, T, =1 s is used, the magnitude of AW, . can be
estimated, and from that, U, ., the approximate critical voltage for rupture. It
should be emphasized that U,,, . is not a true critical parameter, because instead
it is relevant to a stochastic event: irreversible breakdown. U,,, . is interpreted
as the critical voltage for rupture. Because of the strong nonlinear behavior of
Eq. 6, an order of magnitude difference in the choice of mean lifetime, for
example, 0.1 or 10 seconds, results in only small differences in the estimate of
Uy, .- Essentially the same critical pore mechanism for rupture was proposed
independently by Sugar at about the same time (77).

2.3. Electrical Interaction of Membrane and Pulser

Pores within the membrane interact with the transmembrane voltage, which
itself is coupled through pulse application electrodes and the intervening
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electrolyte to the pulse generator (“pulser”). One theoretical approach uses an
electrical circuit to represent these three interacting subsystems (78): (i) the
pulse generator, (ii) the conducting pathway connecting the generator to the
membrane (represented by a simple resistance), and (iii) the bilayer membrane,
which is represented as the membrane capacitance, C,,, connected in parallel
with the membrane resistance, R (). As pores are created, the membrane con-
ductance G,(t) = 1 /R (1) increases. However, the membrane does not experi-
ence the applied voltage pulse immediately. Instead, the membrane capacitance
must charge through the external resistance of the solution which baths the
membrane, the electrode/interface resistance, and the output resistance of the
pulse generator. These three resistance are represented by a single resistor.
Although an approximate treatment, this approach yields theoretical predic-
tions which can be compared with experimental results.

Numerical solutions to the resulting circuit equations provide a quantitative
description of planar membrane electroporation electrical behavior based on
the transient aqueous pore model, which presently does not contain metastable
pores and does not explicitly describe transport of large macromolecules. Never-
theless, this version of the theory provides a reasonable (but not perfect)
explanation of the behavior of U,,(t). This includes the sigmoidal decay of U,
associated with rupture; however the decay phase is longer than theoretically
predicted. Four distinguishable types of electrical behavior are exhibited by
the theoretical model, in general agreement with experiments (78-80). A strik-
ing feature is the very rapid electrical discharge associated with reversible elec-
trical breakdown (REB), and a progressively smaller membrane resistance
values found as the pulse magnitude is increased.

Replacement of some of the low dielectric constant lipid membrane interior
by aqueous pores not only changes R, but also the membrane electrical
capacitance, which should increase. This can be understood qualitatively by
examining the simple expression for the capacitance, Cy, jjanar» Of @ “parallel
plane capacitor” (an insulating dielectric sheet separating two conductors, here
the two bathing solutions). A pore free planar membrane has

KmSOAm

Cm,planar = d—m . (7)

Equation 7 shows that capacitance is proportional to the membrane dielectric
constant, K. Thus, if a fraction of the membrane area is replaced by water (the
total area of all the pores present), the average dielectric constant will be
increased, and the membrane capacitance should be larger. But, as shown
below, the fractional aqueous area of the membrane does not exceed 0.1%, and
for this reason the slight increase in capacitance can usually be neglected. This
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means that the circuit model for a planar membrane and its environment can
use a constant value for C,,, an approximation that is consistent with the
experimental observation (81).

An approximately constant membrane capacitance during electroporation is
also consistent with the transient aqueous pore model (74). As discussed below,
computer simulations based on the model correctly predict key behavior of
U..(t). The largest fractional aqueous area found in these planar membrane
simulations is F, . = 5 X 107 (slightly less than 0.1%). This should be
relevant to electroporation of single lipid bilayer membranes generally. For
example, electroporation of large vesicles found F,, = 107 (82).

One unexpected theoretical prediction is the emergence of an almost con-
stant transmembrane voltage during an exponential pulse that is large enough
to cause REB (74). This can be qualitatively understood in the following way.
Initially, for small U, the membrane charges passively, governed by the exter-
nal resistance and the membrane capacitance. Once pores begin to be created
at a significant rate, G,, rises nonlinearly, and the membrane begins to dis-
charge through the pores even as it attempts to charge further. In theoretical
simulations this leads rapidly to a peak voltage, with a rapid decrease as the
pore population drops the membrane resistance faster than the membrane can
charge. After an initial rapid rise time, the applied exponential pulse monotoni-
cally decays. The agile pore population responds by shrinking and removing
pores in response to this decreases external stimulus, such that the variable
voltage divider involving the membrane and the external environment leads to
an almost constant voltage. Eventually, however, when U, has reached a small
value, the resistance associated with the pore population cannot increase
quickly (pore destruction rates are limiting), and U, now decreases much more
rapidly.

Most ion and charged molecule transport should occur by electrophoresis
and electroosmosis, not diffusion, for the case that pore lifetimes are short.
Thus, if the voltage across the barrier is naturally limited by the pore popula-
tion response, this means that the dominant local transport driving force is also
limited. This therefore predicts that for a particular species of ion or molecule,
the cumulative (net) transport should exhibit a plateau as a function of E, the
electric field within the electrolyte. For cells, this leads to the qualitative pre-
diction of a plateau in molecular uptake that is less than the equilibrium value
achieved by passive permeation over a long time. Initial experiments deter-
mining the number of molecules taken up by electroporated cells found a
subequilibrium value (83). Further experimental findings of subequilibrium
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cellular uptake plateaus for both small (84,85) and large (86,87) charged
molecules are consistent with this theoretical prediction.

2.4. Further Characteristics of the Pore Population

The portion of a lipid-based barrier that behaves as bulk electrolyte for ion
and molecular transport is of interest, because it can be experimentally
determined, and can also be sought theoretically. In the case of a planar
bilayer membrane, numerical simulations obtained from a transient aqueous
pore theory are consistent with the idea that a relatively small number of pores
lead to large changes in ionic and molecular transport. In this sense, pores are
catalytic in their effect on ionic and molecular transport, at least for water
soluble molecules up to about 1000g mol, as these are accommodated by even
the minimum-size pores 7, i, = 1 nm.

Specifically, only a small fraction of the membrane area need be perforated
by pores to cause a tremendous increase in transport, and for molecules less
than 1000g mol™ the molecule/pore interaction may be minimal, resulting in
pore lifetimes much longer than the transport time for an individual ion or
molecule. Each pore can transport many ions and molecules, although the
actual number clearly depends on the ionic and molecular concentration as
well as whatever driving forces are present.

Electrical behavior is more easily measured than molecular transport. It is of
interest, therefore, that the electrical conduction of even small pores is suffi-
cient to dominate the membrane conductance that is associated with REB. Even
in this case there are so few pores present that the fractional aqueous area
remains less than about 0.1%. That is, for small ions such as Na* and C1~ if
Born energy effects and steric hindrance are both neglected, the effective par-
ticipating fractional area of the membrane is F,, o, < 1073,

Pores are therefore predicted by theory to be widely spaced. The mean sepa-
ration should decrease only to about Ly, e pore = 60 nm during REB when G, is
maximal. Most of the time the spacing is significantly larger. That is, only a
small fraction of the membrane need become electrically conducting to pro-
vide the protective effect of limiting U,,(¢) through a variable voltage divider
effect that also involves the membrane’s electrical environment. This is viewed
as a consequence of the stochastic nature of the transient aqueous pore theory.
If, however, some lipid—membrane barriers contain preexisting sites (“defects”)
that favor electroporation, these conclusions do not apply.

Macromolecules should interact more strongly with transient aqueous pores
than molecules less than 1000g mol™. Such interaction may result in pore
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deformation or prolonged pore lifetime (88). Fleeting passage of a long, highly
charged DNA molecule may transiently enlarge a cell membrane pore, allow-
ing smaller cotransported molecules to be moved at higher rates (89). A teth-
ered macromolecule electrically or otherwise inserted into a transient aqueous
pore should prevent its full shrinkage, thereby increasing pore lifetime by a
“foot-in-the-door” effect (90). The idea that a large, usually charged molecule
or particle can interact with a deformable membrane to alter a pore seems gen-
eral. The “focusing electrical fields” outside the entrance to a conducting pore
is expected as a consequence of the spreading or access resistance, so that
charged molecules and even charged microparticles should be preferentially
brought to sites of conducting pores. Once near the membrane, a highly charged
macromolecule or microparticle can interact with the imposed field to further
deform the membrane, including enlargennent of a transient aqueous pore cre-
ated initially by thermal fluctuations and an increased U,,. Although qualita-
tively plausible, a comprehensive quantitative theoretical treatment has not yet
been achieved.

2.5. Electroporation of Stratum Corneum
Lipid Bilayer Membranes

The SC is the primary skin barrier to charged molecules (1-3,5). This thin
(= 20 um if hydrated) dead layer excludes ions and charged molecules through
electrostatic interactions. As with single lipid bilayer membranes, changes in
the Born energy prohibit entry of charged molecules into the multilamellar
lipid bilayers of the SC. Some preexisting aqueous pathways exist, clearly dem-
onstrated functionally by iontophoresis, which is believed to involve electro-
phoretic and electroosmotic transport through fixed pathways that can change
their behavior as new electrolyte enters into them (54). lontophoretic pathways
appear to be mainly associated with the skin’s appendages (hair follicles and
sweat ducts), consistent with our observations that at low voltages fluorescent
molecules stain the appendages. MV pulses both activate (open) appendageal
ducts (macropores) and cause electroporation of cells joined by tight junctions
around these ducts within the viable epidermis (40). However, HV pulses pro-
duce local transport regions (LTRs) that form spontaneously away from
appendages (31,41,46,48). Thus, as transdermal voltages are progressively
increased from LV to MV to HV, a variety of transport behavior is observed.
According to the skin electroporation hypothesis, both MV and HV pulses
cause electroporation within skin lipid barriers. Some insights can be borrowed
from single lipid bilayer membrane electroporation theory, but the greater com-
plexity of skin suggests that extensions of the basic theory are required.

The simplest approach to theoretical predictions recognizes that approxi-
mately 100 lipid bilayer membranes must be traversed in crossing the SC. Thus,
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an initial estimate is that if short pulses are required to create a transmembrane
voltage of 0.5 to 1 V for single bilayer membranes, then the multilamellar
bilayers of the SC may electroporate at about 50 to 100 V for short pulses, and
perhaps as low as about 20 V for long pulses (27,90). This simple idea was
greatly extended by applying transient aqueous pore electroporation theory to
a system of multilamellar bilayer membranes (91), and provided support for
the idea that transcellular (through-corneocyte) routes are involved for some
MYV pulses and for all HV pulses.

Electroporation theory developed for artificial planar bilayer membranes and
for cell membranes presumes significant membrane conformational changes,
such that the combination of thermal fluctuations and electrostatic free energy
changes greatly favor aqueous pathway formation at large barrier voltages.
Although there is considerable evidence that most of the SC lipids are in the
crystalline state, and therefore relatively difficult to mechanically deform, there
is reason to believe that SC lipids experience spontaneous microaggregation
into fluid and crystalline domains (92-96). The size and spatial distribution of
fluid microregions is unknown. It is likely, however, 0.1% or more of the lipid
volume is in the fluid state, and in principle capable of experiencing
electroporation. This hypothesis may therefore reconcile basic features of lipid
bilayer membrane electroporation and known physiochemical properties of
SC lipids.

The corneocyte surface parallel to the SC has an area of order A .y =
(50 um)? = 8 X 10 m? (= 8 x 10~ cm?). One tenth of one percent of this
area is 8 X 1072 m?. A single primary aqueous pathway (“pore”) of radius
rpmin = 1nm has an aqueous area of about A, = r2, ., = (3 x 107'¥ m?), but
each such pore must involve structural rearrangements outside this aqueous
core, such that an additional annular region of radial width Ar = 0.5d,, (the
length of one molecule comprising half a bilayer) is perturbed. The area to
accommodate one such primary aqueous pathways is therefore

Ap,m,min =T [OSdm + rp,min]2~ ()

For r, in = 1 nm, Eq. 8 gives A, iy = 5 X 1077 m?. Approximately 2 x 103
primary aqueous pathways could therefore be accommodated in the 0.1% of a
corneocyte face area. This agrees fortuitously well with a recent estimate based
on skin resistance after pulsing (38), Nevertheless, the possible involvement of
fluid microaggregates should be regarded as a hypothesis.

The structure and composition of the SC and the observations of LTRs sug-
gest that the idealized model of Fig. 2 is relevant. Two features of corneocytes
are relevant to the skin electroporation hypothesis: (1) the 5-6 lipid bilayer
membranes separating adjacent corneocytes, and (2) the keratin matrix within

corneocyte interiors. The multilamellar bilayer membranes are the main site of
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Fig. 2. Theoretical model of stochastic formation of LTRs, using a highly idealized
SC model with rectangular “bricks” separated by lipid bilayer membrane “mortar.”
This was used to test the hypothesis that stochastic spatial variations in membrane
electroporation might account for spontaneous LTRs. A corresponding theoretical
simulation accounts for the voltage redistribution that must occur after electroporation
of the mortar (vertical or lateral) between bricks. Left: SC before electroporation;
Right: SC during electroporation; Summary: Spontaneous appearance of LTRs is
broadly consistent with some sort of stochastic aspect (e.g., number of bilayers, local
electroporation probability) of aqueous pathway creation between adjacent
corneocytes. The ability to partially predict random locations of LTRs is encouraging,
but further theoretical work is needed.

electrical resistance, where most of the transdermal voltage appears within
microseconds upon pulsing. The primary event is believed to be the creation of
aqueous pathways across the lipid bilayers. For “short” pulses (< 1 ms) at not
too large a voltage, these pathways appear to predominate. These “pores” are
adequate to greatly increase the transport of small ions and molecules ranging
up to about 1000g mol~. For significantly larger molecules, however, sieving
of transport by the keratin matrix within corneocytes appears to take place. For
example, linear oligonucleotides up to about 7000g mol~! were transported
across the skin, but only at some sites, and at other sites these molecules pen-
etrated into (but not across) the skin, apparently becoming trapped within
corneocytes (31).

Once primary aqueous pathways are created, however, secondary events
may become important. For example, for long pulses (=10 ms), heating within
newly created and highly conducting aqueous pathways may become impor-
tant, involving pathway enlargement. As another example, the introduction of
long, charged macromolecules such as heparin can interact with the pathways,
altering the transport of other molecules, and also greatly prolonging pathway
life time (38,39). As still another example, introduction of keratin-disrupting
molecules through the primary pathways can interrupt keratin matrix sieving,
allowing much larger molecules such as antibody molecules to be transported
across human skin (97,98). Thus, for macromolecules both the lipid bilayer
membranes and the keratin matrix are transport barriers that can be greatly
decreased by a protocol based on HV pulsing.
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2.6. Localized Transport Regions

In vitro experiments using side-by-side permeation chambers have demon-
strated that skin subjected to HV spontaneously develops sites with highly
localized transport that are located away from appendages (31,41,46,48).
Transport localization could possibly be due to either (1) random fluctuations,
or (2) preexisting differences in structure or properties within the SC.

The first possibility has been initially studied using numerical simulations
by considering a symmetric corneocyte model with rectangular cross-section
corneocytes. The lipid membranes between corneocytes are assumed to be
identical except for a random distribution of their number, between 2 and 6
bilayers between each pair of corneocytes. This leads to a resistor network
model of the stratum corneum, with different resistance values depending on
the number of bilayers. We then simulate the application of a voltage pulse to
the network. If the voltage on a resistor (bilayer) reaches a critical value, then
it “electroporates,” and its resistance value is correspondingly reduced. Some
of the results from a simulation are shown in Fig. 2. According to this model,
as the pulse voltage is increased, a first site with electroporation appears,
followed by others as larger transmembrane voltages are achieved by larger
pulses. Although this particular model involved a random spatial distribution
of barrier magnitude, it may be equivalent to assuming a random spatial distri-
bution for the probability of experiencing electroporation.

The second possibility has also been explored theoretically (49). As shown
in Fig. 3, a preexisting preferred electroporation site is considered, in this case
based on a slightly thinner SC, with a smaller number of lipid bilayer mem-
branes. Preferred sites might also involve regions with many curved fluid
bilayer membranes (99). Consistent with experimental observations, the mini-
mum preferred site is taken to be a single corneocyte column, here for simplic-
ity taken to be aligned (50), rather than offset (51). To account for measured
skin resistance changes a large number of aqueous pathways must be created,
of order 10* to 103 per minimum size LTR. This leads to the prediction that
connectedness across the SC can be prolonged, due to the multiple pathway
segments across the lipid bilayer membranes between corneocytes. Clearly,
however, understanding of LTRs created by HV pulses is at an early stage.

2.7. Localized Heating Within Localized Dissipation
Regions (LDRs)

The intense but brief electrical dissipation within aqueous pathways during
HYV pulsing leads naturally to the issue of localized heating. In vivo studies
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Fig. 3. Modified “brick wall model” for a mostly deterministic LTR theory with
straight-through aqueous pathways (38). This idealized drawing of a preferred site for
LTR creation shows only about a third of the 15-16 corneocyte layers of the SC in
region with ordered stacks (columns) of corneocytes (50), and does not apply directly
to skin with disordered (off set) columns (51). However, slight offsets of corneocytes
introduce only a slight tortuosity, and most of these primary (HV-created) aqueous
pathways are therefore essentially straight through. Left: Site prior to aqueous pathway
creation. Right: Site after several pulses, depicting a high area density of pathways
within the LTR central regions, with some closed (recovered) and others open.

show that skin irritation can be small (27,100), even if long pulses are used
(30,43). This suggests that major thermal perturbations do not occur, and
motivated experimental and theoretical investigation of localized heating
(101,102). Theoretical analysis of localized heating is based on assumption of
an idealized, cylindrical LTR geometry, and spatially averaged heating within
an LTR (102). The characteristic time constant for heat conduction is T gc =
I ms, which provides a quantitative basis for the distinction of “short” and
“long” pulses. Two cases are treated, one involviing only heat conduction and
the other involving both heat conduction and convection (flow), with the latter
assumed to be due to electroosmosis. The predicted temperature rise is
relatively small, and consistent with insignificant skin irritation in vivo
(27,30,43,100). The coexistence of significant SC heating and essentially no
damage to viable tissue is a remarkable situation, which supports the view that
skin electroporation may have insignificant side effects.

Experiments show that as pulse duration or pulse magnitude are increased
there is a progression to less recovery of Rg;,, and a persistent elevated skin
permeability. The mechanism underlying irreversibility in the SC has not been
established. Candidate mechanisms include local heating, rupture of lipid
bilayers, and entry of pathway-prolonging substances. In cases where little recovery
takes place, however, it is a reasonable approximation to treat pathways as fixed.

Transport occurring through such pathways can then be considered as tak-
ing place in kind of porous medium. The associated theories do not actually
describe electroporation itself, but instead focus on aspects of transport, such
as the possibility of net transport due to pulses which alternate in polarity
(36,103). In principle such pulses transport zero net charge across a barrier.
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Nevertheless, net transport of an ion or molecule present on one side of the
barrier is possible, essentially due to diffusional spreading between pulses, such
that not all of what enters on a forward polarity pulse is returned upon subse-
quent application of a reverse polarity pulse.

3. Summary and Conclusions

Experiments have demonstrated that a variety of HV pulses cause both pro-
found electrical resistance and molecular transport changes, and other, more
limited, experiments are relevant to MV pulses. Clearly some type of aqueous
pathway creation and/or enhancement is involved. Much of the experimental
evidence is consistent with the skin electroporation hypothesis, in which new
aqueous pathways are electrically created across skin barriers. However, a com-
plete description is absent, and some conceptual difficulties remain. As noted
above, much of the SC lipids are believed to be in the crystalline state, which
presents basic problems for the transient aqueous pore nucleation theory of
electroporation. Qualitatively, as also noted above, if a small fraction of SC
lipids are in the fluid state, this conceptual problem may be overcome. Another
challenge lies in understanding how LTRs form for short pulses, which appear
not to involve significant local heating, what limits the spatial extent of LTRs,
and what localized structural changes occur. The experimental observations
for “short” and “long” pulses show that phenomena secondary to the primary
event of electroporation may be important. Further, secondary phenomena
associated with introduction of interacting molecules with aqueous pathways
appears to occur, but is not yet quantitatively described by any theory. Thus,
although some significant theoretical progress has been made, a theory for the
mechanistic basis of the skin’s response to MV and HV pulses is far from
complete.

Notation and Abbreviations

A Area of membrane

Cq Concentration of ion or molecule of species “s”

Ciow Change in specific capacitance as water replaces lipid

e 1.6 x 10712 C (magnitude of charge on monovalent ion)
E, Electric field within electrolyte

E, Nominal electric field based on applied electrode voltage
Jinolec Fraction of segments transporting larger molecules

F,, Fractional aqueous area

Fy max Maximum fractional aqueous area

G, Membrane conductance

Gyin Conductance of a skin sample
Gyc Conductance of the stratum corneum
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TIPS

Conductance of LTR to species ‘s
Conductance of skin to species *“s”

Conductance of stratum corneum to species “‘s”
Conductance of one aqueous pathway segment to species “‘s”
LTR conductance at time ¢ (after pulsing)

Partition coefficient

Steric hindrance factor

Thickness of hydrated stratum corneum (~ 20 pm)

Length of a pathway segment (~ 40 nm)

Current carried by species “s”

Current carried in one LTR by species “s”
Molecular flux associated with current /j 1g g

Membrane dielectric constant

Number of corneocytes in idealized corneocyte stack

Initial number of segments between corneocytes

Number of segments between corneocytes that are available for
transport of “s”

Initial number of segments available to species “s” (forecVp)
Charge of species “s”

Minimum segment (electropore) radius (~ 1 nm)

Membrane resistance

Resistance of skin (1/Gg;,)

Time after pulsing

Transmembrane (single bilayer) voltage as function of time
Transmembrane voltage

Transmembrane voltage needed to force ion across membrane
without a pore

Local voltage across a pore interior

Trans-SC voltage

Transdermal voltage

Membrane volume

Electrical permittivity of electrolyte (~ 7 x 10710 Fm1)
Electrical permittivity of free space (~ 8.85 x 10~ Fm")
Electrical conductivity of electrolyte (~ 1 S m™!)
Electrophoretic mobility of species “s”
Attempt rate density

Membrane charging time constant
Thermal time constant for SC

Average segment lifetime

Short time interval

1/ Ty, normalized time
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Mechanistic Studies of Skin Electroporation
Using Biophysical Methods

Mark R. Prausnitz, Uwe Pliquett, and Rita Vanbever

1. Introduction

The mechanism by which high-voltage pulses transiently disrupt lipid
bilayers in cell membranes has been the subject of controversy since
electroporation was first observed almost three decades ago. Determining the
mechanism by which such pulses permeabilize the complex, multilamellar
bilayer structures in skin poses an even greater challenge. To address this
issue, a range of methods have been employed to perform biophysical charac-
terization for skin electroporation studies. In this chapter, we provide an over-
view of these methods and highlight representative findings which biophysical
characterization has yielded.

In single-bilayer systems, such as cell membranes and synthetic lipid mem-
branes, a transmembrane voltage of hundreds of millivolts applied typically
for at least microseconds causes the membrane to lose its barrier properties,
shown primarily by dramatically increased electrical conductivity and molecu-
lar permeability (I-5). Under appropriate conditions, the membrane’s barrier
properties are restored within a timescale typically of seconds to minutes,
although changes can persist for as long as hours before reversing. The mecha-
nism by which these changes in membrane properties occur is generally
believed to involve transient disruption of membrane structure, which results
in the creation of aqueous pathways, or pores, across the membrane. Hence the
name electroporation has been widely adopted. However, the exact structure
of a pore and the role of other direct and indirect effects of the electric field
remain the subject of active study.
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In skin, transient disruption of barrier properties has also been induced by
the application of short, high-voltage pulses. Skin’s barrier properties are pri-
marily due to a collection of multilamellar lipid bilayers stacked in the inter-
cellular spaces of stratum corneum, the outermost 10-20 um of human skin
(6-8). Since on the order of 100 bilayers appear in a stratum corneum cross-
section, one might expect electroporation to occur at a transdermal voltage of
tens of volts (9-11). Indeed, with an apparent threshold between 30-60 V, skin
conductivity and permeability have been observed to increase by orders of
magnitude and show complete or partial reversibility, depending on experi-
mental conditions (12-14).

Studies measuring the average flux of molecules across the skin make up
the bulk of literature on high-voltage pulsing of skin and provide significant
insight into what is proposed to be skin electroporation (15-19). They show as
much as 10,000-fold flux increases which can be fully reversible, suggesting
compelling applications in transdermal drug delivery. Mechanistically, flux
studies indicate that high-voltage pulses induce physical changes in skin
microstructure, since many experimental observations cannot be explained by
electric field-induced electrophoresis or electroosmosis alone (15).

Although molecular transport studies have supported the hypothesis of
electroporation-induced changes in skin structure, further biophysical charac-
terization has provided a more complete picture. Those biophysical methods
and their representative findings are summarized below. More detailed treat-
ment of some of these methods as applied to skin outside the context of
electroporation can be found in a recent book (8).

2. Characterization of Skin Microstructure

Skin’s microstructure can be characterized by its interaction with different
forms of electromagnetic radiation. Basic electrical resistance measurements
provide a relatively straightforward assessment of skin barrier properties to
ions with at least subsecond time resolution. Probing skin’s full electrical
impedance spectrum yields much more information about the physical envi-
ronment within skin, but requires more sophisticated equipment, more com-
plex analysis, and generally poorer time resolution. Measuring the scattering
of x-rays has given insight into long-lived changes in supramolecular organi-
zation within skin (e.g., bilayers). Imaging with freeze fracture electron
microscopy has provided pictures of altered skin microstructural morphology.
Finally, other methods, including Fourier transform infrared spectroscopy, dif-
ferential thermal analysis and measurement of skin ion content, have also been
applied to study skin electroporation.
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Fig. 1. Normalized skin resistance as a function of time after exposure to a high
voltage pulse. Skin resistance dropped dramatically during the pulse and showed rapid
recovery either partially or fully back to prepulse values. Resistance values were
determined by calculating the DC resistance from impedance spectra collected after
the pulse and have been normalized relative to prepulse values. The exponential-
decay pulse time constant was 1.1 ms and the transdermal voltage was (A) 71 V, (B)
88V, (C) 105 V, or (D) 123 V. Experiments were performed using human epidermis
in vitro. (Adapted from ref. 13, with permission.)

2.1. Basic Resistance Measurements

Measuring skin resistance is especially useful because it provides informa-
tion about the skin barrier with excellent time resolution using a relatively
simple technique (13,14,20). Measurements of skin resistance can be arbitrarily
fast and have been reported in the context of skin electroporation studies on the
microsecond timescale. By contrast, the best reported time resolution of
transdermal molecular flux measurements is on the order of 10 seconds using
an optimized continuous flow-through system (see Chapter 31). Figure 1
shows skin resistance as a function of time immediately following application
of high-voltage pulses to cause skin electroporation. The rapid and dramatic
drop in skin resistance followed by slow recovery is evident.
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Skin resistance can be measured using direct current (DC) methods, but low-
frequency alternating current (AC) methods are better. The simplest, but not
preferred, way to measure skin resistance is to attach the leads of an ohmmeter
to electrodes in electrical contact with the skin. This might be done in a stan-
dard diffusion chamber where both sides of the skin are bathed in saline. Sil-
ver—silver chloride electrodes are usually preferred, since their electrochemical
interface with saline does not distort the measurement. However, measurement
using a standard ohmmeter can alter the skin. Most ohmmeters operate by
applying a known voltage and determine resistance by measuring the resulting
current. Because skin resistance can be quite high, ohmmeters often apply large
voltages (e.g., >1 V) to get a more accurate measurement and this voltage can-
not be selected by the user. Such large voltages are known to change skin resis-
tance (21). Thus, measurements using standard ohmmeters should be avoided.

To prevent the skin from being exposed to large measurement voltages, one
can determine skin resistance without an ohmmeter, but use the same principle
of measurement that the ohmmeter does. Using a constant voltage source,
apply a known voltage (<<1 V) and measure the resulting current. The current
can be measured by determining the voltage across a known resistance in series
with the skin (good method) or by measuring it directly with a current trans-
former (better method). Alternatively, a constant current can be applied (such
that the resulting transdermal voltage is <<1 V) and the transdermal voltage
measured directly with a voltmeter or oscilloscope. Once the current and volt-
age are known, skin resistance can be calculated using Ohm’s law (i.e., R = V/I)
(22). In this way, the user can select the voltage applied to the skin and thereby
prevent damaging it. Because this approach involves using lower voltages and
currents for measurement, the sensitivity of the measurement is reduced com-
pared to using an ohmmeter. However, this is preferable to using a larger volt-
age which alters the skin.

The best method to measure skin resistance is to apply an alternating current
and determine the low-frequency skin impedance. An alternating current is
preferable, because unlike direct current, it does not develop a polarization
voltage which can distort measurements. At sufficiently low frequency (e.g.,
< 10 Hz), skin impedance has approximately the same value as DC (e.g., 0 Hz)
resistance. Low frequency impedance can be determined using the same
approach described in the preceding paragraph, except an AC power source is
needed (23).

In each of these approaches where a transdermal voltage is measured during
application of a constant current (AC or DC), it is better to measure the
transdermal voltage using different electrodes from the ones through which
the current is applied. This is because there can be a voltage drop across the
current-application electrodes and their electrochemical interfaces, which
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introduces artifacts into the measurement. The recommended four-electrode
setup involves an outer electrode on each side of the skin, through which the
current is applied, and an inner electrode between each outer electrode and
the skin, which is used to measure voltage. The voltage measured will be the
voltage across the skin plus the voltage across the saline between the elec-
trodes and skin. The resistance of this saline can be significant; although before
electroporation, skin resistance should be high (e.g., 100,000 Q cm?) and there-
fore much greater than the resistance of saline, during and after electroporation,
skin resistance can be as low as 100 Q cm? (13,24). For this reason, the resis-
tance of the apparatus without skin should be measured and then subtracted
from subsequent measurements made with skin.

2.2. Impedance Spectroscopy

Although a great deal can be learned from basic resistance measurements,
probing the full impedance spectrum provides still more information
(13,23,25-28). Generally, impedance spectroscopy yields not only skin resis-
tance, but also provides values for skin capacitance (Fig. 2). Making imped-
ance measurements, however, is usually slower, uses sophisticated hardware
and requires more difficult analysis. Detailed advice on using impedance spec-
troscopy in skin electroporation studies is provided in Chapter 30.

Briefly, one should go to the effort to make impedance measurements if the
capacitive, or possibly inductive, properties of the skin are important. Skin
capacitance is primarily associated with stratum corneum lipids. Thus, the tran-
sient increases in skin capacitance shown in Fig. 2B support the hypothesis
that high-voltage pulses alter stratum corneum lipids. The drawbacks of im-
pedance measurements is that if one measures in the frequency domain, scans
of measurements must be performed over a range of frequencies and this takes
time. If one measures in the time domain, faster time resolution can be
achieved, especially if an equivalent electrical circuit for the skin is assumed.
However, selection of an appropriate equivalent circuit is critical, since the
analysis can be distorted if an incorrect circuit is used or if the same circuit
does not apply at all conditions.

2.3. X-Ray Scattering Techniques

The organization of lipid bilayers and other structures in the skin can be
identified using X-ray scattering (29). Using small-angle X-ray scattering
(SAXS), scattering features with dimensions of nanometers can be measured.
Figure 3A shows the effects of electroporation on SAXS. The peaks seen at
4.7 and 6.3 nm in control samples represent scattering due to intercellular lipid
lamellae of the stratum corneum. The great reduction in those peaks following
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Fig 2. Skin dynamic resistance and normalized capacitance as functions of
transdermal voltage. Dynamic resistance dropped precipitously at transdermal volt-
ages greater than approximately 50 V, while capacitance increased at voltages above
about 90 V. Exponential-decay pulses were used with a time constant of 1.1 ms.
Experiments were performed using human epidermis in vitro. (A) Dynamic resistance
was determined 20 Us after the onset of the pulse (i.e., during the pulse). (B) Capaci-
tance values were determined from impedance spectra collected 330 ms after the end
of the pulse and have been normalized relative to prepulse values. (From ref. 13, with

permission.)
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high-voltage pulsing indicates a disorganization of the lipid bilayer structures,
consistent with an electroporation mechanism. Weaker effects were seen for
short or low-voltage pulses.

Wide-angle X-ray scattering (WAXS) is used to measure scattering features
with Angstrom dimensions. Figure 3B shows the effects of electroporation on
WAXS. The peaks seen at 3.8 A and 4.1 A are characteristic of orthorhombic
lateral packing and/or lateral hexagonal packing of lipids in normal skin. The
disappearance of those peaks after high-voltage pulsing indicates a change in
lipid packing order, also consistent with electroporation. Greater effects were
seen when more pulses were applied.

X-ray scattering techniques provide powerful insight into skin microstruc-
ture, but require expensive equipment and an experienced operator (30,31).
Moreover, measurements must be made on isolated stratum corneum to elimi-
nate noise from viable epidermis and dermis. Measurements also can only be
made after (not during) exposure to electric pulses and take tens of minutes to
acquire. This means that only long-lived changes can be detected; rapidly tran-
sient effects will have reversed before a measurement can be made. While only
limited x-ray analysis has been done on electroporated skin, a number of stud-
ies have examined skin microstructure in other contexts using both SAXS and
WAXS (32-35), including a recent review (36).

2.4. Freeze-Fracture Electron Microscopy

Freeze-fracture electron microscopy (FFEM) has been used to obtain direct
images of changes in skin microstructure (37). Figure 4A shows a smooth
surface with well-delineated stepwise interruptions (which correspond to the
multilamellar lipid structures) characteristic of untreated stratum corneum.
Desmosomes are apparent too. By contrast, the electroporated stratum corneum
shown in Fig. 4B appears rough and lacks well-defined interruptions, displays
spherical deformations and a network-like structure in the lamellar regions,
and has few desmosomes. Such electron micrographs give a qualitative view
of the microstructural changes caused by electroporation.

In general, electron microscopy requires not only costly equipment and a
knowledgeable operator, but significant expertise to correctly interpret images.
It is evident from Fig. 4 that an inexperienced viewer might not be able to
correctly analyze an electron micrograph of skin. Moreover, the outcome is
extremely sensitive to sample freezing and preparation, a process which can
require many days. Although FFEM specifically of electroporated skin has
received only limited attention, general methods to study skin using FFEM, as
well as transmission and scanning electron microscopy, have been more exten-
sively developed (38—42).
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Fig. 3. X-ray analysis of electroporated human stratum corneum in vitro. Applica-
tion of high-voltage pulses causes a loss of lipid structure within the skin (see text).
(A) Small-angle X-ray scattering (SAXS): 20 pulses of 200 V and 160 ms (0O),
20 x (200 V, 80 ms) (A), 5 x (200 V, 160 ms) (<), 20 x (100 V, 160 ms) (O), 60 x
(500 V, 1 ms) (x), no pulses (®). (B) Wide-angle X-ray scattering (WAXS): no
pulses (O), 5 X (200 V, 160 ms) (O), 20 x (200 V, 160 ms) (). All listed voltages are
applied (i.e., not transdermal) values. (From ref. 29, with permission.)



Fig. 4. Parallel fractures of human stratum corneum in vitro imaged using transmis-
sion electron microscopy. (A) Hydrated, untreated control skin shows lipid lamellar
domains (L), well-delineated stepwise interruptions of the planes (arrow), and some
desmosomoes (D). Scale bar is 612 nm. (B) Electroporated skin shows few normal
lipid bilayers, rough surfaces (R), a networklike structure (N), and spherical deforma-
tion (S). Electroporation was carried out using 20 pulses each of 300 V (applied) and
120 ms. Scale bar is 453 nm. (From ref. 37, with permission.)
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2.5. Other Methods

There are a number of other biophysical tools available to study the effects
of electroporation on skin, including Fourier-transform infrared (FTIR) spec-
troscopy, differential scanning calorimetry (DSC) / differential thermal analy-
sis (DTA), and measurement of ion content in skin.

FTIR spectroscopy measures the infrared absorbance characteristics of a
material, which gives insight into its internal chemical make-up and environ-
ment (43,44). Because conventional FTIR is usually performed in transmit-
tance mode, an attenuated total reflectance (ATR) crystal can be used to make
measurements on the surface of a material (45). By selecting an appropriate
ATR set-up, IR spectra from only the stratum corneum can be collected with-
out significant contribution from deeper tissue. Approaches both with and with-
out ATR have been used in a number of studies of skin (46—48), including in
vivo investigations (49). FT-Raman spectroscopy has also been explored (50).
Applied to electroporated skin, FTIR spectroscopic analysis showed increased
stratum corneum hydration (determined by measuring changes in the ratio of
two amide-associated peaks), but no detectable changes in spectral character-
istics associated with stratum corneum lipids or proteins (51). In general, ATR-
FTIR spectroscopy measurements are relatively straightforward to obtain, but
their analysis requires some expertise.

Differential scanning calorimetry (DSC) and differential thermal analysis
(DTA) (52,53) have also been used to study skin properties (46,48,54). Using
these methods, the relationship between stratum corneum temperature and the
energy required to heat stratum corneum to that temperature are measured. In
the absence of phase changes, this measurement is related to the tissue heat
capacity. Discontinuities in the relationship (i.e., an exceptionally large amount
of heat required for a given temperature change) indicates a phase change and
the amount of heat is related to the enthalpy of that phase change. In both
untreated and electroporated stratum corneum, DTA transition temperatures
were observed at approximately 70°C and 86°C, which is characteristic of nor-
mal stratum corneum (37). However, the enthalpy change associated with those
transitions was less for electroporated samples. DSC and DTA measurement
techniques and analysis can be learned relatively quickly from an experienced
user.

A final biophysical test applied to the study of skin electroporation involves
identifying changes in skin’s ion composition and water content. After digest-
ing the skin with either strong acid or strong base, sodium and potassium ions
were detected by flame spectrophotometry, calcium by atomic absorption, and
chloride using a silver electrochemical cell (55). In a test using full-thickness
rat skin, sodium and calcium ion concentration were increased by electro-
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poration, potassium levels were decreased, and chloride was unchanged.
Increases in water content were evaluated by comparing the difference in
weight between hydrated and thermally dehydrated stratum corneum (37).

3. Imaging of Transport Pathways

The previous section summarized ways to characterize changes in skin
microstructure. This section addresses how to image the effects of those
changes on skin permeability by identifying the pathways by which ions and
molecules traverse the skin. This is important because one of the questions
typically asked in transdermal studies concerns the role of transport through
hair follicles and sweat ducts (i.e., appendages) versus transport through the
bulk of the skin. If transport is through the bulk, then one often wants to know
if transport occurs uniformly across the whole skin surface or if there are local-
ized regions of transport. Moreover, it is of interest to determine if transport
through the bulk involves pathways across the keratinocyte cells or if it winds
around the cells through the intercellular lipids.

Imaging pathways both for electric current carried by ions (e.g., sodium,
chloride) and for larger molecules has shown that there are distinct differences
between the pathways followed during skin electroporation as opposed to pas-
sive diffusion or iontophoresis (i.e., low-voltage electrophoresis). Unlike pas-
sive diffusion which occurs via tortuous pathways between cells and may
include routes through appendages and iontophoresis which concentrates trans-
port through appendages, electroporation appears to create new pathways in
the bulk of stratum corneum, resulting in local transport regions which do not
correspond to appendages and appear to have non-tortuous pathways directly
across the skin (56,57).

3.1. Imaging Electric Current Pathways
3.1.1. Plate Electrode Methods

The sites of chloride ion transport across the skin can be identified by imag-
ing the conversion of silver to silver chloride on a flat plate electrode in contact
with the skin (56). In this approach, a silver electrode is placed in direct contact
with the underside of isolated stratum corneum and attached to the positive
lead of the power supply. The counter electrode is placed in electrical contact
with the other side of the stratum corneum to serve as the negative electrode.
Passage of current across the skin in the presence of sodium chloride will cause
chloride ions to cross the skin and electrochemically react at the silver surface
to form silver chloride. The sites of this reaction can be interpreted to corre-
spond to the sites of transdermal current flow.

Figure 5 shows the result of such an experiment, where current is observed
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Fig. 5. Sites of electrochemical deposition of silver chloride (dark areas) on a silver
plate electrode used during electroporation of human epidermis in vitro. The dark areas
are interpreted as sites of transdermal current pathways, which correspond to locations
in the bulk of the stratum corneum and do not correspond to hair follicles or sweat

ducts. Skin was electroporated with 10 pulses each of 1000 V (applied) and 1 ms at a
rate of 6 pulses per minute. (From ref. 56, with permission.)

in localized regions which do not correspond to sites of hair follicles or sweat
ducts in the electroporated skin. While skin exposed to iontophoresis also
shows localized regions of current flow, they are at a lower density and pre-
dominantly correspond to sites of hair follicles or sweat ducts (data not shown).

Two kinds of silver plate electrodes have been employed. One approach to
image the sites of chloride ion transport uses a very thin silver electrode depos-
ited onto a transparent polystyrene plate using Tollen’s reagent as the source of
silver (56). When silver chloride is electrochemically formed during an experi-
ment, it dissociates from the electrode surface and leaves a clear spot on the
polystyrene plate. In this way, the sites of current transport, which correspond
to the sites of silver removal, can be monitored in real time using a bright-field
microscope viewing the underside of the electrode.

An alternative approach involves the use of a polished silver plate and a thin
(e.g., 5 mm) layer of agarose gel sandwiched between the silver plate and the
skin (56). In this case, when silver chloride is electrochemically formed, its
precipitates are trapped in the gel and remain at the sites of ion transport. The
unreacted, polished silver appears shiny and bright, while the sites of silver
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chloride production appear dull and black. This can be seen using a micro-
scope either through the skin in real time or, for a better view, with the skin
removed afterward.

3.1.2. Microelectrode Methods

A set of complementary approaches to identifying current pathways has been
used for iontophoresis experiments, and could be used for skin electroporation
studies as well. One method involves the use of a small vibrating probe elec-
trode which is oscillated within micrometers of the skin surface to measure
local voltage gradients and thereby determine local current densities (58,59).
This probe can follow the current in a single location over time or can be
rastered over a larger area to create a two-dimensional current density map, but
with limited time resolution.

Another method, termed electrochemical microscopy (60,61), also uses a
microelectrode positioned near the skin, but selectively measures the current
carried by a specific ion, rather than the total current measured by the vibrating
probe. This can be achieved by placing a K,Fe(CN)g solution on one side of the
skin and NaCl solution on the other side. The microelectrode, which is posi-
tioned on the NaCl side of the skin, can specifically measure the rate of appear-
ance of Fe(CN)* ions which have crossed the skin. As above, the
measurement can be made in one location with good time resolution or as a
series of measurements across a surface with limited time resolution.

As a final alternative, a microelectrode can be used to identify sites of ion
transport by the electrochemical formation of a dye (61). A solution containing
Fe?* is placed on one side of the skin and a solution with Fe(CN)¢*" is placed
on the opposite side. As current is passed and the two ions meet, they react to
form Fey[Fe(CN)¢l;, which is a dye called Prussian blue. Thus, the sites of
current flow are marked by insoluble Prussian blue precipitates.

3.2. Imaging Molecular Transport Pathways
3.2.1. Post-Electroporation Imaging

The sites of molecular transport of dyes can be visualized by microscopy
(62). While colorimetric dyes can be used, fluorescent dyes (63) are much more
sensitive and can also be used for confocal microscopy. Microscopic imaging
has shown that transport across electroporated stratum corneum occurs in
localized regions (Fig. 6) (56,57). Because these regions were shown not to
correspond to hair follicles or sweat ducts, transport due to electroporation is
believed to occur through the bulk of the stratum corneum. Closer examination
of the regions of transport show distinct ringlike staining (Fig. 7), which could
be interpreted to indicate a central region with long-lasting permeability from
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Fig. 6. Sites of transdermal calcein transport across human epidermis in vitro iden-
tified using a fluorescence microscope. The light areas are interpreted as sites of
transdermal transport pathways, which correspond to locations in the bulk of the stra-
tum corneum and do not correspond to hair follicles or sweat ducts. Skin was
electroporated with 10 pulses of 157 V (transdermal) and 1 msec at a rate of 2 pulses
per minute. (From ref. 56, with permission.)

which the dye was washed away and a peripheral region in which the increased
permeability reversed and thereby trapped the dye (56,57). Moreover, these
regions of molecular transport were shown to correspond to the regions of ion
transport identified using the plate electrode technique described above (56).

To image transdermal transport pathways after an electroporation exposure,
one skin surface is bathed in a dye solution and the skin is then treated with
electric pulses in a standard diffusion chamber. After the skin is removed from
the chamber, excess dye is washed away from the skin surface so that only dye
that penetrated inside remains. Some investigators have just rinsed the skin
well with saline, while others have soaked it for hours (56,57). The skin can
then either be observed immediately or flash frozen and stored at —80°C until
examination later. Microscopic imaging can be performed using either a con-
ventional fluorescence microscope or, for improved spatial resolution, a scan-
ning confocal fluorescence microscope (64,65). Additional information can be
obtained from light microscopy (66—68), autoradiography (69,70), and confo-
cal microscopy (59,71,72) methods developed for studies of transdermal trans-
port pathways outside the context of electroporation.



Fig. 7. Sites of transdermal calcein transport across human epidermis in vitro iden-
tified using a laser-scanning confocal microscope. Transport appears to occur in local-
ized regions which have a ringlike appearance: bright along the rim and dark in the
center. Skin was exposed to high-voltage pulsing at 300 V (transdermal) and 1 msec
for 1 hour at a rate of 12 pulses per minute. (A) Low-magnification view of skin. (B)
High-magnification optical section of same site at a depth of 10 um below the surface.
(From ref. 57, with permission.)
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Dyes used to image transport pathways have generally been hydrophilic ones
(e.g., calcein), which reduces binding to the skin (56,57). This is important
because one wants to image the sites of transport and not view sites preferen-
tially stained due to binding. As a separate procedure, dyes (of a different color
than the dye used during pulsing) can be added after electroporation and just
before microscopic imaging to selectively stain the skin and thereby facilitate
histological or other interpretation. For example, viewing Fig. 7 alone, it is not
clear if the central region of the transport pathways contain intact tissue or if
they each represent a single large hole. Staining of the skin with nonspecific
lipophilic dyes (i.e., Dil and Nile Red) indicated that the central region was
filled with lipophilic material and thus likely contained intact, but probably
porous, tissue (data not shown) (57).

Electron microscopy techniques have also been used to image transdermal
transport pathways by identifying the location of electron-dense tracers in skin,
but these methods have not yet been applied to skin electroporation. Transmis-
sion (73,74), scanning (75) and freeze fracture (76,77) electron microscopy
have similarly been employed to identify routes of transport. Electron micros-
copy has also been used in conjugation with in situ precipitation to image non-
electron-dense permeants (68,78,79), as well as in combination with x-ray
microanalysis for elemental analysis (79,80).

3.2.2. In Situ Imaging During Electroporation

Transport pathways can also be imaged by fluorescence microscopy in situ
during an electroporation exposure (56). The advantage of this approach is that
real-time information can be obtained and concerns about postexposure han-
dling of the skin are removed. For example, using this approach, the number of
local transport regions present during skin electroporation were shown to
increase with both voltage and number of pulses applied (56). Despite its util-
ity, difficulties with the in-situ imaging apparatus arise due to (i) bright fluo-
rescence from the donor solution which overwhelms fluorescence from dye
within the skin, (ii) electrodes blocking the view of skin from the microscope
objective, and (iii) electrochemical formation of gas bubbles which interfere
with transport and viewing.

An apparatus for an upright microscope which addresses these difficulties is
composed of, sequentially from the bottom up, an electrode, donor solution in
the form of a gel, stratum corneum, receiver solution which is surrounded by a
porous cylinder (e.g., made of a ceramic material), cover slip, and microscope
objective (56). The electrode on the receiver side is not in line with the rest of
the apparatus, but is placed to the side of the receiver compartment and in
electrical contact through the porous cylinder. The reason for this design is
described in the following paragraphs.
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To reduce fluorescence from the donor solution reaching the microscope
objective, the donor solution should be placed on the opposite side of the skin
(i.e., for an upright microscope, the donor solution should be below the skin).
In addition, a thin layer of black ink should be added between the donor solu-
tion gel and the stratum corneum to reduce light penetration across the skin.

To prevent the electrode between the microscope objective and the skin from
blocking the view, a ring-shaped electrode can be used, which provides a clear
optical pathway. This electrode is therefore positioned around, but not inside,
the receiver compartment, and must be in electrical contact.

To address the problem of bubbles, the lower electrode should not be a con-
tinuous plate, but should be made of a mesh or other porous design. In this
way, bubbles produced at the lower electrode, which cannot rise through the
donor solution because it is a gel, therefore escape through the open spaces in
the lower electrode. Similarly, bubbles produced at the upper electrode cannot
enter the receiver compartment because the porous cylinder blocks them. The
bubbles therefore escape to the open surface above the upper electrode.

3.2.3. Molecular Trapping in Gel

To address the concern that sites containing dye may represent sites of bind-
ing rather than sites of transport, experiments which image those places where
dye is found within skin (described above) can be coupled with experiments
which identify the places where dye appears after it has crossed the skin (56).
This approach is similar to that used with the silver plate to identify current
pathways. To perform this study, a very thin layer of agarose gel (e.g., << 1 mm) is
sandwiched between skin and a silver plate electrode. To maintain the gel thick-
ness and to reduce lateral diffusion within the gel, a nylon mesh (e.g., 50 um
spacing) is also placed inside the gel. The skin is then electroporated in the
presence of dye on the skin surface opposite the gel. The skin and gel are then
quickly examined under the microscope (Fig. 8). In this way, dye which has
crossed the skin is trapped in the gel. If the sites of skin staining correspond to
the sites of gel staining, then one can conclude that the sites of skin staining are
indeed transdermal transport pathways. Using this approach, sites of skin stain-
ing were shown to correspond to sites of transdermal transport for the condi-
tions studied (56).

4. In Vivo Methods

As a companion to in vitro studies, which primarily address changes in stra-
tum corneum, in vivo methods provide information about the response of
viable skin to electroporation in a more physiologically relevant environment,
which is especially important to assess safety. Noninvasive investigation of
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Fig. 8. Sites of sulforhodamine entrapped in agarose gel on the underside of human
epidermis in vitro. Rather than identifying sites of staining within skin (e.g., Figs. 6
and 7), which only indirectly identify sites of transdermal transport, imaging sites of
staining below the skin directly establishes sites of transdermal transport. Transport
sites identified by both methods were in agreement, indicating that sites of skin stain-
ing in fact corresponded to sites of transdermal transport. Skin was electroporated
with 10 pulses each of 1000 V (applied) and 1 ms at a rate of 6 pulses per minute.
(From ref. 56, with permission.)

skin can be carried out in vivo with a number of different biophysical measure-
ments using commercially available devices (81-84).

There are five principle biophysical parameters commonly measured to
assess changes in skin integrity: skin color, blood flow, barrier properties,
hydration, and thickness (81,83). Measurement of skin color, typically by colo-
rimetry, allows quantification of erythema. Laser Doppler flowmetry (LDF)
measures cutaneous blood flow and therefore detects vasodilation in case of
inflammation. Evaporimetry measures transepidermal water loss (TEWL),
which gives insight into the level of hydration and the skin’s permeability bar-
rier. Hydration of skin can also be assessed by measuring epidermal capaci-
tance. Finally, high-frequency ultrasound measurement of skin thickness can
be used to quantify edema. To properly characterize skin integrity, multi-
parametric assessment using a number of techniques is generally required.

These bioengineering methods have been employed widely for noninvasive
evaluation of skin, including electroporated skin. In studies of hairless rat skin
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exposed to high-voltage pulses in vivo, changes in a number of skin properties
were measured (85). These alterations were found to be short-lived and were
similar to those observed following conventional iontophoresis, which sug-
gests that electroporation of skin would be safe and well-tolerated by patients
(86). In these studies, electrical protocols were applied using parallel-plate elec-
trodes attached to calipers across a skin fold. Although this electrode configu-
ration can effectively electroporate the stratum corneum, it also exposes
underlying tissues (e.g., viable epidermis and dermis) to the high-voltage elec-
tric field. This means that alterations in skin functions observed in the study
represent the combined effect of stratum corneum electroporation and any side
effects caused in underlying tissues. The rest of this section provides more
information on five methods used to assess changes in skin function and pre-
sents in greater detail the results of their use in skin electroporation studies.

4.1. Colorimetry

Skin color can be precisely measured using a colorimeter (e.g., Minolta CR
200, Osaka, Japan); this method is often used to quantify erythema, of interest
for safety studies, and tanning, of interest for cosmetics (81,87). Colorimeter
measurement is effected by illuminating the skin, usually with a xenon flash
light, and measuring the reflected light. The color measurement is quantified
using the three standard parameters a*, b*, and L*, as established by the CIE
(Commission Internationale de I’Eclairage) (87). The values for a* and b* rep-
resent the two color coordinates : a* is a measure of the color range from green
(-) tored (+) and generally correlates with the clinical perception of erythema,
and b* is a measure of the color range from blue (-) to yellow (+) and is usually
associated with the perception of tanning. Luminance (L*) is a measure of
brightness (integrated reflection of light from the surface) which ranges from
black (zero) to white (100) and correlates with both erythema and tanning.

Measurement of skin color after exposure to high-voltage pulses has been
performed in hairless rats using a colorimeter (85). Parameter a* was slightly
and briefly increased after electroporation (Fig. 9), indicating transient
erythema. In some cases, a small, short-lived decrease in lightness (L*) was
also observed. These alterations in color were similar in intensity to those
induced by conventional iontophoresis (Fig. 9).

Colorimetry is a straightforward, reproducible, convenient, and inexpensive
method to determine skin irritation as measured by erythema. Only minor
expertise is required. However, it is not as sensitive to small changes in skin
integrity as other techniques (e.g., TEWL measurement) (81). Since skin red-
ness is influenced by temperature and emotional or physical stress, climate-
controlled facilities are preferable and a period of rest is needed before
measurement. Other techniques for measuring skin color include visual scoring,
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Fig. 9. Colorimetry measurement of the red-green parameter, a*, for skin exposed
to (A) electroporation or (B) iontophoresis. Measurements were made before and at

different times after electrical treatment. Only small and transient changes in color
(i.e., erythema) were observed using measurements at the cathode (white bars), anode

(striped bars) and control (black bars). Electroporation was carried out using 15 pulses

each of 100 V (applied) and 500 ms applied at a rate of 1 per minute in hairless rat
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reflectance spectrophotometry, and measurement of erythema index (89,90).
Visual scoring of color changes using the human eye provides excellent sensi-
tivity, but measurements are often not reproducible (88). Colorimetry provides
more reproducible and quantitative measurements and is therefore recom-
mended. Reflectance spectrophotometry uses costly and cumbersome equip-
ment to collect the spectrum of light reflected from skin, which can be
interpreted to give information about erythema. Finally, measurement of the
erythema index uses a portable and user-friendly instrument to collect a por-
tion of the reflected spectrum which correlates with the amount of hemoglobin
and therefore provides a direct measure.

4.2. Laser Doppler Flowmetry

Laser Doppler flowmetry (LDF) is a noninvasive optical technique that uses
the Doppler effect to measure blood flow in many tissues including skin
(91-94). Monochromatic laser light shines to a depth of about 1 mm into the
tissue from an optical fiber placed on the skin surface. This light is reflected
with Doppler-shifted frequencies from moving blood cells in the tissue (i.e.,
the dermis, since the epidermis is avascular) and with unshifted frequencies
from stationary tissues. A LDF measurement is reported in arbitrary units and
is proportional to red cell velocity (i.e., blood flow rate) and density (i.e., blood
volume). LDF has been shown to correlate with erythema, as determined by
clinical scoring and colorimetry. LDF and colorimetry differ, however, because
colorimetry is sensitive to blood accumulation in capillaries, while LDF mea-
sures total blood flow determined mainly by arterial tone.

LDF has been used to assess alterations in cutaneous blood flow after expo-
sure of skin to high-voltage pulses; a brief increase in LDF values was observed
in hairless rats (Fig. 10) (85). The changes in LDF values observed after
electroporation were similar to those induced by iontophoresis.

Although LDF requires sophisticated instrumentation, measurements are
relatively straightforward to make. Skin blood flow can be measured continu-
ously on virtually any site on the body. Moreover, LDF can detect changes in
blood flow at levels below which the naked eye can detect erythema (91,93).
Interpretation of LDF results is complicated because the cutaneous microcir-
culation is a dynamic system which depends on many variables, for example,
anatomical site, physical and mental activities, ambient and local temperature.
Best results are obtained when using a resting period before measurement and

Fig. 9. (continued) skin in vivo. Iontophoresis involved a 1-hour exposure to 0.5
mA/cm? direct current. Statistical significance: * p < .05 vs. control, ** p < .01 vs
control. (From ref. 85, with permission.)
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a climate-controlled facility. Identical anatomical sites should be used for com-
parison and multiple replicate recordings should be collected (92,94).

4.3. Transepidermal Water Loss

Transepidermal water loss (TEWL) commonly refers to the total amount of
water lost across the skin by both eccrine sweating and transepidermal diffu-
sion. This method provides an extremely sensitive measure of skin barrier
integrity (95). Water transported across the skin evaporates and forms a bound-
ary layer at the skin surface across which a water vapor gradient is created.
TEWL is measured by placing a probe (containing sensors for relative humid-
ity and temperature) within this boundary layer of estimated 1 cm thickness.
The Evaporimeter EP1 (ServoMed, Stockolm, Sweden) is an open chamber in
common use (81,95,96).

Measurement of TEWL after skin electroporation has been performed as a
way to characterize decreases and recovery of stratum corneum barrier func-
tion (85). TEWL showed a twofold increase immediately after high-voltage
pulse exposure (relative to hydrated controls) and later returned to control val-
ues (Fig. 11). Once again, these transient effects were similar to those induced
by iontophoresis.

TEWL measurements are straightforward to carry out, although care must
be taken to rigorously follow the measurement protocol (94,96). Accurate and
reproducible measurements require attention to possible variation in the envi-
ronment (e.g., ambient temperature and humidity, drafts), instrument (e.g.,
aging of the sensors) and individual (e.g., anatomical site and interindividual
variation) (96). Variation can be partially addressed by using controlled-
climate facilities and imposing a period of rest before measurements are made.
Typically, room temperature is maintained at 20-22°C and relative humidity at
40%. Measurement of skin temperature is recommended to verify that it
remains constant (96). TEWL has been found to be the most sensitive measure
of early signs of skin irritancy when compared to colorimetry, LDF, and ultra-
sonic measurement of skin thickness (95).

4.4. Epidermal Capacitance

Epidermal capacitance correlates with the hydration level of skin’s superfi-
cial layers (81,97). The most commonly used instrument, the Corneometer
(Courage-Khazaka Electronic, Kéln, Germany), uses a probe with an interdigi-
tated grid of gold-covered electrodes. When applied to the skin surface, it
establishes an electric field of variable frequency (40-75 kHz) in the upper
~ 100 pm of the skin. The measurement depends on the geometry of the elec-
trodes, the capacitance of the dieletric material covering the electrodes (con-
stant capacitance) and the capacitance of the skin (variable capacitance).
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iontophoresis. TEWL, which is a measure of skin barrier integrity, increased tempo-
rarily after both electrical protocols, but rapidly returned to values close to controls.

See Fig. 9 for experimental information. (From ref. 85, with permission.)
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Hydration of the stratum corneum causes a significant change in its capaci-
tance, which can be detected by the Corneometer.

Using this method, the effects of skin electroporation and iontophoresis on
epidermal capacitance were shown overall not to be significant (Fig. 12) (85).
However, a slight increase followed by a slow decrease to capacitances below
prepulse values was observed. By contrast, using impedance spectroscopy with
much better time resolution, rapidly reversible changes in skin capacitance
were shown to occur (13), as described above.

The capacitance-measurement apparatus is a simple-to-use, convenient, low-
cost instrument. The method is accurate, reproducible and sensitive, especially
for measurement at low levels of hydration. The method is particularly suitable
for quantitative evaluation of topical skin moisturizers. Because ambient tem-
perature and relative humidity affect skin hydration, capacitance measurements
must be performed at constant temperature and humidity. For valid compari-
son, identical and/or contralateral anatomical sites should be used (97). As an
alternative, skin impedance is also sometimes measured at higher frequency
(3.5 MHz) to assess the hydration state of the outermost portion of the stratum
corneum (Skin Surface Hygrometer, Skicon, I.B.S. Co., Hamamatsu, Japan). It
is reported that the Corneometer is more sensitive at low levels of skin hydra-
tion and the Skicon performs better at high levels of hydration (81,98).

4.5. Ultrasound Measurement of Skin Thickness

High-frequency ultrasound is used to measure skin thickness (one-
dimensional A-mode scan) or to image skin structures (two-dimensional
B-scan and three-dimensional C-scan) (99). Skin thickness measurements are
useful for objectively assessing edema which, along with vasodilation, are the
essential features of inflammation (81). Ultrasonic imaging measures the dis-
tance between an ultrasound probe and a surface within the skin (e.g., the inter-
face between the dermis and subcutaneous fat) by measuring the time it takes
for an echo to bounce off the internal surface and return to the ultrasound probe.
Although ultrasound measurement of skin thickness has not yet been used in
the context of skin electroporation, it represents an important noninvasive in
vivo technique often used to investigate skin (81).

Ultrasound A-scan measurement of skin thickness is a simple and reproduc-
ible technique which provides a measure of skin irritancy almost as sensitive
as TEWL. Some skill is needed to correctly interpret the graphical output which
describes the spacing of the acoustically reflective interfaces within the skin.
Compared to other bioengineering methods, ultrasound measurement of skin
thickness has the advantage that modest changes in ambient conditions will not



<

=

<

=
s
[@\

=
\O

3h

2min 30 min

80+

_before

(s1mun Areniqie) eouejroeded urys

treatment

time

o

48 h

=
<
o

=
e}

/Ah

80+

i %
before

—|—

(s1un Ayeniqie) ooueyroeded urys

on

2min 30 min

treatment

time

Fig. 12. Skin capacitance following (A) electroporation or (B) iontophoresis. No
significant increases in skin capacitance were observed, but a small decrease is appar-

ent. See Fig. 9 for experimental information. (From ref. 85, with permission.)

238



Skin Electroporation 239

influence the measurement and that no preconditioning of the subject’s skin
is needed (100).

5. Summary and Conclusions

The very large increases in rates of transdermal transport induced by high-
voltage pulses make skin electroporation a compelling approach to transdermal
drug delivery. To better understand the mechanisms by which skin is
permeabilized, changes in skin’s microstructure have been probed using elec-
trical, X-ray, electron microscopy, and other techniques. Together, they sug-
gest that significant changes occur and reverse at least partially over timescales
ranging from microseconds to hours. Methods to image transport pathways
have addressed sites of current flow using plate and microelectrode techniques
as well as locations of molecular transport using microscopic analysis during
or after electroporation. These studies identified the sites of both ionic and
molecular transport to be localized in domains within the bulk of stratum cor-
neum and not associated with appendages. In vivo studies have been carried
out to assess electroporation effects on viable skin using colorimetry, laser-
Doppler flowmetry, transepidermal water loss, and skin capacitance. Together
they suggest that transient changes occur, but are generally no greater than
those caused by iontophoresis protocols which are generally believed to be
safe.
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Treatment of Murine Transplanted Subcutaneous
Tumors Using Systemic Drug Administration

Stéphane Orlowski and Lluis M. Mir

1. Introduction

In vitro data have shown an increased cytotoxic drug uptake into
electropermeabilized cells in suspension, leading to a marked cytotoxicity
increase (I). Preclinical experiments were required to demonstrate the in vivo
applicability of these observations. Obviously, the most convenient laboratory
animal model to test new antitumor treatments is the mouse. Indeed, there exist
many tumors of different histological types which can be transplanted in mice,
either in immunocompetent mice in the case of syngeneic tumors or in
immunodepressed mice in the case of allogeneic or xenogeneic tumors. From a
practical point of view, mice have the advantage to be rather cheap and to
allow a large number of experiments. Moreover, murine tumors are generally
easy to transplant, grow rapidly, and can be conveniently followed for their
evolution, at least in the case of subcutaneous tumors. Finally, murine subcuta-
neous tumors are well adapted to test the antitumor effects of electro-
chemotherapy since they allow the use of a rather simple material to
conveniently apply transcutaneous permeabilizing electric pulses.

As a matter of fact, the use of transplanted subcutaneous tumors in mice
allowed the development of electrochemotherapy protocols using external elec-
trodes (2,3), later tested on humans. It was also an excellent tool to study the
basic mechanisms of this treatment such as the cell permeabilization in tissues
and the role of the host immune response (4,5).

The cytotoxic drug that we chose to associate with the tumor cell
electropermeabilization is bleomycin, in agreement with the specific proper-
ties of the cellular pharmacology of this drug (1,6,7). Indeed, bleomycin is a
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nonpermeant molecule that cannot diffuse through the cell membrane, and it is
incorporated into cells via an endocytosis-related mechanism which largely
limits the access of bleomycin to DNA, its intracellular target. Cell
permeabilization thus provokes a dramatic increase of the bleomycin access to
the cytosol allowing the drug to reach its targets. Therefore, cell
electropermeabilization leads to a huge increase of bleomycin efficacy: up to
650,000 times increased cytotoxicity in vitro, on cultured cells (1), and about
10,000 times increased antitumor effect in vivo, on murine tumors (2). An
optimized incorporation of the drug into the electropermeabilized tumor cells
requires an homogeneous distribution of bleomycin in the tumor interstitial
fluids before the electric pulse delivery. In order to achieve such an homoge-
neous distribution, the bleomycin administration was performed by the sys-
temic route. In our hands, both intramuscular and intravenous administrations
led to similar results, provided the bleomycin dose and the time between
bleomycin injection and electric pulse delivery were adapted for each case.

2. Materials

1. Mice and Tumor Obtention: Mice currently used are either the immunocompe-
tent C57B1/6 mice (R. Janvier, Orléans, France), or the immunodepressed “nude”
nu/nu mice with Swiss background produced at the Institut Gustave-Roussy.
Immunocompetent mice are maintained in animal housing facilities under con-
ventional conditions, and immunodeficient mice are kept in sterile cages with
filtering covers. They are both fed with usual laboratory diet and water given ad
libitum. Only mice at least 6- to 8-week-old are used in the experiments. C57Bl/
6 mice are left unmanipulated for at least one week after their arrival to the ani-
mal housing facilities.

The C57B1/6 mice can be subcutaneously transplanted with different synge-
neic tumors, such as:

e LPB sarcoma, a methylcholanthrene-induced fibrosarcoma. LPB tumors are
obtained by the inoculation of 2—5 x 10° cultured cells into the flanks (see
Note 1), which give tumor nodules of about 7 mm in 7-9 d.

* B16 melanoma, serially passaged in vivo on C57B1/6 mice. B16 tumors are
obtained by the inoculation into the flanks of 10° cells trypsinized from a
passaged tumor, which give tumor nodules of about 7 mm in 7-8 d.

e Lewis carcinoma, an epidermoid lung tumor spontaneously developed and
serially passaged in C57B1/6 mice. Lewis tumors are obtained by the inocula-
tion into the flanks of 10° cells mechanically dissociated from a passaged
tumor, which give tumor nodules of about 7 mm in 6-7 d.

Nude mice can be inoculated with xenogeneic tumor cells such as the KB
carcinoma, which is an oral epidermoid tumor of human origin. KB tumors are
obtained by the inoculation into mice flanks of 2.10° cultured cells, which give
tumor nodules of about 7 mm in 7-9 d.
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2.

3.

Bleomycin: Bleomycin (Laboratoire Roger Bellon, Neuilly-sur-Seine, France) is
dissolved in sterile 0.9% sodium chloride just before the infusion.

Generator: Square-waved electric pulses of adjustable voltage, length and fre-
quency are produced by a PS15 electropulser (Jouan, Nantes, France), initially
designed for in vitro electric pulse delivery. The electrical parameters of the
delivered pulses are recorded and controlled with a digital oscilloscope
(VC-6025, Hitachi, Tokyo, Japan).

Electrodes: The most convenient external electrodes consist of two parallel flat
stainless steel rectangles, with rounded inferior edges to improve skin contact at
the level of the cutaneous or subcutaneous tumor nodule to be treated (Fig. 1).
They are held by an insulating template which sets the electrode gap (usually
6-8 mm), and allows safe electrical connection to the generator PS15. Typical
dimensions of the electrode edge that will be applied on the skin are 1 cm width
and 0.5 mm thickness. The electrical contact with the skin is ensured by a film of
electrocardiography paste spread on the electrode edges.

3. Methods
3.1. Mice Preparation

1.

Treat the same day all mice included in a given experiment, in order to have the
same physiological conditions for every animal, in particular a similar immuno-
logical status regarding to time-dependent host reactions against the transplanted
tumors. Thus, since tumor growth is always variable from mouse to mouse,
select among all the inoculated mice the mice bearing well delimited tumor nod-
ules of similar sizes, typically 6-9 mm diameter. Then randomly distribute these
mice between different experimental groups if necessary.

Shave or gently remove the C57B1/6 mice hairs from the area around the tumor
nodules, avoiding skin scrapes.

Using a caliper, measure two perpendicular surface diameters, and, if possible,
the thickness of every tumor nodule to be treated.

3.2. Bleomycin Administration

1.

2.

Intramuscular injection: inject a dose of 50 g bleomycin dissolved in 100 pL
saline into the thigh muscle, and wait for 30 min before the electric pulse delivery.
Intravenous injection: inject a dose of 10 g bleomycin dissolved in 100 pL saline
into the retroorbitary sinus, and wait for 3 min before the electric pulse delivery.

3.3. Electric Pulse Delivery

1.

Adjust the electric pulse parameters at 1300 V/cm of electric field intensity (that
is the ratio of the delivered voltage to the distance between the electrodes), 100
us length and 1 Hz repetition frequency. This electric field intensity was shown
to be the minimal value allowing to optimally permeabilize the whole tumor vol-
ume comprised between two electrodes placed on the skin that covers the tumor
nodule to be treated (2,4).
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Fig. 1. Model of plate electrodes used for the application of transcutaneous electric
pulses. To achieve the best fit between electrodes and the subcutaneous tumors to be
treated: (i) appropriate distances between the two parallel plates can be achieved by
inserting a variable number of nonconductive plastic spacers; (ii) geometry of the par-
allel metallic plates (length of the plate in contact with the skin, corners more or less
rounded) can be chosen according to the size and geometry of the tumor.

2. Spread a thin film of electrocardiography paste on the inferior edge of the
electrodes.

3. Locate by palpation the nodule to be treated and place the two electrodes at both
sides of this nodule, which should have a size inferior to the gap between the
electrodes (see Note 2).

4. Hold firmly the mouse in one hand, and apply a run of 8§ electric pulses to
the nodule, avoiding to change the electrode position during the run in spite
of the muscular contraction presented by the mice at each pulse (see Note 3).
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3.4. Tumor Follow-up

1. In the C57Bl/6 mice, evaluate the presence of a peritumoral edema within the
first day after the electrochemotherapy session. This edema is a sign which indi-
cates that treatment will be efficient, and therefore is an indicator of satisfactory
treatment. This edema reveals in fact an intense local inflammatory reaction par-
ticipating in the antitumor effect of electrochemotherapy.

2. Two to three times a week, measure with a caliper two perpendicular surface
diameters, and, if possible, the thickness of the treated tumor nodules (see Note 4).

3. Score as complete regression every treated tumor which becomes unpalpable.

4. Score as cures the complete regressions which last more than 60 d after the
treatment.

4. Notes

1. Inoculate preferentially the tumorigeneic cells on the left flanks of the mice.
Otherwise, the treatment of tumors located on the right flank could cause lesions
to the liver located just below the tumor site, and lead to mouse death (at least in
the case of intramuscular bleomycin injection).

2. In the case of a nonspherical, oblong tumor nodule, place the electrodes at both
sides of the longest diameter of the nodule and adapt the electrode position
to optimize the contact with the skin covering the nodule. If necessary, repeat
the electric pulse delivery two times after repositioning the electrodes along the
nodule.

3. Just after the electric pulse delivery to the tumor nodule on the mice flanks, it is
regularly observed a transient paralysis of the hind legs of the treated mouse,
which lasts less than 1 minute and which is always totally reversible.

4. Some days after the electrochemotherapys, it is often observed small scabs on the
skin just at the level of electrode application. They always heal a few days after.
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Electrochemotherapy of Murine Melanoma
Using Intratumor Drug Administration

Richard Heller, Richard Gilbert, and Mark J. Jaroszeski

1. Introduction

Administering a chemotherapeutic agent in combination with electric fields
(electrochemotherapy; ECT) has been shown to be an effective localized treat-
ment for solid tumors (1). The drug used most often in this combination
treatment has been bleomycin. ECT has been used successfully in both animal
studies and clinical trials (I-3). The treatment was initially performed by
exposing tumor cells to electrical fields following intravenous injection of the
chemotherapeutic agent. Although ECT using intravenous bleomycin was suc-
cessful, the procedure was limited by the existence of a narrow but optimal
time window for effective treatment as well as the fact that a systemic drug
dose was being administered for a localized therapy. In addition, the use of
intravenous administration also precludes the treatment of patients with poor
circulation.

The evolution of this successful drug delivery model included examining an
alternate means of administering the drug before electric pulses. Direct injec-
tion of the drug into the tumor (intratumor) was tested in a mouse melanoma
model. The intratumor procedure allowed each tumor to be treated individu-
ally which removed the need to treat all tumors within a specific time frame. It
also further localized the therapy and removed possible systemic adverse
effects. The results in both animal and clinical studies showed that ECT using
intratumor delivery was as effective or more effective than ECT with intrave-
nous bleomycin (3-7). This chapter describes a protocol that was developed to
use ECT with intratumor bleomycin for treating melanoma in a mouse model.
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2. Materials

1.

Cell Line: B16 murine melanoma cell line (CRL 6322; American Culture Collec-
tion, Rockville, MD) was used to induce tumors.

2. Growth Medium: McCoy’s 5A medium (Mediatech, Washington, DC) supple-
ment; (v/v) 10% fetal bovine serum (PAA Laboratories, Newport Beach, CA)
90 pug/mL of gentamicin sulfate (Gibco, Grand Island, NY). Non enzymatic
cell dissociation solution (CDS; Sigma, St. Louis, MO), should be used instead
of trypsin for harvesting cells. Cells should be grown at 37°C in a humidified
atmosphere.

3. Animals: Female C57B1/6 mice (Harlan Sprague Dawley, Inc., Indianapolis, IN).

4. Anesthesia: Sodium pentobarbital (Henry Schein, Port Washington, NY).

5. Chemotherapeutic Agent: Bleomycin (Blenoxane; Bristol-Meyer Squibb,
Princeton, NJ).

6. Diluent: Sterile injectable saline (Abbott Laboratories, Chicago, IL).

7. Pulse Generator: BTX T820 (Genetronics, Inc., San Diego, CA).

8. Electrodes: Two stainless steel squares constructed of 316 stainless steel in a
parallel plane configuration 10 mm on each side and mounted on a vernier cali-
per. The calipers allowed the distance between the electrodes to be adjusted
depending on the size of the tumor (see Note 1). Electrocardiography paste is
used to assure sufficient contact between electrode surface and skin (Spectra 360
Electrode gel, Parker Laboratories, Inc., Orange, NJ).

9. Digital Storage Oscilloscope: PM 3394 A (Fluke Corporation, Palatine, IL).

10. Current Probe: 80i-110S (Fluke Corporation).
3. Methods

3.1 Tumor Induction

1.
2.

3.2.

. Determine the tumor volume for each mouse. Randomly place animals in an

Induce tumors in 7- to 8-wk-old female C57B1/6 mice.

Harvest B16 murine melanoma cells from culture using cell dissociation solu-
tion. Wash cells three times in Ca and Mg free phosphate buffered saline (PBS)
by centrifugation (200g). Assess cell viability using the trypan blue exclusion
dye method.

Induce tumors by injecting 10° B16 melanoma cells contained in 50 ul volume of
Ca and Mg free PBS. Cells should be injected subcutaneously into the left flank
using a 30-gauge needle. Injected cells should be greater than 90% viable.
Allow time for tumors were to develop. Generally, 7-10 d will generate tumors
of approximately 6—-8 mm from edge to edge. Tumors of this size are easily mea-
sured and followed.

ECT

experimental group or one of three control groups (see Note 2). Label each ani-
mal to allow for efficient follow-up (see Note 3).
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2. Prepare bleomycin before initiating ECT protocol. Dissolve bleomycin in sterile
injectable saline at a concentration of 5 U/mL. One unit of bleomycin is equal to
0.555 mg.

3. Inject the proper dose of bleomycin into an appropriately labeled animal using a
30-gauge, 3/8 in. length needle (see Note 4). Allow 10 min for the drug to dis-
seminate within the tumor before delivering electric pulses (4).

4. Anesthetize animals approximately 2-3 minutes following drug injection. Ani-
mals are anesthetized with sodium pentobarbital (40 mg/kg). Animal should be
anesthetized before proceeding to step S.

5. Place conductive gel on each of the two flat plate electrodes. Place electrodes on
both sides of the protruding tumor.

6. Apply electric pulses to tumor (see Note 5).

7. Follow animals after treatment by recording tumor dimensions and computing
tumor volumes at periodic intervals. Every 3-5 d is sufficient (see Note 6).

8. Take biopsies to histologically confirm ECT results. Biopsy specimens should be
fixed in 10% neutral buffered formalin. Standard imbedding and sectioning
should be used for these samples. Hematoxylin and eosin staining is useful for
visualization of the tissue.

4. Notes

1. There are several different types, sizes and configurations of electrodes that can
be used to perform ECT protocols. A description and potential uses of some of
these electrodes has been previously published (8). The specific electrode used
will vary depending on the application being performed. Some applications may
require different electrode shape, material or arrangement.

2. Tumor measurements can be taken quite efficiently using a digital vernier cali-
per. Tumor volume is obtained by first measuring the longest diameter (a) and
the next longest diameter perpendicular to a (b). The volume is calculated by
using the formula ab?>7t/6. Animals should be placed into control and experi-
mental groups such that the mean tumor volume for each group is not signifi-
cantly different. A typical ECT experiment would require a minimum of 4 groups.
Three control groups should be included and they are: D-E—, will receive no drug
and no electric pulses and will serve as the no treatment control; D-E+, will
receive no drug but will receive electric pulses and will serve as the
electroporation control; D+E—, will receive drug but no electric pulses and will
serve as the drug control. The experimental group D+E+, will receive drug and
electric pulses. There may be several groups that receive the both drug
and electric pulses if different drug doses or electroporation conditions are being
examined.

3. A clear and unambiguous labeling system should be used. This is important in
maintaining an accurate follow up of the animals following treatment. Mice can
be labeled by punching holes in their ears. They can be distinguished by 0, 1, or
2 holes in either the right, left, or both ears.
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4. Bleomycin injections can be made using a 30-gauge needle of 0.5 in. length. The

injection should be made to assure that the entire tumor is perfused with the drug.
This may be accomplished with a single-point injection, however, it may require
manipulating the needle to inject at different angles or possibly multiple sticks
depending on the size of the tumor. The bleomycin can be injected at predeter-
mined dose irrespective of the tumor size, that is, 0.25 units per mouse (4,7) or it
can be injected at a dose dependent on tumor size, that is, 5 U/mL and inject a
volume equivalent to 25% of the tumor volume. Animals in control groups that
are not receiving bleomycin should receive an equivalent injection of saline.
Electric pulses are applied through electrodes placed around the tumor. The plates
are placed in such a way that they press against opposite sides of the tumor. The
pulsing conditions may vary depending on the experimental protocol and site of
the tumor. However, the application of 4—-8 square wave pulses with a nominal
electric field strength of 1250—1500 V/cm and a pulse width of 100 us (4,5).
Tumors should be measured at regular intervals following treatment. Measure-
ments are performed as described for pretreatment tumor volume determinations
(Note 2). The posttreatment tumor volume is compared to the treatment day vol-
ume. A complete response is defined as no palpable or measurable tumor
detected for at least 10 days following treatment and partial response is defined
as greater than 50% decrease in tumor volume for at least 10 days following
treatment. Progressive disease is defined as continued growth. Animals are fol-
lowed for 100 days or until the tumor volume grows to four times the treatment
day volume. If a complete response is maintained for 100 days then the animal is
considered cured.
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Treatment of a Tumor Model with ECT
Using 4+4 Electrode Configuration

Maja Cemazar

1. Introduction

In order to be effective, electrochemotherapy must meet the following two
requirements. First, the chemotherapeutic drug must be present around tumor
cells, and second, each cell in the tumor must be exposed to an electric field
that is above the threshold value for this particular tumor type.

In earlier research studies on electrochemotherapy, the electrodes were
placed at the opposed margins of the tumor and a string of 8 electric pulses was
thus delivered only in one direction (I-5). Very often, these tumors, after a
substantial period of complete response, regrew at the margins of the tumor
that were not in contact with the electrodes (Fig. 1). In these areas, the tumor
cells were probably sub-optimally permeabilized; thus, some clonogenic cells
remained and later regrew into a tumor. Based on this observation, we were
considering how to improve the outcome of electrochemotherapy. We pre-
sumed that, if during the application of electric pulses the electrode orientation
was changed, more cells in the tumor would be exposed to electric field inten-
sity above the threshold value. Therefore, we decided to split the string of
8 electric pulses into two halves and deliver the first string of electric pulses in
one direction then turn the electrodes 90° and deliver the second set of 4 elec-
tric pulses (4+4 configuration) (6,7).

Figure 2 shows our results of electrochemotherapy with standard 8 pulses
delivered in one direction which we compared to the 4+4 configuration. In this
experiment, due to very good antitumor effectiveness of electrochemotherapy,
the end point was local tumor control. The tumor control doses 50 (TCDs; the
dose of bleomycin which is expected to control 50% of the tumors) for
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Fig. 1. Macroscopic apperance of the tumor 3 wk after electrochemotherapy with
8 electric pulses delivered in one direction. The position of the primary tumor and
electrodes at the time of the treatment is indicated. According to location of the tumors
it is evident that these tumors regrew from the area where there was no contact with
the electrodes.

electrochemotherapy with 8 pulses and with the 444 configuration were
346 ng bleomycin (95% confidence interval: 200-600 pg) and 77 pg bleomycin
(95% confidence interval: 33—182 ug), respectively. The shift in tumor control
probability curve to lower doses of bleomycin by using the 4+4 configuration
was statistically significant when compared to the electrochemotherapy treated
tumors using a string of 8 electric pulses delivered in one direction. We also
proposed two possible explanations for the observed increase in antitumor
effectiveness of electrochemotherapy using the 4+4 configuration (7). First
possible explanation is based on the electric field distribution in the tumor.
Using numerical model we have shown that when electric pulses are applied in
one direction, the electric field is strongly inhomogeneous in the tumor,
decreasing toward the center of the tumors and further to the tumor edges in the
middle plane. Therefore, the cells in these areas may be exposed to an electric
filed of insufficient intensity to induce permeabilization. The second explana-
tion is based on observation of single cell in an external electric field. Since
permeabilization of plasma membrane is a treshold phenomenon and occurs
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Fig. 2. Dose-response curve for EAT tumors treated by electrochemotherapy with
8 electric pulses (EP) delivered in one direction or with 4+4 configuation. Mice bear-
ing subcutaneous tumors were treated with bleomycin and 3 min later tumors
were exposed to electric pulses (1040 V, 1 Hz, 100 us, electrode distance, 8 mm). The
TCDs value is bleomycin dose that on the average would be expected to achieve
control of the half of the electrochemotherapy treated tumors.

first on the poles facing the electrodes, the area, where increase in plasma mem-
brane permeability is possible, depends on cell orientation in the electric field
and cell shape deviation from the spherical. Therefore, by applying electric
pulses in 4+4 configuration more cells in the tumor are exposed to electric field
above treshold value, which consequently leads to increased antitumor effec-
tiveness of electrochemotherapy using 4+4 configuration (7).

In this chapter, the protocol that we used for electrochemotherapy with
bleomycin on CBA mice with EAT tumors is described; however, other drugs,
mice and tumors can be used instead of the above-mentioned ones.

2. Materials

1. Mice: CBA mice may be maintained in a conventional colony with natural day/
night cycle and constant room temperature (22°C). Mice are fed with food and
water ad libitum. Mice used in this study were female, 10- to 12-wk-old, weigh-
ing approximately 24 g and without signs of infections.

2. Tumor model: Ehrlich Lettre Ascites Carcinoma (EAT; American Type Culture
Collection, Rockville, MD) is a mouse tumor syngeneic to CBA mice. It may be
maintained intraperitoneally as an ascites by serial transplantation every 7 d in
carrier (donor) mouse. Tumor cells for the induction of subcutaneous solid
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tumors are prepared from the tumor grown intraperitoneally as an ascites in the
donor mouse.

3. Bleomycin: Bleomycin as a liophylised powder may be purchased from the
MACK, Germany. A 2 mg/mL stock solution is prepared in a sterile 0.9% NaCl
solution.

4. Electrodes: Electrodes are composed of two parallel plates 8 mm apart. The plate
is stainless steel strip with rounded tips of a length of 35 mm and width of 7 mm.

5. Generator of electric pulses: The generator used in this study is commercially
available Jouan GHT 1287 (Jouan, France). It generates square-waved direct cur-
rent electric pulses. The parameters, which should be set by the user for the appli-
cation of electric pulses, are as follows: the length of the pulse, voltage and
frequency.

3. Methods
3.1. Tumor Induction

1. Harvest tumor cells by washing the peritoneal cavity with 5 mL of sterile 0.9%
NaCl solution.

2. Count the cells by means of hemocytometer. Determine viability of the cells with

Trypan dye exclusion technique.

Prepare cells at a concentration of 3 X 107 cells/mL of 0.9% NaCl solution.

4. Inject 0.1 mL (3 x 10° cells) in the right flank of the mice to establish solid
subcutaneous tumors (see Note 1).

5. Perform the treatment after 7-10 d, when the tumors are approximately 6—7 mm
in diameter. Randomly divide mice bearing tumors into experimental groups and
treat. The day of the treatment is denoted as d 0.

(98]

3.2. Bleomycin Injection

1. Dilute bleomycin with sterile 0.9% NaCl solution into appropriate dose (10, 50,
100, 250, 500, 750, and 1000 pg of bleomycin/mouse) (see Note 2).

2. Inject appropriate dose of bleomycin in a volume of 0.5 mL.

3. Heat mice for approximately 1 min before the injection in order to dilate the vein
by using an infrared lamp.

4. Inject bleomycin as a bolus into the lateral tail vein of the preheated mice (see
Note 3).

3.3. Application of Electric Pulses

1. Place electrodes at the opposed margins of the tumor. Ensure the contact between
the electrodes and skin by use of conductive gel (see Note 4).

2. Apply eight electric pulses (amplitude 1040 V, length 100 us, frequency 1 Hz) to
the tumors.

3. Deliver electric pulses either in one direction or divided into two halves and
deliver in two orientations (4+4 configuration). Rotate the electrodes 90° after
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3.4.

. Measure three mutually orthogonal tumor diameters with vernier caliper on each

the first set of pulses and before the second. The interval between the two sets of
four electric pulses is 1 s (see Note 5).

Assessment of response

consecutive day. Calculate tumor volumes from these diameters (e, e,, €3) by the
formula for an ellipsoid: V=¢; X e, X e3 X T/ 6 (see Note 6).

Score the response to treatment as complete response when the tumor is no longer
palpable. Consider mice cured when tumors are in complete response 100 days
after the therapy. Calculate tumor control probability using Logit analysis.
Tumor control dose 50 (TCDsy) is the bleomycin dose in electrochemotherapy
that, on average, would be expected to achieve tumor control in half of the treated
animals (8).

4. Notes

1.

EAT cells for the initiation of solid subcutaneous tumors can be also prepared
from the in vitro cell culture. EAT cells are grown in NCTC 135 (Sigma, St.
Louis, MO) supplemented with 15% fetal calf serum. The cells are maintained in
a humidified atmosphere with 5% CO, at 37°C.

The bleomycin solution is not stable, therefore it should be freshly prepared for
the daily injections.

Bleomycin can be injected also into the retroorbital sinus of the mouse. In this
case the injection volume should be reduced to approximately 0.2 mL.
Conductive gel can be applied directly on each margin of the tumor or alterna-
tively on the electrodes. The electrodes with a fixed distance in-between are con-
nected with a plastic isolator. The electrodes should be placed on the each side of
the tumor in a way that all tumor mass is encompassed between them.

We have chosen 1 second for the interval between the two sets of the electric
pulses application because, in this case, the application is easy to perform. How-
ever, changing the electrode orientation without this interval or with a prolonged
interval may be used. The interval between the applications of both sets of elec-
tric pulses should not be too long, since, in the meantime, the resealing of the
plasma membranes of tumor cells could occur.

Since the subcutaneous tumors are usually nonspherical, the measurements of
three longest orthogonal diameters and calculation of tumor volume by a formula
for an ellipsoid represent a good estimation of tumor size (cell number). Alterna-
tively, tumor size can be also present by mean diameter or cross-sectional area of
the tumor because estimation of tumor growth delay is not affected by these dif-
ferent ways of presentation of measurements.
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Treatment of Multiple Spontaneous Breast Tumors
in Mice Using Electrochemotherapy

Stéphane Orlowski and Lluis M. Mir

1. Introduction

Electrochemotherapy has been developed on the basis of in vitro data show-
ing the huge increase of bleomycin cytotoxicity observed after cell
electropermeabilization. Electrochemotherapy has been proven to be highly
efficient as a local antitumor treatment on transplanted tumors (7). Indeed,
electrochemotherapy resulted in high rates of tumor responses and even cures
in preclinical trials on different experimental murine tumors (2). Treatment
efficacy results from the local application of adequate electric pulses able to
permeabilize the tumor cells located in the tissue volume crossed by the elec-
tric field, which allows the bleomycin present in tumor interstitial fluids to
enter these cells and to kill them (3). Since the electric pulse delivery is
designed to only reversibly permeabilize the tumor cells, electrochemotherapy
is almost devoid of any side effects, and it can be safely proposed as a new
antitumor treatment to be used in human clinics. Actually, a phase I-II clinical
trial of electrochemotherapy has already given very satisfactory results on
cutaneous tumors (4).

The physiological relations between host and tumor are very different for
experimental transplanted tumors and for spontaneously developing tumors.
From a practical point of view, murine models are particularly convenient for
preclinical trials because mice are inexpensive, allowing a large number of
experiments. Therefore, spontaneous tumors in mice provide interesting
models for preclinical studies of new antitumor treatments, because these
tumors are much closer to the real clinical situations than the transplanted
tumors. Moreover, such experimental spontaneous tumors must be treated
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individually when they appear, whatever their size or exact location. Therefore
this is a much more complex carcinologic situation and a more stringent test
for electrochemotherapy, as compared to the “simple” situation of repeated
treatments of a series of calibrated experimental transplanted tumors. Taking
into account such a “clinical-like” situation, we treated these spontaneous
tumors several times, weekly, until the obtention of complete regressions (5).
Since the murine model chosen develops multiple tumors, individual tumor
follow-up has to be done, but the most relevant evaluation of electro-
chemotherapy efficiency is given by animal survival.

2. Materials

1. Mice and tumor appearance: C3H/Bi are C3H mice naturally infected by the
Bittner murine mammary tumor virus (6). Multiparous female mice spontane-
ously develop mammary tumors at 5-11 mo of age. In most of the animals, addi-
tional mammary tumor appearance occurs at different sites on the thoracic or
abdominal wall, at various times after the development of the first tumor(s).
Untreated mice die within 1-2 mo after the detection of their initial tumor(s).

Mice were maintained in animal housing facilities under conventional condi-
tions, fed with usual laboratory diet and water given ad libitum.

2. Bleomycin: Bleomycin (Laboratoire Roger Bellon, Neuilly-sur-Seine, France) is
dissolved in sterile 0.9% sodium chloride just before the intravenous infusion.

3. Generator: Square-waved electric pulses of adjustable voltage, length and fre-
quency are produced by a PS15 electropulser (Jouan, Nantes, France), initially
designed for in vitro electric pulse delivery. The electrical parameters of the
delivered pulses are recorded and controlled with a digital oscilloscope
(VC-6025, Hitachi, Tokyo, Japan).

4. Electrodes: The most convenient external electrodes consist of two parallel flat
stainless steel rectangles, with rounded inferior edges to improve skin contact at
the level of the subcutaneous tumor nodule to be treated (these are shown in
Chapter 12, Fig. 1). They are held by an insulating template which sets the elec-
trode gap (usually 6 to 8 mm), and allows safe electrical connection to the gen-
erator PS15. Typical dimensions of the electrode edge that will be applied on the
skin are 1 cm width and 0.5 mm thickness. The electrical contact with the skin is
ensured by a film of electrocardiography paste spread on the electrode edges.

3. Methods
3.1. Mice Selection

1. Maintain in observation a colony of adult multiparous female C3H/Bi mice, in
order to detect as soon as possible the appearance of a tumor in a mouse, and
include it as soon as possible in the treatment protocol. Since the tumor growth
rate is fast, it is recommended to inspect the mice very regularly to avoid becom-
ing too large tumors, or initially having multiple tumors on the same mouse,
which makes it difficult to administer an efficient treatment.
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2.

3.2.

1.

3.3.

3.4.

. Two to three times a week, measure with a caliper two perpendicular surface

3.

Shave or gently remove hair from the area around the tumor nodules, avoiding
skin scrapes.

. Measure with a caliper two perpendicular surface diameters, and, if possible, the

thickness of every tumor nodule to be treated.

Bleomycin Administration

Intramuscular injection: inject a dose of 50 g bleomycin dissolved in 100 pL
saline into the tight muscle, and wait for 30 minutes before the electric pulse
delivery.
Intravenous injection: inject a dose of 10 wg bleomycin dissolved in 100 pL
saline into the retroorbitary sinus, and wait for 3 min before the electric pulse
delivery.

Electric Pulse Delivery

Adjust the electric pulse parameters to 1300 V/cm of electric field intensity
(that is the ratio of the delivered voltage to the distance between the electrodes),
100 us of length and 1 Hz of repetition frequency. This electric field intensity
was shown to be the minimal value allowing to optimally permeabilize the whole
tumor volume comprised between two electrodes placed on the skin covering the
tumor nodule to be treated (1,3).

Spread a thin film of electrocardiography paste on the inferior edge of the
electrodes.

. In the case of “small tumors,” that is tumor nodules having at least one diameter

smaller than the gap between the two electrodes, place the electrodes at both
sides of the protruding nodule to be treated.

In the case of “large tumors,” that is tumor nodules having both diameters larger
than the gap between the two electrodes, reposition the electrodes along all the
nodule surface as many times as necessary and repeat the electric pulse delivery
at each place, in order to correctly permeabilize the whole tumor volume (see
Note 1).

Hold firmly the mouse in one hand, apply a run of 8 pulses to each tumor site,
avoiding to change the electrode position during the run in spite of the muscular
contraction presented by the mice at each electric pulse (see Note 2).

Mice Follow-up

diameters, and, if possible, the thickness of the treated tumor nodules (see
Note 3).

For each given tumor nodule, repeat weekly the electrochemotherapy session
until obtention of a complete regression for this nodule (see Note 4). In some
cases, an arrest of the nodule growth without volume decrease can be observed,
which indicates tumor necrosis without resorption. In such a situation, stop the
treatment if no change in nodule size is noted during three weeks.

Score as complete regression every tumor which becomes unpalpable.
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4. Score as local cures the complete regressions which last more than 60 days after

5.

the treatment (actual cures in the case of absence of other tumor).

Regularly inspect the treated mice to detect as early as possible the appearance of
additional mammary tumors. Treat each new tumor nodule in the same manner as
the first tumor(s) of the mouse (see Note 5).

Evaluate the treatment efficiency based on mice survival time after the first
electrochemotherapy session, as compared with survival time after the detection
of the first tumor of similar mice not receiving electrochemotherapy.

4. Notes

1.

An excess of electrocardiography paste at the skin surface can result in risks of
short-circuit between the two electrodes when they are successively placed at
adjacent positions. Therefore, in case of multiple electric pulse delivery to the
same mouse, wipe the skin between each electrode application to remove the
presence of residual paste.

Just after the electric pulse delivery to the tumor nodule on the mice flanks, it is
regularly observed a transient paralysis of the hind legs of the treated mouse,
which lasts less than one minute and which is always totally reversible.

Some days after electrochemotherapy, small scabs are often observed on the skin
just at the level of electrode application. They always heal a few days after.
Sometimes, a nodule which was repeatedly treated does not disappear and
the skin scab tends to increase. This can lead to the formation of a fistula to the
underlying necrotic material constituting the upper part of the tumor nodule
(which can be still growing at its basal part). In this case, gently press the tumor
site to extrude this necrotic material. This will allow a more convenient and more
efficient electric pulse application on the residual tumor mass.

When a mouse bears several growing tumor nodules, which requires many inde-
pendent electrochemotherapy sessions, the treatment of this mouse becomes
difficult due to possible confluence of the nodules. The case of a mouse present-
ing too large of a tumor mass with uncontrolled growth after several treatment
sessions is an indication for stopping the treatment and, in case of a bad health
status, for euthanasia of the animal.
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Electroporation of Muscle Tissue In Vivo

Julie Gehl and Lluis M. Mir

1. Introduction

Electroporation (also termed electropermeabilization) of muscle tissue has
been studied in several contexts. It has been shown that electroporation plays
an important role in muscle damage as a result of electrical injury (1,2) and that
electroporation of cardiac muscle occurs during defibrillation or cardioversion
(3,4). As electroporation has been shown to greatly enhance the cytotoxic effect
of certain chemotherapeutic agents, and as clinical Phase I-II studies (5-8)
have shown that the combination of electroporation and chemotherapy
(electrochemotherapy) is highly efficient against various localized cancers, the
question of normal tissue sensitivity to electroporation needs to be investigated.
Finally, efficient in vivo gene transfection to muscle tissue by electroporation
has recently been reported (9,10), warranting increased knowledge on in vivo
electroporation of muscle tissue.

This chapter describes a quantitative method to study electroporation of skel-
etal muscle tissue in the in vivo setting. Results from using the method are
reported in refs. 11 and 12.

2. Materials

1. Animals: We have used C57black mice (Bomholtgaard, Denmark), but other ani-
mal models could be used.

2. Anesthesia: Fentanyl 0.315 mg/mL with fluanisone 10 mg/mL (Hypnorm,
Janssen-Cilag, UK) and midazolam 5 mg/mL (Dormicum, Hoffmann—La Roche,
Switzerland) (see Note 1).

3. Electroporator: BTX T820 square wave electroporator (BTX, San Diego, CA)
(see Note 2).
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Fig. 1. Plate electrodes. Metal electrodes mounted on insulating material, with a
screw that makes it possible to separate the two parts of the electrode for positioning.
When the screw is tightened, the two plates of the electrode are held in parallel posi-
tion. The distance between the plates is 4 mm, and the plates are 10 mm wide. The
electric field distribution for these electrodes is reported in ref. 11.

Fig. 2. Needle electrodes. On a piece of circuit board, where the middle is etched
away, 4 metal sockets are mounted on holes on each side. These sockets fit 25 G
(0.5 mm) hypodermic needles for single use, which can be replaced easily. The needles
are bent after being placed in the sockets, which is sufficient to keep them in place.
The spacing between the needles in the array is 2 mm, and the two arrays are placed
4 mm apart, one array being connected to the positive and the other to the negative
pole. The electric field distribution for these electrodes is reported in ref. 11.

4. Electrodes: Figs. 1 and 2 show plate and needle electrodes, constructed at our
institution. The question of electrodes is further discussed in Note 3.

5. Electrode paste (Siemens-Elema AB, Sweden).

6. [°!Cr]JEDTA with a specific activity of 3.7 MBg/mL (Amersham, UK).
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7. Ink: Black drawing ink (Pelikan, Hannover, Germany).
8. Gamma counter: Cobra 5002 (Packard Instrument Company, Meridien, CT).
9. Scale: AT261 scale and Balance Link (Mettler Toledo, Greifensee, Switzerland).

3. Methods
3.1. Anesthesia

It is important to use anesthesia when applying electric pulses to muscle
tissue in vivo. We use Hypnorm (fentanyl/fluanisone) and Dormicum
(midazolam) (see Note 1).

1. Mix the reagents, Hypnorm and Dormicum, separately on a 1: 1 ratio with sterile
water. Use only sterile water: if solvents other than water are used, for example,
physiologic saline, crystals will form in the final mixture.

2. Mix the resulting solutions, again on a 1: 1 basis. The final solution can be stored
at room temperature for 1 or 2 days. Do not refrigerate or crystals will form.

3. Give mice 0.005-0.010 mL/g body weight of the final solution by intraperitoneal
injection. Note that male mice are generally more sensitive to the anesthetic agent
than female mice.

4. Anesthesia with this drug combination generally lasts 3—4 h, with maximal effect
in the first hour. The onset of full anesthetic effect is around 10 min after intrap-
eritoneal injection.

3.2. Delivering Pulses to the Muscle
3.2.1. Needle Electrodes

1. Make an incision over the gluteal muscle with surgical scissors.

2. Holding the electrode-device, dip the tips of the mounted needles in ink.

3. Insert the needles into the muscle, so that the arrays are parallel to the direction of
the fibers (making the direction of the electrical field perpendicular to the long
axis of the fibers (see Note 4).

4. Administer the pulses and withdraw the needles. If you are working with small
molecules such as [P!CrJEDTA, most dyes, isotopes and drugs, the following
electric parameters would work well: 8 square wave pulses of 100 ps duration at
a frequency of 1 Hz and 1.2 kV/cm (ratio of applied voltage to distance between
electrodes (see Note 5). When working with larger molecules, for example, DNA,
a longer pulse duration may be needed and consequently the applied voltage
should be lowered in order not to cause tissue damage. When comparing pulsed
with unpulsed samples, the needles can be inserted on both legs but pulses deliv-
ered on one side only.

3.2.2. Plate Electrodes

1. Shave the fur over the muscle in question, for example, the triceps brachii or the
tibialis cranialis.
2. Apply electrode paste in a thin layer on the shaved skin.
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W

Place the plate electrodes around the extremity (e.g., the leg).

4. Make sure that the extremity fits between the electrodes so that there is good
contact with both electrodes.

Administer pulses (see Subheading 3.2.1., step 4).

6. When comparing pulsed with unpulsed samples, the plates can be placed on the
contralateral side without administering pulses.

b

3.3. Excising Samples
3.3.1. Needle Electrodes

1. After sacrificing the animal, look for the ink marks on the muscle. Hold the ani-
mal so that the muscle is in more or less the same position as when you delivered
the electric pulses.

2. Cut on the line of the ink marks with a pair of small surgical scissors.

3. Take out the sample and transfer to a plastic tube.

3.3.2. Plate Electrodes

1. After sacrificing the animal, remove the skin over the exposed area.
2. With a pair of small surgical scissors the muscle can be excised in toto.
3. Take out the sample and transfer to a plastic tube.

3.4. Determining Uptake as a Result of Electroporation

The following protocol uses [°'Cr]JEDTA to asses the effect of electro-
poration, but other isotopes, drugs, dyes, or DNA can be used according to the
project planned.

1. Administer [>'CrJEDTA 50 uL iv to the anesthetized animals.

2. After 1.5 minutes (see Note 6), deliver electric pulses (as described in Sub-
heading 3.2.).

3. Wait for exactly 60 minutes (see Note 7), then sacrifice the animals and excise
samples as described (see Subheading 3.3.).

4. Put the samples in consecutively numbered tubes (e.g., tubes that fit into the

gamma-counter), that have been weighed. If possible, use a scale with link to a

computer so that data can be imported directly into a spread sheet.

Weigh the numbered tubes again, and calculate the net weight of the sample.

Measure the radioactivity of the samples in a gamma-counter.

7. Calculate the radioactivity of the sample expressed as cpm/g (counts per minute
per gram of tissue), and make appropriate correction for the decay of the isotope.
Determine the net uptake by subtracting the value of the sample not exposed to
pulses from the value of the exposed sample.

8. Count a known amount of [>'Cr]EDTA in the gamma-counter in order to obtain
arelation between number of molecules of [*'CrJEDTA and the cpm measured in
the particular counter that you are using.

9. Translate the net cpm per gram value obtained from the samples to net internal-
ized nanomoles of [3!Cr]EDTA per gram tissue.

o v
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4. Notes

1.

Anesthesia: As fentanyl is a synthetic morphine analogue, permission to use this
drug may be required. When using the fentanyl/fluanisone/dormicum anesthesia,
it is possible to supplement the anesthesia by 0.02-0.05 ml iv at the time of
experiment. With the type of anesthesia used, it is not necessary to take particular
measures to warm up the animal during the anesthesia. We initially tried anesthe-
tizing with pentobarbital, but found the anesthetic and analgesic effect insuffi-
cient. Another possibility which works is using xylazine (Bayer, Germany)
combined with ketamine (Parke-Davis, Morris Plains, NJ); however this anes-
thesia is shorter lasting than fentanyl/fluanisone/dormicum.

When examining in vivo effects of electroporation it is important to use a square
wave pulse generator in order to be able to control pulse length adequately.

Itis not very difficult to construct simple electrodes. As the pulses generally used
for electroporation are short, it is possible to disregard electrolysis as a problem.
Thus, any type of insulating material combined with metal electrodes will do. It
is however important that the electrodes are completely parallel in order to
ensure even electrical field distribution. Figures 1 and 2 shows plate and needle
electrodes constructed at our institution. Of note, the needle electrode array has
the advantage, that it is easy and inexpensive to change the needles frequently as
ordinary single use hypodermic 0.5 mm needles are utilized.

As the cell diameter influences the threshold for electroporation, awareness of
the position of the long axis of the muscle cell in relation to the direction of the
electrical field is important.

A pulse number lower than 8 will result in lower uptake whereas increasing the
pulse number will give rise to some, but not much, increase in uptake. The applied
voltage is very important for obtaining optimal results, the 1.2 kV/cm setting
should be fine for most purposes, but optimization could be important.

For [’'Cr]JEDTA the optimal time to deliver electric pulses is 1.5 min after
administering the drug. However, larger molecules should be given a little more
time to distribute into the extracellular space, for example, 3 min.

Based on preliminary studies indicating that most extracellular [°!Cr]-EDTA is
eliminated 60 minutes after administration of the compound, this time was cho-
sen for excision of samples. However, it would be possible to choose another
time frame, for example, 45 min or 90 min.
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Treatment of Human Pancreatic Tumors
Xenografted in Nude Mice by Chemotherapy
Combined with Pulsed Electric Fields

Sukhendu B. Dev, Gunter A. Hofmann, and Gurvinder S. Nanda

1. Introduction

Cancer of the pancreas is currently the fifth leading cause of cancer related
deaths with a five year survival of less than 1% In the United States (1). It is
one of the most difficult cancers to treat, since it is hard to detect in the early
stages. The patients remain asymptomatic until late in the course of the dis-
ease. An excellent review of pancreatic carcinoma has appeared (2). Despite
the progress made in our understanding of the biology of this cancer (3), the
final outcome for this disease has remained extremely poor. Conventional
chemotherapeutic agents have not been very effective for human pancreatic
adenocarcinoma (4). Use of intratumoral chemotherapy in combination with
monoclonal antibodies have been reported to produce better response rate and
also reduced toxicity (5,6). Smith and colleagues (7) have recently shown that
an injectable gel with a sustained release profile can inhibit tumor growth in
vivo in human pancreatic cancer xenografts. This was demonstrated in nude
mice with BxPC-3 xenografts using fluorouracil, cisplatin, and doxorubicin
with a consequent size reduction of the tumors between 72% and 79%, com-
pared to the controls at day 28 after the first treatment. Although these figures
are impressive, by any standard, no cure was reported.

By contrast, a novel cancer treatment that uses a single intratumoral injec-
tion of bleomycin followed by pulsing of the tumor from a square wave gen-
erator has produced a large percentage of cures and also a substantial number
of partial regressions in many different forms of cancers (§—13). The technique
has also been applied in phase I/II clinical trials (14-16). The basis for this
treatment is simply an extension of the well-established laboratory technique
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of electroporation, which uses brief electrical pulses to create transient pores in
the cell membrane and thus allowing agents to have intracellular access. The
most important aspect for the in vivo applications of this technique is the design
and fabrication of the new type of electrodes and the switching scheme between
different sets of electrodes, which has made substantial impact on the treat-
ment outcome (16). This new method of drug delivery is generally referred to
as electroporation therapy (EPT) or electrochemotherapy (ECT).

2. Materials

1. Six-week-old BALB/c nu/nu mice from both sexes are used for this study. All
animal experiments should be carried out after the approval of the IACUC and
accordance with NIH rules and regulations. The mice should be housed under
standard animal house conditions, which require the room temperature of
21-22°C with a 12-h light/dark cycle. Animals should be acclimatized for at least
a week before implantation of the tumors.

2. Pan-4-JCK cell line: Human adenocarcinoma of the pancreas was provided by

Professor T. Kubota of Keio University, Japan, to AntiCancer, Inc., San Diego,

where it underwent several passages. The cells were injected on the flank of nude

mouse. The resulting tumor was maintained by serial xenografts as stock tumor.

Bleomycin (Mead Johnson, New Jersey cat no: NDC-0015-3010-20).

Carboplatin (Sigma, cat no: C-2538).

Mitomycin C (Sigma, cat no: M-0503).

AErrane® (Isoflurane, Ohmeda Caribe Inc., NJ).

MedPulser™ (Genetronics, Inc.).

Sterile 6-needle array (1.0 cm) electrodes (Genetronics, Inc.).

Clear-Rite (Richard Allan Scientific, MI)

e I A i

3. Methods
3.1. Implantation of Tumors on the Flank of the Nude Mice

Euthanize the mouse with stock Pan-4-JCK tumor using carbon dioxide vapors.
Harvest the tumor tissue.

Wash the tumor tissue in RPMI-1640 medium.

Remove and discard the grossly necrotic and suspected necrotic tissue.

Cut the tumor tissue using sterile dissecting scissors into small pieces of about
2 mm?.

Anesthetize the experimental mouse with isoflurane.

Make a small incision pocket in the right flank of the nude mouse.

Implant two pieces of the tumor into the subcutaneous sac.

Suture or staple the incision.

Measure the tumor size using calipers and calculate the tumor volume using the
formula (1/6) X a X b X ¢, where, a, b, and ¢ are dimensions of the length, width,
and depth of the tumor in mm.

11. Allow the tumor to grow to a volume of 80 + 20 mm?.

AW =

SN
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3.2. Pretreatment

1.

2.
3.
4.

3.3.

. Anesthetize the mouse for electroporation therapy by exposing them to isoflurane

(O8]

3.4.

Randomize the mice in four different groups, D-E—, D-E+, D+E— and D+E+
(D =Drug, E = Electric field, and +/— denotes presence or absence, respectively).
Label the mice in each group with a distinctive ear tag for identification.
Measure the tumor size and weight before treatment.

Photograph representative animals in all groups for record.

Electroporation Therapy

vapors (see Note 1).

Inject intratumorally the drug dissolved in 0.15 mL saline by fanning, a process
of slow injection of the drug at the base of the tumor with the needle tip rotating
in different directions to achieve uniform drug distribution in the tumor. During
the injection, an increase in the tumor volume due to the fluid penetration is
observed.

Wait for 5-10 min before pulse application (see Note 2).

Insert the needle array in the in the skin surrounding the tumor so as to cover the
entire tumor including a margin of 1.0 mm. (A typical electric field distribution
plot generated by a 1.0-cm needle array is given in ref. 9.)

Connect the needle array to the MedPulser ", a specially designed square wave
pulse generator. The instrument automatically sets the pulse parameters to six
100 ps pulses of 1130 V at 4 Hz.

Activate the foot switch to automatically deliver pulses through the six-needle
array. The electrical pulses are applied through two successive needles and the
corresponding opposite pairs, such pairs having the opposite polarity. The pulse
is then switched to the next adjacent pairs—a 60° displacement from the first pair
of needles. This process is repeated so as to cover the whole tumor that also
includes change of polarity (see Note 3).

Posttreatment Monitoring of Animals

and Tumor Growth Measurements

1.

2.
3.

b

Monitor all the mice in both the control and the pulse-treated groups every day
for mortality and sign of any other disease.

Edema is observed in the mice treated with the drug and pulse.

Measure the tumor dimensions using a caliper and the weight of the mice twice a
week for 2 wk followed by once a week for up to 90 d (see Note 4).

Calculate the tumor volume as described earlier to determine the tumor growth
regression/progression (see Note 5).

Take representative photographs for record.

The tumor response is then scored based on the definitions given below:
Complete response (CR): Complete disappearance of all known disease.

Cure: Complete response for 8 wk and complete absence of tumor cells in histol-
ogy of sample from tumor treatment site.
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Partial response (PR): Estimated decreases in tumor size of 50% or more.

No response (NR) or No Change (NC): No significant change. These include
stable disease (SD); estimated decrease of less than 50% and lesions with esti-
mated increase of less than 25%.

Progressive disease (PD): Appearance of any new lesions not previously identi-
fied or estimated increase of 25% or more in existent lesions.

3.5. Histology of Samples From Treatment Site

Histology of the samples from the treatment site of representative mice from
all the control and the treatment groups should be carried out to confirm visual
observations. The typical procedure is as follows:

1. Euthanize the mouse using carbon dioxide vapors.

2. The tissue from treatment site is cut into small pieces of about 0.5 cm diameter
and fixed in 10% formalin for 24 h.

3. The tissue is then processed for dehydration, first in 95% alcohol for 3 h, fol-
lowed by 100% alcohol for 3 h. Alcohol is changed every hour in both the cases.

4. The tissue is then immersed in Clear-Rite for 3 h followed by immersion in liquid
paraffin for 2 h.

5. The dehydrated tissue is then embedded in paraffin for sectioning into 5 um sec-
tions that were spread on microslides for subsequent staining.

6. The slide is kept in a 60°C oven overnight and then stained with hematoxylin
and eosin.

3.6. Representative Results

Using the protocol described herein, electroporation therapy treatments of
human pancreatic tumor Pan-4-JCK grown subcutaneously in nude mice was
carried out. Three anticancer drugs namely, bleomycin (0.5 U), carboplatin
(8 mg/kg), and mitomycin C (3 mg/kg) were used. In all the control groups
including drug only treatments (D—E—, D-E+, and D+E-), the tumor volumes
increased with the days after treatment and showed progressive disease (PD).
However, in the treated group (D+E+) the number of CR with bleomycin,
mitomycin, and carboplatin on day 89 after treatment were 75%, 22%, and
12.5%, respectively, while the others showed progressive disease. Histological
examination of tissue samples (Fig. 1) removed from the tumor site showed
total absence of tumor cells with only normal skin structures and fibrosis. This
is in contrast to the control groups, which show the presence of tumor cells.

4. Notes

1. In EPT experiments, care must be taken that the animal is not over anesthetized,
which can lead to death.

2. The drug should also be injected very slowly at the base of the tumor. This is seen
as gradual swelling of the tumor. It has also been found that ‘fanning’ of the
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needle, together with increased volume of the diluent (0.15 ml saline) gives sub-
stantially better outcome for the treated tumors. Combination of all this may help
in proper distribution of the drug throughout the tumor volume.

During the actual experiment, when the tumor is pulsed, one should be careful
that the action of twitching by the animal after each pulse does not dislodge the
needle array. Also, the needle array should not be pushed hard and instead held
gently in order to avoid hitting and damaging underlying organs. Ideally, one
should measure the dimensions along all three perpendicular directions and use
an appropriate needle array.

Severe edema is generally noticed in all the animals treated with bleomycin and
electrical pulses. However, with other drugs, only mild edema appears. Normally,
this edema disappears within a week or so. Measurements of tumor volume taken
during this period will not reflect the ‘true’ volume of the tumor.

In case of reappearance of the tumor after initial regression, it is strongly recom-
mended that the tumor be retreated with the same parameters as before, but with
a needle array of a suitable size that surrounds the tumor along the margin.
Finally, the number of mice to be chosen should be enough to be statistically
significant.
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Distribution of Bleomycin in a Rat Model

Per Engstrém, Leif G. Salford, and Bertil R. R. Persson

1. Introduction

Bleomycin has, in the years of developing electrochemotherapy (ECT),
proven to be an extremely potent drug for this cancer treatment modality and is
also the most frequently applied chemical agent. It is of importance to investi-
gate the pharmacokinetics of bleomycin under normal conditions and particu-
larly in combination with ECT.

There is limited information available concerning the pharmacokinetics of
bleomycin in mice and rats when used under normal conditions, that is, in
healthy animals not affected by tumors or tumor treatments. After intramuscu-
lar and intravenous administration to humans and dogs, bleomycin has shown
to be absorbed rapidly in the body and essentially 100% bioavailable. Elimina-
tion of bleomycin after intramuscular administration is equivalent to that
observed after intravenous administration. Studies of mice and rabbits have
shown corresponding results of rapid and extensive body distribution. Tissues
tending to accumulate the highest concentrations are skin and spleen but also
kidneys, lungs, and heart receive relatively high levels of bleomycin. No
significant amount of bleomycin has been found in brain or cerebrospinal fluid
of mice (1).

Bleomycin binds to several metals such as Cu I, Cu II, Fe (II), Fe (III), and
Co (II) and can form chelates with several radionuclides such as **™Tc, °’Co,
©2Zn, and '"'In, which is an iron analog (2). By labeling bleomycin with a
radioactive compound (e.g., '!'In), the drug absorption and clearance can be
traced in vivo with a gamma detector.

In this way, the kinetics and distribution patterns of pharmaceuticals such as
bleomycin administered to animals or humans can continuously be followed
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and recorded in the system. The labeling stability of ['!'In]bleomycin in vivo
can be verified by comparing the kinetics of ['!'In]bleomycin to ''InCl; in
normal rats. Unstable [!!'In]bleomycin labeling results in a rapid release of
ionic In** into the circulation. The !''In* then rapidly binds to plasma trans-
ferrin in the blood and forms a very stable ['!'In]transferrin complex as is
observed after an ''InCl; injection. However, [!!!'In]bleomycin prepared
under particularly low pH will form a complex (['!'In]bleomycin complex)
which has a rapid whole body clearance, is stable in vivo and does not bind to
plasma transferrin in the blood (3-5). A comparison of gamma camera images
of ""InCl; and [!'!'In]bleomycin complex ([!!'In]BLMC) distribution patterns
can be regarded as a quality assurance of the labeling stability.

This chapter details a protocol for using ['''In]BLMC for imaging drug
uptake resulting from ECT. The protocol describes the experimental procedure
in imaging the effect of ECT on subcutaneously implanted gliomas in rats.

2. Materials

1. Indium-111 (''In) (Mallincrodt BV, Netherlands), a radioactive indium isotope,
can be used to label bleomycin. ''In is a radioisotope very suitable for diagnos-
tic purposes because of its advantageous gamma energies and decay characteris-
tics. '''In has a half-life of 2.81 d and emits low-energy electrons and photons of
171 and 245 keV.

2. A scintillation gamma camera together with a graphical software is used to view
and evaluate the '''"In-BLMC distribution in the animals.

3. An electropermeabilization unit (BTX 600; BTX Inc., San Diego, CA 92109) is
used to generate high-voltage pulses with possibilities to alter voltage and dura-
tion of the electric pulses.

4. Electric pulses were in this study delivered through two stainless steel plate
electrodes of 1.5 x 2.5 cm? each mounted on a vernier caliper to set the correct
distance between the electrodes.

5. Male and female rats of the Fischer-344 strain were used with or without subcu-
taneous N32 glioma tumors, implanted on the thigh of the hind leg. Glioma
tumors were produced by injecting 100 000 N32 cells (6) just under the skin of
the thigh. Solid tumors develop and grow to a size of about 10-mm diameter in 4 wk.

3. Methods
3.1. [""In]BLMC Labeling Procedure

1. [""In]BLMC labeling requires to be carried out in an acid environment main-
tained at pH 1.5-2.0 by using a 0.2 M HCI buffer solution.

2. "n is preferably delivered as an '''InCly solution and requires a high radio-
chemical (i.e., the radionuclide exists only in one specific chemical form),
radionuclear (i.e., no other radionuclides present in the batch) and chemical (no
chemical impurities) purity.
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3.

4.

10.

11.

12.

13.

Evaporate the required amount of ''InCl; to dryness, either by applying a gentle
flow of nitrogen gas (N,) or by heating the '''InCl; to approximately 90°C.
Dissolve the ''InCl; residue in a small volume of 0.2 M HCI.

Dissolve the required amount of solid bleomycin (Lundbeck, Sweden) in 0.9%
physiologic NaCl solution with a volume three times the HCI volume. Calculate
approximately 27 MBq !!''InCl, per mg bleomycin.

Put the '''InCl; and the bleomycin solution together and mix thoroughly for 1 h.
A quality control of the labeling efficiency is preferentially performed before
dilution to injection concentration, using thin layer chromatography (TLC) on
silica gel (4).

Put a droplet (approx. 1.5 uL) of the radiolabeling on the TLC plate.

Develop the TLC plate, with the labeling applied, in equal parts of methanol and
10% aqueous ammonium acetate.

Labeled bleomycin migrates along the plate whereas the free (unlabeled) indium
remains at the application point.

For quality control of the labeling, measure the R; value of the labeled
compound(s). The R; value for ['''In]BLMC is 0.65 and =0 for ''InCl;.

Cut the TLC plate in two and measure the activity of the ['''In]BLMC vs the
unlabeled indium with an activity meter or with a gamma spectrometry detector.
Pay attention to possible additional labeling groups, since this may indicate a
suboptimal labeling result.

Dilute the labeled ['"'In]BLMC to 1 mg/mL bleomycin with 0.9% NaCl. An
injection volume of 0.3 mL will consist of 9 MBq !''In labeled to 0.3 mg
bleomycin, that is, 1 mg/kg b.w. in a 300-g rat.

3.2. Dynamic Study of Activity Distribution
of ['"In]-Bleomycin Complex

Uptake and clearance of radiolabeled drugs in tissue and in specific organs
of normal Fischer-344 rats can be studied and compared with a gamma camera.
In the following experimental results, '!'In were coupled to bleomycin but other
radiopharmaceuticals can excellently be used to investigate the biokinetic
behavior of a certain drug (see Note 1). Here, 9 MBq of ['''In]BLMC is
injected intravenously as bolus injection during acquisition of the gamma
camera images.

1.

2.
3.

Anesthetize the animal and put it on its back, on the gamma camera, fixed to a
plate with plastic underneath to avoid contamination of the collimator.

Inject the [''In]BLMC in the femoral vein of the rat.

To be able to capture the initial drug propagation in the body, set the image
acquisition rate to one image per second and start immediately before injection.
Continuously increase the image acquisition intervals to follow the more slowly
physiological functions such as kidney and bladder uptake and finally, whole-
body clearance.
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3.3. Electrochemotherapy Treatment and Study
of Bleomycin Uptake and Retention in N32 Tumors

1. ['"In]BLMC (0.3 mg bleomycin per 9 MBq !''In in 0.3 mL) corresponding to
1 mg bleomycin per kg body weight is assigned to each animal and is given
intravenously as a bolus injection.

2. To make a correct comparison of the drug distribution in pulsed vs non-pulsed
animals, one group (D + E+), receives ['!'In]BLMC (D) followed by electro-
permeabilization (E), while the control group (D + E-), receives ['!'In]BLMC
only.

3. The fur over the tumor is shaven and the tumor is fixed in position between the
electrodes.

4. Use electrocardial paste to ensure electrical contact between skin and electrodes.
Electropermeabilization is performed on the fourth minute after ['''In]BLMC
administration.

5. In order to deliver pulses of the same electric field strength for all tumors, being
of different volumes, the electric potential is adjusted corresponding to the dis-
tance between the electrodes.

6. Altogether 16 pulses with a field strength of 1200 V/cm and a time constant of
1.0 ms are then delivered at approximately one pulse per second. Follow steps 3
and 4 of Subheading 3.2. to gather images. Owing to the half-life of !''In of 2.8
d, itis possible to follow the whole-body distribution of ['''In]BLMC for several
days (see Note 2).

3.4. Experimental Results
3.4.1. Dynamic Study of 'In-Bleomycin in Normal Rats

Using the treatment and labeling protocols above, body distribution and
elimination of [!'In]BLMC in normal rats indicates a stable [!'In]BLMC
labeling in vivo. The [''In]BLMC shows a rapid whole body removal with
80% of the drug eliminated within 2.5 h almost entirely by renal excretion.
Consequently, no binding of '''In to plasma-transferrin occurs.

Figure 1 shows the amount of [!!'In]BLMC in the heart, kidneys, and blad-
der of a normal rat as percent of total injected activity versus time. There is a
distinct peak in kidney activity corresponding to a maximum [''In]BLMC
concentration 130 s after injection. After 28 min, 35% of the total amount of
injected ['''In]BLMC is located in the bladder.

Figure 2 shows the time scale of the drug uptake and clearance in the thigh
muscle after intravenous administration of [''In]BLMC. The ['!'In]BLMC
activity concentration is recorded over a region covering the thigh of the rat. A
peak is reached approximately 3 min after injection and after 1.6 h the
[!'"In]BLMC concentration is reduced to half the peak value.
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Day 2

Fig. 3. Gamma camera images of a rat with an N32 tumor on the right thigh treated
with [!''In]BLMC and electropermeabilization.

3.4.2. Dynamic Study of [1""In]BLMC
in N32 Glioma-Bearing Rats After ECT

Figure 3 shows the [!''In]BLMC distribution recorded at successive occa-
sions in a rat with a N32 tumor on the flank treated with ECT after intravenous
administration. As the drug is eliminated from the blood and normal tissues,
the treated tumor area becomes more expressed in the images due to the very
high drug retention in the electropermeabilized area.

In Fig. 4, the elimination of ['''In]BLMC is displayed as a function of time
for electropermeabilized tumors, D + E+ (upper curve, n = 3), and untreated
tumors, D + E— (n = 3). All animals treated and nontreated, shows rapid initial
drug elimination due to clearance from blood and normal, nonelectro-
permeabilized tissue. The drug concentration in the D + E+ group leveled after
approximately 48 h where it maintained constant drug retention for up to 10 d.
For the normal tissue and untreated tumors, the drug concentration continued
to decrease 5 d after injection. At this time the radioactivity in these tissues was
close to the detection limit of the imaging system.
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The results reported here shows that ['!'In]BLMC is rapidly absorbed in the
body after injection and also rapidly cleared from the system. The whole body
clearance of ['!''In]BLMC is known to have a faster elimination rate than
[*’Co]bleomycin (7). In these studies of ECT treatment of N32 tumors, it
was found that the retention of ['''In]BLMC was very stable in electro-
permeabilized areas.

The uptake process seems to be almost instant and [!''In]BLMC is com-
pletely retained in the treated tumor volume over several days. As observed
from Fig. 3, the radioactivity concentration from ['''In]BLMC after 6 d are
just above the noise level and after 11 d only the electropermeabilized tumor
shows a distinct ['!'In]BLMC retention.

The control groups, given [!''In]BLMC only, showed a slight but notable
increase of [!'"In]BLMC in the tumors. ['''In]BLMC have in earlier studies
shown to have affinity for various tumors and has been used as a tumor imag-
ing agent for gliomas in mice and rats (4,5).

4. Notes

1. In this study, relatively low 111In concentrations was used and for tracing the
bleomycin pathways only. Other radiolabeled agents such as 3Pt or '%3Pt-
labeled cisplatin might also be interesting complexes to use in ECT in this aspect
since cisplatin is the anticancer drug besides bleomycin that has shown to gain a
substantial increase in cytotoxicity after electropermeabilization (9).
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2. From the gamma camera images of the N32 bearing rats, an accumulation of

"Tn can also be noticed in the kidneys. '''In might selectively be localized within
the cytoplasmic fraction of the proximal tubule cells. !''In binds to the sulfhydryl
groups of 8-aminolevulinic acid dehydratase, an enzyme present in rat kidney
(8). Possibly, ['''In]BLMC also binds to an enzyme in the kidney, causing an
accumulation of ['''In]BLMC in the kidney.
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Treatment of Rat Bladder Cancer
With Electrochemotherapy In Vivo

Yoko Kubota, Teruhiro Nakada, and Isoji Sasagawa

1. Introduction

It has been reported that the application of strong electric fields across a cell
results in the formation and expansion of temporary membrane pores.
Electrochemotherapy is a method which enhances the effectiveness of chemo-
therapeutic agents by administrating the drugs in combination with short
intense electric pulses (1). Cell electropermeability allows nonpermeant or
weakly permeant drugs to enter the cells. Electrochemotherapy is effective
because electric pulses permeate any type of tumor cell membrane in vitro and
in vivo. We have shown that electropermeabilization induces a twofold
increase in the concentration of Bleomycin, in bladder cancer cells in vitro and
in normal bladder tissue of rats in vivo (2). Here we introduce our method to
assess the effectiveness of this therapy for rat’s bladder cancer.

2. Materials

1. Carcinogen: 0.05% N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN; Tokyo Kasei
Co., Ltd., Tokyo, Japan) solution in drinking water (see Note 1).

2. Animals: 5-wk-old male Wistar rats (see Note 2).

3. Bleomycin (Nihonnkayaku Co., Tokyo, Japan) solution: A 10 U/mL solution in
saline. This solution can be stored at —20°C for several months (see Note 3).

4. Electropulsation apparatus: a high power pulse generator (BTX820; BTX, San
Diego, CA) is used, connected to twoplanar parallel electrodes made of gilded
stainless steel mounted on insulated tweezers with one or two plastic screws
(Unique Medial Imada Inc. Sendai, Japan) (Figs. 1 and 2; see Note 4) and an
oscilloscope (AD-5141; A&D, Tokyo) to monitor the shape of the pulses.

5. Pentobarbital: Pentobarbital sodium injection 50 mg/mL (Abbott Laboratories,
Chicago, IL).
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Fig. 1. Guilded stainless steel electrodes mounted on tweezers. The distance
between the two electrodes (arrow) can be fixed by a plastic screw (arrowhead).

6. 10% buffered formalin: 16.5 g Na,HPO, - 12H,0 and 4.5 g NaH,PO, - 2H,0 in
900 mL distilled water plus 100 mL formalin (pH 7).

3. Methods
3.1. Preparation of Rats With Bladder Cancer

Maintain rats under standard laboratory conditions and give drinking water
supplemented with carcinogen (0.05% BBN in drinking water). The optimal
maintenance duration for rats with BBN is generally 20-30 wk followed by
5-10 wk maintenance without BBN.

3.2. Electrochemotherapy

1. Make a lower abdominal midline incision. After peritoneal cavity has been
entered, expose the urinary bladder, under intraperitoneal pentobarbital anesthe-
sia (40 mg/kg). Then, dissect the urinary bladder and bladder neck sufficiently
from seminal vesicles and skirts of peritoneum.

2. Inject a dose of 5 mg/kg of BLM (10 U/mL solution) through the caudal vain.
After checking the back flow of the blood, infuse the solution rapidly.

3. Pause exactly 5 minutes before proceeding. One critical aspect of this procedure,
which should be followed explicitly, is the time from the injection of BLM to the
start the electric pulses. We have obtained lower efficiency using other time-
windows. We suppose that in rats the highest concentration of BLM in the blood
and urinary bladder tissue is acquired at this period. Optimal time-windows can
be determined empirically for other species.
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Fig. 2. Urinary bladder is holded with the electrodes. The space between the elec-
trodes is fixed to 2 mm.

4. Hold the urinary bladder between two electrodes during the pause in step 3.
Measure the distance between the electrodes (see Note 5), and set the electric
field according to the distance between the electrodes. The condition of
1000-1250 V/cm, 100 ps pulse, 1 Hz, and 8 pulses” is recommended.

5. Apply the electric pulses.

6. Close the wound in one layer.

3.3. Evaluation of the Effects of Electrochemotherapy

Assess the effect of the therapy by histological findings and tumor weights.

Extract the bladder 10-14 d after the treatment (see Note 6). Under intrap-
eritoneal pentobarbital anesthesia (40 mg/kg), make a lower abdominal mid-
line incision. Open peritoneal cavity. Usually the urinary bladder is adherent to
the seminal vesicles and surrounding fat tissue. Free the bladder and bladder
neck by blunt dissection. Push out the urine from the bladder. By puncturing
from bladder neck with 27-gauge needle, insert 0.5-0.7 mL of 10% buffered
formalin into the bladder (see Note 7). Ligate the bladder neck with 3-0 silk
to prevent the back flow of formalin from punctured pore on the bladder neck.
Amputate the bladder at just distal point of the bladder neck ligation. Fix
the excised bladder in 10% buffered formalin for 4-5 d. Cut the bladder
sagittally or frontally and weight. Make histological specimens stained with
hematoxylin—eosin.
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4. Notes

1. Storage conditions: BBN is stable for 2—-3 mo in a refrigerator; 0.05% BBN solu-
tion in drinking water can be stably stored several days in a refrigerator.

2. BBN induces bladder cancer in rats and mice but not in hamsters or guinea pigs
(3,4). Although both rats and mice can be used, rats are recommended because
the urinary bladders of mice are too small for the precise application of elec-
trodes. Because the administration of 0.05% BBN for 8 wk was reported to induce
bladder tumors in 100% of ACl rats, 85.7% in Wister rats, 50% in BDIX rats, and
0% in Lewis rats (3), use ACI or Wistar rats. Bladder cancer can be induced
earlier in male rats than in female.

3. Bleomycin was, originally, reported to be an effective drug for the treatment of
bladder cancer (5). But in our experiment which assessed the sensitivity of BBN-
induced rats bladder tumor to BLM, at the dose of 5 mg/kg via intravenous injec-
tion, tiny foci of necrosis and cytolysis were seen in only about 10% of the
bladders, and we observed a low efficacy for a single application of BLM at this
dose (6). By using electropermeabilization, the LDs, of external BLM was seen
to be about 1000 times lower than the value for cells without electro-
permeabilization (7). In the case of cisplatin (8) and adriamycin (unpublished,
our data), the most popular chemotherapeutic agents for urinary bladder cancer,
by contrast, the difference in survival curves between the electropermeabilized
and nonelectropermeabilized cells was reported to represent only a threefold
dose-enhancing effect. Thus, we postulated that the best use of electro-
permeabilization is made by using this technique in conjunction with treatment
with BLM. However, the usefulness of only small number of cytotoxic agents
have been assessed for bladder cancer electrochemotherapy, so there is still room
for further experiments.

4. The role of the screws attached to the tweezers is to fix the space between the two
electrodes to every possible distance we need. Because the surface of the urinary
bladder is wet, paste is not needed for the electrodes to ensure good electrical
contact. Since electric resistance increases as the surfaces of the electrodes
become dirty, clean the electrodes after each use and soak in saline. The high-
power pulse generator must be connected to an oscilloscope to monitor the actual
shape of pulses. As for the electric pulses, square shape which proves the con-
stant voltage during all the pulse duration is extremely important. If deformation
is found, the pulse must be neglected.

5. If the urinary bladder tumor is small and creates difficulty in keeping an exact
distance between two electrodes, an injection 0.5-0.7 mL of RPMI 1640 (Sigma
Chemical Co., St. Louis, MO) into the bladder lumen increases the thickness of
the bladder. After the injection with a 27-gauge needle from the bladder neck, the
bladder is clamped with insulated blood vessel clamp (Applied Medical
Resources Co., CA) (Fig. 3), otherwise injected solution will leak from the
punctured region.

6. From about 10 d after chemotherapy, severe histological changes begin to be
seen (unpublished, our data). And, from our clinical experience, we deduce that
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Fig. 3. Bladder neck is clamped with an insulated blood vessel clamp (arrowhead).

regrowth of cancer cells starts from 21-28 d after chemotherapy. Thus we extract
the bladders at 10- to 14-d period.

With this procedure, the urinary bladder can be fixed in a dilated state, which
makes macroscopic observation of the tumor easy.
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Electrochemotherapy for the Treatment
of Soft Tissue Sarcoma in a Rat Model

Richard Gilbert, Mark J. Jaroszeski, and Richard Heller

1. Introduction

Each year approximately 6000 new cases of soft tissue sarcoma are diag-
nosed in the United States (1). The disease affects the extremities in 60% of
the reported cases with the lower extremity the most likely tumor site (2,3).
Management of soft tissue sarcomas is challenging but over the last 20 yr treat-
ment has evolved from radical procedures such as amputation or compartmen-
tal resection to limb-sparing approaches (4,5). However, current limb sparing
procedures are not applicable to all adult soft tissue sarcomas of the extremity.
Limb sparing techniques are not employed when tumors are located close to
joints, bone, or neurovascular bundles (6).

Electrochemotherapy, ECT, has been shown in human trials to be an effec-
tive anticancer treatment (7,8). Successful application of this treatment modal-
ity to sarcoma has been achieved in vivo in nude rats bearing human sarcomas
(9,10). Thus, there is strong evidence that ECT may be an additional approach
that can be used alone or combined with other limb sparing techniques. The
future challenge is to determine if ECT can be used for the effective local con-
trol of tumors situated near joints, bone, or neurovascular bundles. This chap-
ter describes protocols that were developed for the treatment of sarcoma in a
rat model.

2. Materials

1. Cell line: Human A204 rhabdomyosarcoma cells (HTB 82; American Type Cul-
ture Collection, Rockville, MD).

2. Growth medium: McCoy’s 5A medium (Mediatech, Washington, DC), supple-
ment; 10% (v/v) fetal bovine serum (PAA Laboratories, Newport Beach, CA),
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90 png/ml gentamicin sulphate (Gibco, Grand Island, NY). Nonenzymatic cell
dissociation solution (CDS; Sigma, St Louis, MO) should be used instead of tryp-
sin for harvesting cells. Cells should be grown at 37°C in a humidified atmosphere.
Animals: Male athymic rats (Harlan Sprague Dawley, Inc, Indianapolis, IN).
Anesthesia: Isoflurane (Mallincdrodt Veterinary, Inc., Mundelein, IL).
Drug: Bleomycin (Blenoxane; Bristol-Meyer Squibb, Princeton, NJ).
Pulse Generator: BTX T820 (Genetronics, Inc., San Diego, CA).
Electrode: Six needles equally spaced on the circumference of a 1 cm circle
(Genetronics, Inc.) (see Note 1).
Mechanical Switch: for distributing pulses to needles (Genetronics Inc.).

9. Digital Storage Oscilloscope: PM 3394 A (Fluke Corporation, Palatine, IL).
10. Current Probe: 80i-110S (Fluke Corporation).

NownAEw

*®

3. Methods

Soft tissue sarcomas vary in size and can be larger than 10 cm?. Therefore,
methods for electrochemotherapy in animal models bearing human sarcomas
must include several possible experimental situations. This section presents
protocols to deal with small (6—8 mm) and large tumors as well as single and
multiple ECT treatment applications. In all cases a single ECT treatment is
defined as the injection of a chemotherapeutic drug followed by the adminis-
tration of electric pulses to the entire tumor.

3.1. Tumor Induction

1. Order male athymic rats so that they are 3—4 wk old at the time of tumor induction.
2. Harvest cells from culture using cells dissociation solution and wash three times
in Ca and Mg free phosphate buffered saline (PBS) by centrifugation (200g).

3. Anesthetize all animals prior to tumor induction (this must also be done prior to
tumor treatment and post treatment monitoring). Place the nude rats into an
induction chamber that is charged with a mixture of 5% isoflurane in oxygen for
several minutes. Rats should then be fitted with a standard rodent mask and kept
under anesthesia using 3% isoflurane until the procedure is complete.

4. Induce tumors by injecting 8 x 10° cells contained in 70 uL of Ca and Mg free
PBS. Cells should be injected into the biceps femoris muscle using a 25-gauge
needle.

5. Allow time for tumors to grow to desired size. Generally, a growth time of
7-10 d will produce tumors that are 6-8 mm in diameter (small tumors). A 35-d
growth time will yield tumors that are 18-20 mm in diameter (large tumors).
Tumors will be well-defined, firm, and palpable.

6. Randomly place animals in an experimental group or one of three groups in a
control group set and label each animal (see Note 2). Proceed to Subheading 3.2.
if smaller tumors are being treated or Subheading 3.3. if larger tumors are being
treated.
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3.2. Single ECT Treatment of Small Tumors

1.

hd

3.3.

N =

Prepare Bleomycin prior to conducting ECT protocols. Bleomycin should be dis-
solved in normal saline for injection to a concentration of 5 U/mL. One unit of
bleomycin is equal to 0.555 mg.

Anesthetize animals, one at a time, then record the dimensions of each tumor and
compute the tumor mass volume (see Note 3).

. Inject the proper drug dose into an appropriately labeled animal. A dose equal to

25% of the tumor volume is recommended for bleomycin (see Note 4). Allow
10 minutes for the drug to dissemminate within the tumor before proceeding to
step 4.

Insert the six-needle array electrode around the perimeter of each tumor.

Apply the electric pulse sequence to tumor (see Note 5).

Follow animals after treatment by anesthetizing, recording tumor dimensions,
and computing tumor volumes at periodic intervals. Once or twice per week is
sufficient (see Note 6).

. Take biopsies to histologically confirm ECT experimental effects. Specimens

should be fixed in 10% neutral buffered formalin and submitted for standard
imbedding/sectioning. Hematoxylin and eosin staining is useful for visualization
of the tissue.

Single ECT Treatment of Large Tumors

Dissolve bleomycin in normal saline for injection to a concentration of 5 U/mL.

. Anesthetize animals, one at a time, then record the dimensions of each tumor and

compute the tumor mass volume (see Note 3).

Approximate the number of one cm diameter circular areas that are present on
the surface of the tumor. Each one cm diameter circle will be the insertion area of
the one cm diameter six-needle electrode array. Thus it is important to carefully
plan insertion points of the electrode so that electrical treatment is administered
to the entire tumor mass. Failure to electrically treat the entire mass will result in
incomplete tumor regression.

Inject a volume of bleomycin equal to 25% of the tumor volume (see Note 4).
Systematically treat each circular segment by repeatedly inserting the electrode
into and applying pulses to each tumor section (see Note 7).

Follow steps 6 and 7 in Subheading 3.2. for following animals after treatment.

. Multiple ECT Treatment
. Follow steps 1 to 5 of Subheading 3.2. or steps 1 to 5 in Subheading 3.3.

depending on whether small or large tumors, respectively, are being treated.
Repeat appropriate small or large tumor single treatment protocol on any pal-
pable tumor that reappears in the original treatment site after the first ECT treat-
ment (see Note 8).



302 Gilbert, Jaroszeski, and Heller

4. Notes

1.

There are a variety of possible electrodes that can be used in ECT applications. A
discussion of some of these electrodes types has been published (11). Individual
researchers may have specific preferences as to electrode material, shape, and
arrangement.

The experimental design for ECT experiments should include experimental ani-
mal groups and three types of control groups. The experimental group, D*E™,
should receive drug injection followed by electric pulses. There may be multiple
groups of this type, for example, if different electrical treatment parameters or
drug doses are under investigation. The first type of control group, D"E~, should
not receive drug nor electric pulses. The second type of control group, D"E™,
should be electrically pulsed with no drug injection. A normal saline injection
can be used as a sham drug injection. The final type of control group, D'E",
should be injected with drug but not followed by electrical treatment.

Tumor volume is calculated from the product of the maximum lengths of three
mutually orthogonal common referenced measurements of the nodule multiplied
by w divided by six.

A clear unambiguous animal labeling system must be used. A combination of
punching holes in ears and body “magic marker” labeling is strongly recom-
mended. Bleomycin injections can be carried out using a 0.5 in. 30-gauge needle.
Control animals that are not to receive bleomycin, the (D"E") and (D"E*) control
groups, should be given an intratumor injection of saline that is also equal to 25%
of the tumor volume.

. The applicator has six needles arranged on the circumference of a 1 cm diameter

circle such that each needle is 60° apart. Individual researchers may have specific
preferences with respect to the pulse parameters and pulsing sequence. However,
a square wave pulse with an amplitude that corresponds to a nominal electric
field strength of 1300 V/cm and a pulse width of 100 us will work (9,10). For
animals that are in either control group that should not receive pulses, D'E~ or
D*E-, insert the electrodes for an equivalent amount of time but do not deliver
any pulses.

Posttreatment tumor volumes are compared to the treatment day tumor volumes.
Complete response is defined as no palpable tumor. Animals can be considered
cured if a complete response is maintained for 100 d.

The electrodes may have to be inserted deeper in the center of tumors, relative to
the edges, in order to treat the entire tumor volume.

Three is the recommended maximum number of replicates used to date. A 1-wk
interval between treatments has been the minimum time. Animals can be consid-
ered cured if a complete response is maintained for 100 d.
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Treatment of Spontaneous
Soft Tissue Sarcomas in Cat

Stéphane Orlowski and Lluis M. Mir

1. Introduction

Preclinical experiments performed on mice clearly showed that electro-
chemotherapy can efficiently treat subcutaneous tumors of different histologi-
cal types (I-4). However, the possibility of relevant clinical applications for
electrochemotherapy requires the demonstration of its efficacy as a treatment
of tumors larger than those encountered in mice. This necessitates the use of
tumors growing in animals that are larger than mice. Since models for such
tumors are rare and expensive, a convenient possibility is to test electro-
chemotherapy on spontaneous tumors that veterinarians have to treat in clini-
cal presentations. Among them, cat soft-tissue sarcomas constitute a set of
closely related tumors (fibrosarcoma of grade I or of grade II, and malignant
fibrohistiocytoma) which are well suited for electrochemotherapy trials.
Indeed, they are subcutaneous tumors, which always escape the conventional
surgical treatment after a more or less long time, but which have only a local
development for a long period of the disease evolution. Thus this carcinologic
situation provides the possibility of testing the local efficiency of electro-
chemotherapy on animals having a good health status and bearing tumors for
which no further conventional therapy can be proposed (5).

Due to the size of the tumors to be treated, it was necessary to use needle-
electrodes in order to deliver the permeabilizing electric pulses intratumorally
and to reach the deepest parts of the tumors. We also used external electrodes
placed on the skin when there were additional tumor nodules of small size, and
when the normal tissues surrounding the main tumor masses were infiltrated
by tumor tissue without palpable thickness. Moreover, due to the fact that the
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trial was performed under true clinical conditions, which means that it was
necessary to propose an optimized treatment to the cat owners who accepted to
enter the trial, electrochemotherapy was associated with an additional treat-
ment based on an immunotherapy previously tested in preclinical experiments
on mice (6,7).

The excellent results in term of tolerance to the treatment, absence of side
effects and animal survival increase obtained during the first trial (5) are
encouraging for further applications of our electrochemotherapy protocol in
this veterinarian carcinologic situation, as well as for the extension of this treat-
ment to other types of cutaneous or subcutaneous tumors presented by cats or
dogs in the veterinarian practice.

2. Materials
2.1. Animal Recruitment

1. The cats who enter the trial should preferably bear tumors locally relapsing after
multiple surgical excisions, and for which one supplementary surgical excision
cannot be proposed again. Electrochemotherapy application is not limited by the
fact that the cats previously received additional treatments, like teleradiotherapy
with cobalt or curietherapy with iridium wires.

2. The progressive disease should be proven by histological examination.

3. Protocols for veterinarian clinical trials should be approved by an ethics commit-
tee for animal experimentation.

2.2. Drugs

1. The anesthetics typically used is a mixture of tiletamine and zolazepam (Zoletil®,
Laboratoire Reading, Carros, France).

2. Bleomycin (Laboratoire Roger Bellon, Neuilly-sur-Seine, France) is dissolved in
sterile 0.9% sodium chloride just before the intravenous infusion.

2.3. Electric Pulse Generators and Electrodes
2.3.1. Electrical Apparatus for External Electrodes

1. Generator: Square-waved electric pulses of adjustable voltage, length and fre-
quency are produced by a PS15 electropulser (Jouan, Nantes, France), initially
designed for in vitro electric pulse delivery. The electrical parameters of the
delivered pulses are recorded and controlled with a storage oscilloscope
(VC-6025, Hitachi, Tokyo, Japan).

2. Electrodes: The most convenient external electrodes consist in two parallel flat
stainless steel rectangles, with rounded angles at the level of skin contact (see
Fig. 1 in Chapter 12). They are held by an insulating template which sets the
electrode gap (usually 6-8 mm), and allows safe electrical connection to the gen-
erator PS15. Typical dimensions of the electrode edge that will be applied on the
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skin are 2 cm width and 0.5 mm thickness (see Note 1). The electrical contact
with the skin is ensured by a film of electrocardiography paste spread on the
electrode edge.

2.3.2. Electrical Apparatus for Intratumoral Electrodes

1.

Generator: Square-waved electric pulses of adjustable voltage, length and fre-
quency are produced by a MKO generator (CELTEM, Antony, France), specifi-
cally designed for electric pulse delivery to multiple electrodes by the means of
an integrated switch which allows the successive distribution of the applied volt-
age to every pair of closest electrodes.

Electrodes: The electrodes are constituted by a set of seven parallel and equidis-
tant needles, held by an insulating template which sets the electrode gap and
allows safe electrical connection to the generator MKO. The seven electrodes are
arranged according to a centered hexagonal array, with a distance of 6 mm
between every pair of closest electrodes (see Fig. 1 in Chapter 24). The pulsing
sequence driven by the generator consists in the succession of the twelve closest
pairs of electrodes, first involving the central needle with each of the six periph-
eral needles, and second the six pairs of peripheral neighboring needles. The
exact sequence is of no importance, provided all the closest pairs of electrodes
are fed by the generator, without two consecutive recruitments of the same electrode.

2.4. Interleukin-2 Secreting Cells

We used the xenogeneic CHO(IL-2) cells, which are Chinese hamster ovary

cells in vitro transfected with the human interleukin-2 (IL-2) gene, and in vitro
secreting 3500 units of IL-2 per ml, 72 hours and 80,000 initially seeded cells
(8) (see Note 2). Cells were routinely cultured in usual culture medium without
selective pressure to maintain transgene expression.

3. Methods
3.1. Animal Preparation

1.

Anesthesia: Put an intravenous catheter in the saphene vein, and anesthetize the
cat by the injection of 15 mg/kg of Zoletil. During the electric pulse delivery
session, supplementary bolus of anesthetics can be given to prolong the anesthe-
sia duration if necessary.

Inspection and palpation of the tumor masses: Shave the skin at the level of the
tumor masses and around them. The evaluation of treatment efficacy requires
careful measurements of the dimensions (at least the areas) of these masses, which
should be reported on a drawing or on a photograph. It is also recommended to
determine the thickness and the consistency of the masses, which could be modi-
fied by the treatment. In case of the presence of some liquid content (blood or
necrosis) in the masses, drain it as much as possible in order to avoid perturba-
tions of the electric field distribution during the electric pulse delivery.
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3. Bleomycin administration: Infuse bleomycin intravenously via the catheter, in a
bolus of about 30 seconds, at a dose of 0.5 mg/kg. This dose is equivalent to that
used when electrochemotherapy is applied to tumor treatment in rats, rabbits and
humans (9-11). Then wait for 4 min before beginning the electric pulse delivery,
in order to let bleomycin to reach a sufficient concentration in the intratumoral
interstitial fluids. According to preliminary experiments, the bleomycin concen-
tration remains at a therapeutic level in the interstitial fluids for about 30 minutes
after the bolus injection.

3.2. Electric Pulse Delivery Using External Electrodes

1. Use the external electrodes to treat only the thin tumors (<1 cm), for which the
transcutaneously delivered electric pulses can efficiently permeabilize all the
tumor volume.

2. Adjust the electric pulse parameters at 1300 V/cm of electric field intensity (that
is the ratio of the delivered voltage to the distance between the electrodes),
100 us of Iength and 1 Hz of repetition frequency. This electric field intensity is
chosen according to preclinical data and ex vivo experiments performed on mice,
which have shown that this is the minimal value allowing to optimally
permeabilize the whole tumor volume between two electrodes placed on the skin
above the tumor nodule to be treated (1,12).

3. Put the electrodes on each tumor site and apply runs of 8 pulses (see Note 3). To
treat a small protruding nodule with a size inferior to the gap between the elec-
trodes, place the two electrodes at both sides of this nodule. To treat larger nod-
ules, place successively the electrodes at adjacent positions over the tumor nodule
in order to completely cover the tumor area (see Note 4).

4. Use the external electrodes to cover the periphery of the large tumor masses
treated by the needle-electrodes in order to treat possible tumor infiltrations, not
yet palpable but responsible for tumor recurrences after the treatment of the
palpable masses.

3.3. Electric Pulse Delivery Using Intratumoral Needle-Electrodes

1. Use the needle-electrodes to treat the thick tumors, for which the intratumorally
delivered electric pulses can efficiently permeabilize all the tumor volume.

2. Adjust the electric pulse parameters at 100 us of length and at 800 V/cm of elec-
tric field intensity, that is at a delivered voltage of 480 V for the 6 mm of distance
between the closest electrodes. This electric field intensity is chosen according to
ex vivo experiments performed on mice showing that this value is above the
threshold for permeabilization of the tumor cells present in a tumor volume com-
prised between two parallel flat electrodes placed at its contact (12). Adjust at
6 Hz the generator pulse frequency, that results in 0.5 Hz of repetition frequency
for a given pair of electrodes since there are 12 closest equidistant pairs of elec-
trodes in the array formed by the seven electrodes.

3. Insert the array of seven needle-electrodes into each tumor site and apply runs of
8 pulses, each run thus lasting 16 seconds. To treat the whole of a large tumor
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mass, reposition the electrode array at adjacent sites as many times as necessary
(see Note 5).

3.4. IL-2 Based Inmunotherapy

1.

2.

Prepare 30 x 10% CHO(IL-2) cells by trypsinization, centrifugation and
resuspension in 2-3 ml of culture medium without fetal calf serum.

Inject 30 X 10° CHO(IL-2) cells into the tumor and its close vicinity by several
successive injections of about 300-500 pL. Perform this procedure the day after
electrochemotherapy.

Repeat weekly the CHO(IL-2) cell injection for 6 wk. It is important to prepare
the cells immediately prior to injection to preserve viability.

3.5. Animal Follow-up

1.

2.

If possible, keep the treated animal for one day in the clinics, for observation (see
Note 6).

Each month, evaluate the tumor evolution by measuring the tumor size (take
photographs if possible).

In the case of an arrest of tumor progression without apparent tumor regression,
perform a biopsy for an histological control of the treated masses, about 2—-3 mo
after the first electrochemotherapy session, since massive tumor necrosis and
peripheral fibrosis without tissue resorption can occur.

In the case of tumor relapse, repeat the electrochemotherapy provided the cat
health status is still good (see Note 7).

Evaluate the treatment efficiency by the survival time after the first electro-
chemotherapy session, which must of course be compared to the survival time
of animals in similar clinical situations but just followed without any treatment.
As an example, a recent trial reported a very satisfying increase of lifespan
of the cats treated by electrochemotherapy, with a median survival time of
5 mo (12 animals, maximum survival 18 mo), in comparison with the control
untreated cats, having a median survival time of 3 wk (11 animals, maximum
survival 1.5 mo) (5).

4. Notes

1.

We also used external electrodes of 1 cm or 4 cm width. The 1 cm electrodes
(initially designed for mouse tumor treatment) covered too small of an area above
the subcutaneous tumors, and the 4 cm electrodes were too wide to allow regular
electrical contact with the skin.

In the absence of IL-2 secreting cell availability, it is of course possible to treat
the tumors by electrochemotherapy alone without the additional immunotherapy.
In such a case, marked local antitumor effects are nevertheless expected.

At each electric pulse delivery, an instantaneous muscular contraction is
observed. Its amplitude depends on the exact location of the electrodes on the
body, in particular on the distance to the nervous centers. In no case these
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contractions represent a limitation to the treatment, but they require firm holding
of the cat during the electric pulse delivery.

Add a small amount of electrocardiograph paste on the electrodes at each time
they are placed on the skin, but take care to avoid an excess of the conducting
paste that could make a paste bridge between the two electrodes and provoke a
short-circuit. Similarly, to avoid such risk of a short-circuit between the two elec-
trodes when they are successively placed at adjacent positions, wipe the skin
from time to time to remove the presence of residual paste on the skin.

. Even in the case of multiple applications of the needle-electrode array into tumor

masses, we never observed bleeding hampering the treatment. This could be
due to a kind of microscopic cauterization of the tissues in contact with the
electrodes.

During a few days after the electrochemotherapy session, a peritumoral oedema
around all the treated areas is always observed. This oedema is related to the
intense local inflammatory reaction that is an active part of the final efficacy of
the treatment. This reaction is also stimulated by the locally administered IL-2.
In the case of treatment by needle-electrodes, a local hyperthermia restricted to
the treated volume is sometimes observed, without systemic fever.

A bad health status of the treated cat is the indication of a general metastatic
spreading, typical of a very advanced stage of the disease, and this contraindicates
further electrochemotherapy session.
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Treatment of Rat Glioma With Electrochemotherapy

Leif G. Salford, Per Engstrom, and Bertil R. R. Persson

1. Introduction

The first attempt to apply electrochemotherapy (ECT) to the brain was
reported in 1993 by Salford et al. 1993 (1). They managed to significantly
prolong the survival of RG2 glioma bearing Fischer-344 rats by 200% by iv
administration of bleomycin followed by intracranial electrochemotherapy with
exponential decaying pulses. In collaboration with the department of tumor
immunology, Lund University, an ethyl-nitroso-urea induced rat glioma cell
line (N32) is developed that produces glioma of malignant astrocytoma type
with only half the growth rate of the RG2 cells (2). The N32 tumor implanted
in rats was treated with intracranial electrochemotherapy and enhanced uptake
of ['!"In]bleomycin from intracranial ECT was also demonstrated with a scin-
tillation camera (3). !!'In-labeled bleomycin has been used to investigate the
uptake and retention after ECT treatment of subcutaneous N32 tumors (4).

Although ECT is in its first stages of development, it is clear that
electropermeabilization therapy can be used in conjunction with chemotherapy
to deliver drugs to target areas. ECT with bleomycin is currently in Phase II
clinical trials for head and neck carcinoma and is promising as an effective
therapy for localized solid tumors (5). ECT has shown to be a very efficient
treatment for various solid tumors but has markedly diminished effects for
treating metastatic tumor growth. Electrochemotherapy is primarily a local
treatment where the tumor volume exposed to high-voltage pulses responds.
However, there are results that demonstrate a systemic immunologic response,
provoked from the electrochemotherapy as well (6).

Experimental evidence suggests that combining ECT with immunotherapy
may resolve the problem of metastatic disease. The immune system can be
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stimulated with such agents as interferon or cytokines. These chemicals are
normally present in the body in small amounts, but are used in immunotherapy
in larger amounts. This approach would allow a systemic response to be gener-
ated from local electrochemotherapy treatment. Current efforts are focused in
this direction. Mir et al. (6) have shown, that murine tumors treated on the
flank with ECT using bleomycin, followed by injection of low-dosage of IL-2
over a few days, or injection of histoincompatible IL-2 secreting cells, can
have a systemic effect that can greatly enhance cure rate in treated animals.
This chapter reports our efforts in applying ECT with bleomycin for treatment
of tumors in the brain using a glioma rat model.

2. Materials

1. Tumor cells: Rat glioma (RG2), originally emanating from an ethylnitrosourea-
induced rat tumor was used. The cell line grows very well in infinite cell and
produces malignant astrocytoma-like tumors when inoculated in the brain of
Fischer 344 rats (7). When at least 1000 RG2 cells are inoculated, well-
delineated tumors develop in 100% of our animals within 3 weeks. Untreated
tumors have by then reached a diameter of 3—6 mm at this time.

2. Animal model: Fischer 344 rats of both sexes, weighing 150-250 g, bred at our
laboratory in Lund, Sweden. The animals were housed with free access to water
and food (Pellets, SAN-bolagen, Malmo, Sweden).

3. Electric pulse generator: A BTX 600 (Genetronics Inc., San Diego, CA) that
delivers exponentially decaying pulses.

4. RS nutrient solution (5%): 25 mL fetal calf serum, 4 mL HEPES (140 g/ 500 mL,
pH 7) (Sigma, St. Louis, MO); 50 mL of 10X RPMI-1640, 15 mL of 200 mM
L-glutamine, 5 mL of 100 mM sodium-pyruvate, 0.5 mL of 50 mg/ml gentamycin
(Gibco BRL/Life Technologies), 13.75 mL of 8% NaHCO;, 5 mL of 1 M NaOH.

3. Method
3.1. Tumor Induction and ECT Treatment

1. Maintain cells in continuous serial passage in nutrient medium (RPMI 1640,
Labdesign, Stockholm, Sweden) with addition of 5.5% fetal calf serum. Add gen-
tamicin (50 pg/mL) to avoid infection.

2. Harvest RG2 cells immediately before inoculation into rat brains by washing
twice in a Trypsin buffer (Trypsin 0.04%, EDTA 1%) for 1 min, followed by
5 min incubation at 38°C (see Note 1). Count cells in a Biirker chamber and
dilute to 1,000,000 cells per mL in RS nutrient solution.

3. Anaesthetize rats with 5% chloral hydrate, 6 mL/kg body weight, given intra-
peritoneally (see Note 2).

4. Fixrats, one at a time, in a stereotaxic instrument. Make a sagittal skin incision in
the midline over the anterior part of the brain. Identify the coronal suture and
drill a borehole in the vertex of the skull for cell injection.
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Fig. 1. The arrangement for electroporation therapy of brain tumors implanted in
the right caudate nucleus of a rat.

5. Inject, by stereotaxic technique, 5000 RG2 cells in 5-uL. RS nutrient solution
using a Hamilton syringe into the head of the right caudate nucleus of the brain.
To avoid extracranial tumor growth, clean the injection site with 70% ethanol
after injection. Seal the borehole bone wax (see Note 3). The N32 cell line can
also be used in Fisher rats. However, each rat should be injected with 15,000
N32 cells in the head of the right caudate nucleus. Inoculate groups of two to
eight animals during each instance with cells harvested immediately before the
procedure.

6. Match every animal that is scheduled to receive electrochemotherapy treatment
to a control animal that was inoculated with identical tumor cells immediately
before the treatment animal. Treat animals on the tenth day after inoculation when
the tumors are approximately 2 mm in diameter. If the tumors are not treated,
large lethal gliomas develop after 3 wk (5).

7. Prepare two acupuncture needles (0.3 mm in diameter) that have been insulated
with Teflon tubing along their lengths except for 5 mm at the tip. These insulated
needles will serve as electrodes when introduced through two predrilled holes in
the skull, located 5 mm apart. One hole should be drilled 2.5 mm in front of and
the other 2.5 mm behind the original bore hole used for cell inoculation 10 days
earlier. Insert the needles stereotaxically to a depth of 4 mm to reach the level of
the tumor (see Note 4). In sham experimental conditions, the electrodes are
inserted to the same positions in the normal brain. Electrode positioning relative
to the tumor is shown in Fig. 1.

8. Electropermeabilization of the tumor is performed on the fourth and the seventh
minute after an intravenous bolus injection of 0.3 mL bleomycin. Altogether
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Fig. 2. Results of in vivo electrochemotherapy with bleomycin. The treatment was
stared 10-13 d after inoculation of 5000 RG2 tumor cells in the right caudate
nucleus of rat brains. Two of the animals lived longer than 30 d while all controls died
within 14 d.

16 pulses (8 + 8) with a field strength of approximately 800 V/cm and a time

constant of 1.0 ms should be administered at a frequency of 1 Hz (see Note 5). A
memory oscilloscope (Fluke Philips PM97 50 MHz scopemeter) is useful for
monitoring the characteristics of the given pulses. Control groups that receive
not treatment as well as bleomycin injection with no subsequent electroporation
should be included for comparison.
9. After treatment the wound was closed and the animals are kept in their cages for
daily observation of the tumor growth. When the animal start to develop neuro-
logical signs of tumor growth, the animals are sacrificed by perfusion-fixation of
the brains under anesthesia.

3.2.

Experimental Results

Animals with inoculated brain tumors were treated with bleomycin followed
by electropermeabilization as described in the protocol above (). Survival data
are shown in Fig. 2. Animals that were treated with bleomycin and electric
pulses had prolonged survival time compared to the controls. Some complete
remissions were observed, yielding an altogether 18% survival. Controls ani-
mals that received bleomycin only did not show a difference in survival time
compared to the non treated controls and did not result in any complete remis-
sions. This indicates that the drug alone has no effect on RG2 tumors.
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4. Notes

1.

=

Be sure not to exceed a concentration of 0.05% trypsin when detaching cells
because higher concentration may kill cells.

Make sure not to exceed a chloral hydrate dose of 6 ml 5% chloral hydrate per kg
body weight, because rats may be euthanized by higher dose.

The injection site must be sealed to avoid extracranial tumor growth.

Make sure not to insert needles beyond 5 mm to avoid injuries in the brainstem.
Do not exceed a field strength of 900 V/cm because it may kill the animal.
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Treatment of Liver Malignancies
with Electrochemotherapy in a Rat Model

Mark J. Jaroszeski, Richard Gilbert, and Richard Heller

1. Introduction

Electrochemotherapy (ECT) is a combination treatment which involves
administering a chemotherapeutic agent followed by the delivery of electric
pulses to cells or tissue. Electrical treatment results in increased drug uptake
by the cells which provides an improved therapeutic benefit relative to using
the drug alone. Increased drug uptake is due to a process that has been termed
electropermeabilization, or electroporation.

The process of electropermeabilization effects cells at the membrane level
and is the result of exposure to pulsed electric fields (1). This type of electrical
treatment induces membranes to become more permeable by destabilizing the
lipid bilayer structure. The permeabilized state is transient and typically lasts
on the order of minutes (2). It is the result of dielectric membrane breakdown,
which is a physical phenomenon.

Electropermeabilization has become popular for introducing DNA, fluores-
cent molecules, and drugs in vitro because it allows exogenous molecules to
more freely enter the cytosol. This popularity is largely due to the physical nature
of electroporation which makes the technique universally applicable. More
recently, electroporation and the chemotherapeutic agent bleomycin have been
used together in ECT protocols for the treatment of tumors in vivo (3-16).

Electrochemotherapy has been performed in a number of animal models.
Models for melanoma (3-5), lung carcinoma (6), mammary tumors (7), fibro-
sarcoma (5), sarcoma (4), Ehrlich-Lettre Ascites carcinoma (5), hepatocellular
carcinoma (8), and glioma (9) have been treated with ECT. Response rates
have ranged from 70% to 85% which demonstrated the effectiveness of the
combination treatment. Clinical trials were initiated based on early research
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findings. Currently, there are ECT clinical trials for melanoma (10-12), basal
cell carcinoma (10,11,13), and head and neck squamous cell carcinoma (14-16).

The majority of ECT animal studies have utilized subcutaneously induced
tumors. All of the human clinical ECT trials have treated tumors at the level of
the skin only. Methods and devices for performing ECT on skin cancers or
subcutaneously induced tumors are becoming more refined. However, little
has been done to asses the applicability of ECT for the treatment of tumors that
involve internal organs. Therefore, a study was conducted in order to explore
the applicability of ECT for the treatment of hepatomas in a rat model (17).
The protocol described below was developed and used for treating this type of
tumor.

2. Materials

1. Rats: Male or female Sprague Dawley rats (Harlan, Indianapolis, IN, USA) 200 g, or
greater, should be utilized. Animals should be housed and fed under standard
conditions.

2. Hepatoma Cell line: N1S1 rat hepatocellular carcinoma cells (CRI-1604; Ameri-
can Type Culture Collection, Rockville, MD, USA). Cells should be grown in
Swimms S-77 medium (Sigma, St. Louis, MO, USA) modified to contain 4 mM
L-glutamine, 0.01% Pluronic F68 (WPMO-568B, BASF Corp., Parsippany, NJ),
9% fetal bovine serum (v/v), and 90 pg/mL gentamicin sulfate. Cell Dissociation
Solution (CDS; Sigma, St. Louis, MO, USA) should be used instead of trypsin
for detaching cells.

3. Anesthesia: [soflurane (Mallincdrodt Veterinary, Inc., Mundelein, IL, USA) and
an appropriate vaporizer to administer the inhaled anesthetic are required.

4. Electroporator: A direct current pulse generator such as a BTX T820 (Gene-
tronics, Inc. San Diego, CA).

5. Oscilloscope: A digital storage device to monitor administered electric pulses. A
Philips PM3375 oscilloscope (Philips, Eindhoven, Netherlands) has been used
for the protocol described in this chapter.

6. Electrode and Switch: A 1 cm diameter array of needle electrodes (Genetronics,
Inc.) comprised of six needles arranged circumferentially as shown in Fig. 1. A
mechanical switch (Genetronics, Inc.) should be used to direct the pulses from
the pulse generator to opposing pairs of needles as indicated in Fig. 2.

7. Chemotherapeutic Agent: Bleomycin (Bristol-Meyers Squibb, Inc, Princeton, NJ)
should be dissolved in sterile saline for injection to a concentration of 5 U/ml
(see Note 1).

3. Methods
3.1. Anesthesia and Surgical Procedures

All procedures in this protocol require gaining access to the liver. There-
fore, methods for anesthesia and surgery are very important. These procedures
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Fig. 1. Electrode used to deliver pulses to liver tumors in rats. Each needle had an
independent electrical connection. Needles were equispaced at 60° intervals around a
1-cm diameter circle and held in place by a handle. A plastic spacer was inserted into
the end of the device to limit the maximum penetration depth of the needles.

Fig. 2. Scheme used by mechanical switch to apply electric fields to the liver tissue
by energizing opposing needle pairs during pulse delivery. Dark circles indicate
the insertion point of needles into the liver tissue surrounding each tumor. Applying
pules in this manner rotated the field around the treatment site.
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are described below and should be followed when tumors are induced, during
electrochemotherapy treatment, and also during follow-up.

1. Induce anesthesia by placing a rat into a chamber charged with 3% isoflurane in
oxygen until the animal is unconscious (see Note 2). This should require about
2 min.

2. Transfer the animal to surgical table and fit with a standard rodent mask supplied

with 2.5-3% isoflurane.

Shave the abdomen of the animal and clean the abdomen with betadine solution.

4. Surgically expose the median liver lobe by making a 3-cm transverse incision
approximately 0.5 cm caudal to the xiphoid process.

5. Apply pressure, gently by hand, to the chest in order to force the median liver
lobe out of the incision for tumor induction, ECT treatment, or follow-up.

6. Perform necessary manipulations such as tumor induction, ECT treatment, or
follow-up.

7. Close animal by inserting the liver back into the abdomen, suturing the abdomi-
nal muscles, and stapling the overlying skin.

8. Monitor the animal until fully awake. This should require 5-10 min.

(98]

3.2. Tumor Induction

1. Seed N1SI1 cells into culture in swimms media. Introduce 10,000 viable cells per
cm? of growth surface. Place cells into incubator at 37°C in a humidified atmo-
sphere containing 5% CO,.

2. Allow cells to grow for 3—4 d which should result in nearly confluent cultures.

3. Harvest cells by aspirating media and then adding enough CDS to cover the
growth surface. Allow cells to incubate in CDS for approximately 2 min at room
temperature or until all cells detach.

4. Remove cells suspended in CDS and place into a centrifuge tube. Wash residual
cells from the growth surface using Ca and Mg free phosphate-buffered saline
(PBS); add these cells to the tube.

5. Wash cells three times by centrifugation in Ca and Mg free PBS at 200g. Resus-
pend cells in a small volume of PBS after the final wash.

6. Determine the concentration of cells in the suspension and assay for viability by
enumerating a small quantity of suspension, using a hemacytometer, that has
been mixed with trypan blue dye.

7. Adjust cell concentration in the suspension to 2 x 107 viable cells/ml by adding
Ca and Mg free PBS. Alternatively, centrifuge cells again and removing an
appropriate volume of Ca and Mg free PBS if the enumerated suspension has a
fewer than 20 x 107 viable cells/mL.

8. Store cells on ice until they are utilized. Cell viability is typically maintained for
3—4 h after harvesting.

9. Surgically expose the right half of the median liver lobe in each animal using
the procedures detailed in Subheading 3.1. Inject 50 uL of well-mixed N1S1
cell suspension (1 x 10° cells) into the lobe just beneath the capsule. Close each
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animal and allow 7-10 d for tumor growth before attempting to treat animals
with ECT (see Note 3).

3.3. Electrochemotherapy Treatment

1.

2.

Anesthetize animals, one at a time, and surgically expose the tumors for treat-
ment as described in Subheading 3.1.

Measure three mutually orthogonal tumor dimensions using a Vernier caliper
and record measurements. Compute tumor volume using the formula: a X b X ¢ X
1/6 and keep a record of these data for each animal (see Note 4).

Inject 100 pL of 5 U/mL bleomycin solution (0.5 unit dose) directly into each
tumor using a 30-gauge needle attached to a 1 cc tuberculine syringe. Inject in a
manner that perfuses the entire tumor.

Insert the six-needle electrode array into the perimeter of the tumors 90 s after
completing the bleomycin injection. Insertion depth can be limited by spacers
that are supplied with the electrodes. It is important to insert the needles to a
depth that is greater than the tumor depth. It is also critical to make sure that the
entire tumor perimeter is encompassed by the electrode.

Administer a series of six 100 us pulses to each tumor immediately after elec-
trode insertion. A field strength of 1000 V/cm is recommended; however, this
can also be an experimental variable. The series of pulses is generated by the
T820 at 1-s intervals and an audible beep is generated for each pulse. It will be
necessary to manually rotate the switch one position immediately after the
audible sound is heard. A clockwise or anticlockwise direction can be used for
rotation, but the same direction should be used for all six pulses in each series.
This will ensure that the pulses are distributed in the proper manner as indicated
in Fig. 2.

Close animals after the treatment has been completed as described in Sub-
heading 3.1.

3.4. Posttreatment Monitoring

1.

Open the abdomen of each animal using the procedure described in Subheading
3.1. The time points for following each animal are dependent on the experiment.
One week intervals beginning immediately after treatment are reasonable for the
first few weeks after ECT. After this time, longer periods between surgeries are
advisable.

Measure dimensions of each tumor and compute tumor volumes as described in
step 2 of Subheading 3.3.

Compare data from different animals/treatment groups in the experiment. Data
can be expressed in several different manners. For example, mean tumor vol-
umes at each follow-up time can be computed. These mean data at each time
point can also be normalized to the mean tumor volumes at the time of treatment
which indicates relative changes in tumor load. A system of rating treatment
response can also be used. Animals that have increased tumor volumes relative to
individual tumor sizes on the day of treatment are scored as progressive disease.
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Table 1
Response of N1S1 Tumors 14 d After Treatment
Response
Number
Treatment of Tumors % Progressive % Stable % Partial % Complete
Group Treated Disease Disease Response Response
D-E- 9 100 0 0 0
D-E+ 9 100 0 0 0
D+E- 10 90 0 0 10
D+E+ 13 15.4 0 15.4 69.2

D, drug (bleomycin) treatment; E, electrical treatment; +/—, presence and absence of drug or
electrical treatment.

Animals that have tumor volumes that are 50% or greater than their respective
volumes at the time of treatment are scored as no effect. Tumors that decrease by
more than 50% by volume are scored as partial responses. Finally, animals with
no visible or palpable tumor are scored as complete responses. These data are
then tabulated by treatment group to indicate success or failure of the treatment.
An example of this type of representation is shown in Table 1.

4. Humanely euthanize animals at the end of the study.

4. Notes

1. OTHER CHEMOTHERAPEUTIC AGENTS CAN BE SUBSTITUTED FOR BLEOMYCIN. The litera-
ture should be consulted for guidelines that will help identify an appropriate dose.

2. ISOFLURANE RESULTS IN VERY CONTROLLED ANESTHESIA WITH RAPID RECOVERY. Alter-
natively, a subcutaneous 3 mg/kg dose of atropine sulfate (WAB10125; The But-
ler Company, Columbus, OH) followed ten minutes later by a 45 mg/kg
intraperitoneal dose of sodium pentobarbital (WAB10505, The Butler Company)
can be used for anesthesia. The depth of anesthesia is much more difficult to
control using pentobarbital due to variation from animal to animal. It may be
necessary to deliver a small booster dose of pentobarbital in order to achieve
sufficient anesthesia.

3. A 7-10-DAY GROWTH TIME RESULTS IN TUMORS THAT ARE APPROXIMATELY 100 mMm?>.
Longer tumor growth times will result in larger tumors for treatment. The dou-
bling time of these tumors is approximately 2.5 days.

4. KEEPING TRACK OF ANIMALS IS CRITICAL FOR FOLLOW-UP. A system of punching holes
in the ears or striping tails with ink is an excellent means uniquely labeling each
animal in the study.
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Treatment of Liver Tumors in Rabbit

Stéphane Orlowski and Lluis M. Mir

1. Introduction

Electrochemotherapy has been proven to be efficient for the treatment of
subcutaneous tumors of different histological types in mice, rats and cats
(1-3). Electrochemotherapy is essentially a local treatment. Indeed, it is based
on the potentiation of the cytotoxicity of a low-permeant drug, typically
bleomycin, by tumor cell permeabilization using brief and intense electric
pulses. In the tissues exposed to such electric pulses, the so-called cell
electropermeabilization is obtained only in the volume crossed by an electric
field of intensity higher than a threshold value (4). The existence of this thresh-
old for tissue permeabilization implies that the potentiation of the cytotoxic
drug by the applied electric pulses is limited to the space roughly comprised
between the electrodes. In the case of rather small and prominent cutaneous or
subcutaneous tumors, it is easy to place two external electrodes on each side of
the tumor nodule to be treated and to transcutaneously deliver the
permeabilizing electric pulses. For thick and for deep subcutaneous tumors as
well as for tumors located in internal organs, this electrode configuration is not
appropriate because the electric pulses have to be delivered directly to the
tumor tissues. Externally placed electrodes simply do not supply electric fields
that extend deep enough for these situations. Intratumoral electric pulse deliv-
ery can, however, be achieved using needle-electrodes that are inserted into the
tumor volume. We have designed an applicator constituted by multiple parallel
and equidistant needles in order to avoid the delivery of very high-voltage elec-
tric pulses. A specifically manufactured generator ensures the multiplexed
supplying of the electric current to each pair of closest needle electrodes. Thus,
the entire tumor volume is divided in small units which are separately
permeabilized by the different pairs of closest electrodes.
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The clinical relevance of electrochemotherapy depends on the demonstra-
tion of the possibility to deliver permeabilizing electric pulses to any tumor
location: this is particularly true for internal organs that are accessible only by
a surgical approach. This is the reason why we chose to address the treatment
of tumors transplanted into rabbit liver, since the rabbit is a common labora-
tory animal well adapted to experimental surgery. The treatment protocol that
we established for liver (5) can obviously be transposed to the treatment of
other types of internal tumors present in other parenchymatous tissues.

2. Materials
2.1. Rabbits and Tumor Cells

1. New-Zealand white rabbits (Elevage Scientifique des Dombes, Romans, France)
are maintained in animal housing facilities under standard conditions, with a labo-
ratory diet and water given ad libitum.

2. The VX2 carcinoma is a rabbit tumor of epithelial origin, initially explanted from
papillomas of the domestic rabbits (Dr. G. Orth, Institut Pasteur, Paris, France).
It is easily inoculatable in liver, and it is routinely maintained in vivo by serial
passages in carrier animals.

2.2. Drugs

1. Rabbit sedation is obtained by acepromazine (Calmivet®, Vétoquinol, Luré,
France) and general anesthesia by ketamine hydrochloride (Ketamine®, Parke
Davis, Courbevoie, France) and xilazine 2% (Rompun®, Bayer, Puteaux, France).

2. Bleomycin (Laboratoire Roger Bellon, Neuilly-sur-Seine, France) is dissolved in
sterile 0.9% sodium chloride just before the intravenous infusion.

2.3. Electric Pulse Generator and Electrodes

1. Generator: Square-waved electric pulses of adjustable voltage, length and fre-
quency are produced by a MKO generator (CELTEM, Antony, France), specifi-
cally designed for electric pulse delivery to multiple electrodes by the means of
an integrated switch which allows the successive distribution of the applied volt-
age to every pair of closest electrodes.

2. Electrodes: The electrodes are constituted by a set of seven parallel and equidis-
tant needles, held by an insulating template which sets the electrode gap and
allows safe electrical connection to the generator MKO. The seven electrodes are
arranged according to a centered hexagonal array, with a distance of 6 mm
between every pair of closest electrodes (Fig. 1). The pulsing sequence driven by
the generator consists in the succession of the twelve closest pairs of electrodes,
first involving the central needle with each of the six peripheral needles, and
second the six pairs of peripheral neighboring needles. The exact sequence is of
no importance, provided all the closest pairs of electrodes are fed by the genera-
tor, without two consecutive recruitments of the same electrode.



Fig. 1. Two examples of electrodes based on the principle reported in the text.
Right: Template supporting seven parallel equidistant needles. Left: Template sup-
porting nineteen parallel equidistant needles (the core of seven needles, as in the tem-
plate shown above, surrounded by one more ring consisting of 12 parallel needles
placed equidistantly to themselves and to the other needles in the inner array).
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3. Methods and Treatment
3.1. Surgical Approach

1. Prepare the rabbit by a subcutaneous injection of 3.5 mg/kg of Calmivet to obtain
sedation. Then put an intravenous catheter in the ear vein, and anesthetize the
rabbit by the injection of 0.5 mL of a mixture of ketamine and xilazine. Boluses
of 0.5 ml of the anesthetics are given a few minutes later, and then at the begin-
ning of the surgery. Supplementary boluses of 0.5 mL can be given to prolong the
anesthesia duration, if necessary, during the electric pulse delivery session.

2. Place the rabbit in dorsal decubitus on a surgical table, shave its abdominal wall,
disinfect the skin, and put a sterile operative field.

3. Perform a median subxyphoid incision (about 10 cm long) to gain access to the
left lobe of the liver.

4. Expose the liver out of the body, for tumor transplantation or treatment as
indicated below. If necessary, irrigate the liver surface with sterile physiological
saline during procedures.

3.2. Tumor Obtention

1. Follow the surgical approach to expose liver as stated in Subheading 3.1.

2. Harvest tumor tissue from a carrier rabbit, and cut sterilely a small fragment
(2—4 mm?) from a nonnecrosed part of the tumor excised.

3. Within 3 h, implant this tumor fragment under the hepatic capsula on the left lobe
of the liver (see Note 1).

4. Wait for about 2 wk after the transplantation, in order to obtain a well limited
tumor of 12—-18 mm.

3.3. Electrochemotherapy
3.3.1. Surgery

1. Perform surgery to expose the liver tumor as in Subheading 3.1.

2. Visualize and palpate the tumor, and measure its diameter with a sterile caliper.
Then place the liver back inside the body in order to avoid vascular constrictions
during the time of bleomycine infusion.

3.3.2. Bleomycin Administration

1. Infuse bleomycin via the intravenous access in a bolus of about 30 seconds, at a
dose of 1 mg/kg. This dose is equivalent to that used when electrochemotherapy
is applied to tumor treatment in rats, cats, and humans (3,6,7).

2. Wait for 4 minutes before the beginning of the electric pulse delivery in order to
let bleomycin to reach a sufficient concentration in the intratumoral interstitial
fluids. Then, expose again the liver out of the body, and apply the electric pulses
within a time window of about 10 min.
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3.3.3. Electric Pulse Delivery

1. Adjust the electric pulse parameters at 100 pus of length and at 850 V/cm of elec-
tric field intensity, that is at a delivered voltage of 510 V for the 6 mm of distance
between the closest electrodes. This electric field intensity is chosen according to
ex vivo experiments showing that this value is above the threshold for perme-
abilization of the tumor cells present in a tumor volume between two parallel flat
electrodes (4). Adjust the generator pulse frequency at 8 Hz, that results in
0.67 Hz of repetition frequency for a given pair of electrodes since there are
12 closest equidistant pairs of electrodes in the array formed by the seven electrodes.

2. Insert the array of seven needle-electrodes into the tumor nodule and apply runs
of 8 pulses, each run thus lasting 12 s. To suitably treat the whole tumor mass,
reposition as many times as necessary the electrode array at adjacent sites into
the visible tumor and into the apparently healthy tissue in the immediate vicinity
of the tumor (see Notes 2 and 3). When the tumor is large enough as to be appar-
ent from both sides of the liver lobe, insert the needle-electrodes into the two
sides of the tumor.

3.4. Animal Follow-up

1. At the end of the treatment, suture the median incision by sewing the muscular
and the cutaneous walls (see Note 4). Monitor the rabbit until it is conscious.

2. Keep the treated rabbits under observation, either for a fixed period in the case of
histological evaluation of electrochemotherapy efficiency, or for an undefined
time in the case of survival experiments.

3. If necropsies are part of the follow-up, in order to quantify the relative extension
of the primary treated tumor and metastases appearance, weigh the rabbits at
regular times and euthanize them when their general health status is too low.

4. Notes

1. VX2 tumors can also be obtained in the liver by the injection under the hepatic
capsula of a suspension of the VX2 cells (107 cells in 100 uL of medium) pre-
pared by dissociation of a tumor excised from a carrier animal. This protocol for
liver tumor obtention appears however less satisfactory than fragment transplan-
tation because it generally produces multiple liver tumor nodules, due to cell
spreading at the time of tumor cell inoculation.

2. The electric pulse delivery (even in the absence of bleomycin) induces a local
modification of the treated tissue color, reversible in 15-20 min. This change is
probably due to a transient vascular lock resulting in a blood flow arrest in the
electropulsed tissue volume. Therefore, never apply electric pulses to the tumor
site before the bleomycin intravenous injection.

3. In spite of a rather high number of needle insertions into the liver, we noticed an
unexpected almost complete absence of bleeding, which is perhaps due to the
electric pulse-induced vascular lock. However, take care to dry the liver lobe
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surface in order to avoid electric short-circuit between the needle-electrodes when
they are inserted into the liver.

It is possible to improve the antitumor effect of the treatment by associating it
with an interleukin-2 (IL-2) based immunotherapy, according to previous pre-
clinical trials performed on mice (8,9). Briefly, a few minutes after the end of
the electric pulse delivery, inject 30 x 10 CHO(IL-2) cells, resuspended in
200-300 uL of culture medium without serum, into the tumor and its close vicin-
ity. These xenogeneic IL-2 secreting cells are Chinese hamster ovary cells in
vitro transfected with the human IL-2 gene, and in vitro secreting 3500 units of
IL-2 per ml, 72 hours and 80,000 initially seeded cells (10).

References

1.

10.

Mir, L. M., Orlowski, S., Belehradek, J. Jr, and Paoletti, C. (1991) Electro-
chemotherapy: potentiation of antitumour effect of bleomycin by local electric
pulses. Eur. J. Cancer 27, 68-72.

. Okino, M., Tomie, H., Kanesada, H., Marumoto, M., Esato, K., and Suzuki, H.

(1992) Optimal electric conditions in electrical impulse chemotherapy. Jpn.
J. Cancer Res. 83, 1095-1101.

. Mir, L. M., Devauchelle, P., Quintin-Colonna, F., Delisle, F., Doliger, S.,

Fradelizi, D., Belehradek, J. Jr., and Orlowski, S. (1997) First clinical trial of cat
soft-tissue sarcomas treatment by electrochemotherapy. Br. J. Cancer 76, 1617-1622.

. Belehradek, J. Jr., Orlowski, S., Ramirez, L. H., Pron, G., Poddevin, B., and

Mir, L. M. (1994) Electropermeabilization of cells in tissues assessed by the quali-
tative and quantitative electroloading of bleomycin. Biochim. Biophys. Acta 1190,
155-163.

. Ramirez, L. H., Orlowski, S., An, D. J., Bindoula, G., Dzodic, R., Ardouin, P.,

Bognel, C., Belehradek, J. Jr., Munck, J. N., and Mir, L. M. (1998) Electro-
chemotherapy on liver tumours in rabbits. Br. J. Cancer 77,2104-2111.
Salford, L. G., Persson, B. R. R., Brun, A., Ceberg, C. P., Kongstad, P. C., and
Mir, L. M. (1993) A new brain tumour therapy combining bleomycin with in vivo
electropermeabilization. Biochem. Biophys. Res. Commun. 194, 938—943.

. Belehradek, M., Domenge, C., Luboinski, B., Orlowski, S., Belehradek, J. Jr., and

Mir, L. M. (1993) Electrochemotherapy, a new antitumor treatment: first clinical
phase I-1I trial. Cancer 72, 3694-3700.

. Mir, L. M., Orlowski, S., Poddevin, B., and Belehradek, J. Jr. (1992) Electro-

chemotherapy tumor treatment is improved by interleukin-2 stimulation of the
host’s defenses. Eur. Cytokine Netw. 3, 331-334.

. Mir, L. M., Roth, C., Orlowski, S., Quintin-Colonna, F., Fradelizi, D., Belehradek,

J. Jr., and Kourilsky, P. (1995) Systemic antitumor effects of electrochemotherapy
combined with histoincompatible cells secreting interleukin-2. J. Immunother. 17,
30-38.

Ferrara, P., Pecceu, P., Marchese, E., Vita, N., Roskam, W., and Lupker, J. (1987)
Characterization of recombinant glycosylated human interleukin-2 produced by a
recombinant plasmid transformed CHO cell line. FEBS Lett. 226, 47-52.



25

Electrically Mediated Reporter Gene Transfer
into Normal Rat Liver Tissue

Mark J. Jaroszeski, Richard Gilbert, Claude Nicolau,
and Richard Heller

1. Introduction

Gene therapy is a relatively new type of treatment compared to other
modalities such as surgical intervention and drug therapy. Unfortunately, gene
therapy is not yet a reality. However, this type of treatment continues to show
promise due to the wealth of molecular information about human disease that
has been accumulated in the past two decades. This information has a high
potential for therapeutic benefit because the molecular basis for many diseases
has been identified (I-3). It is clear that the introduction of DNA that codes for
therapeutic translation products is a rational strategy for correcting diseased or
dysfunctional cells. This type of therapy, gene therapy, is particularly promis-
ing for the treatment of cancer and metabolic diseases. It also has a high poten-
tial for vaccination against disease.

One difficulty that is faced in gene therapy is delivering DNA to the cells of
interest. A number of strategies have been employed to delivery DNA in vivo.
Viruses have been used most commonly for transfection (). Several different
physical methods have also been investigated for transferring genes. Three of
these methods include the use of plasmid liposome complexes, cationic lipids,
and direct injection (4). Another interesting physical method involves bom-
barding the cells with particles that have been coated with DNA (4).

Ideally, a gene transfer method would allow the introduction of DNA into
the desired cells/tissue in an efficient manner with minimal side effects. None
of the currently used methods is ideal (4). For example, the use of viruses has a
safety concern relative to introducing exogenous DNA into the host genome,
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subtherapeutic efficiency, potential immunological effects (1). In spite of these
drawbacks, viral methods remain the most common method for gene transfer
in the literature. This is probably due to the lack of other suitable methods.
However, the number of published papers that utilize physical methods for
gene delivery is increasing which indicates the need for alternative delivery
mechanisms.

Electroporation as a means of delivering genes in vivo has become an area
of greater research interest. The physical nature of electroporation makes it
universally applicable. Although electroporetic gene transfer is a very young
technology, some very encouraging results with reporter genes have been
established (5-10). This chapter will detail a protocol for delivering a gene
coding for luciferase to normal rat liver in vivo.

2. Materials

1. Rats: Sprague Dawley rats (Harlan, Indianapolis, IN, USA). Animals weighing
175-200 g are suitable. Standard housing and feeding are sufficient (see Note 1).

2. Anesthesia: Isoflurane (Mallincdcrodt Veterinary, Inc., Mundelein, IL, USA) and
an appropriate vaporizer to administer the inhaled anesthetic is required.

3. Electroporator: Direct current pulse generator that produces rectangular waves
such as a BTX T820 (Genetronics, Inc., San Diego, CA).

4. Oscilloscope: Philips PM3375 oscilloscope (Philips, Eindhoven, Netherlands) is
used as a digital storage device to monitor administered electric pulses.

5. Electrode and Switch: 1 cm diameter needle array electrode (Genetronics, Inc.)
comprised of six needles arranged circumferentially as shown in Chapter 23,
Fig. 1. A mechanical switch (Genetronics, Inc.) should be used to direct the pulses
from the pulse generator to opposing pairs of needles as indicated in Fig. 1.

6. Plasmid DNA: pRc/CMV plasmid (invitrogen, San Diego, CA) containing the
luciferase coding sequence.

7. Plasmid preparation: Kits for plasmid preparation MegaPrep (Qiagen, Inc.,
Valencia, CA).

8. Luminometer: Turner Model TD20E (Turner Design, Sunnyvale, CA) or similar
device.

9. Luciferase Detection: Luciferase expression was detected using a luciferase
detection kit with CoA-luciferin as a substrate (Promega, Madison, WI). A com-
mercial firefly luciferase (Sigma, St. Louis, MO) was used to quantitate results.

3. Methods
3.1. Reporter Gene Transfer into Liver

1. Induce anesthesia by placing a rat into a chamber charged with 3% isoflurane in
oxygen until the animal is unconscious (see Note 2). This should require about
2 minutes.
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Pulse Anodic Cathodic 4
Number Needles Needles
1 , a, 5 3
2 s ,
3 ) , 1
4 , y 2
5 , , 6 2
6 6, 1 3,4
1

Fig. 1. Scheme used to apply electric fields to normal liver tissue using a six-needle
array of electrodes. Dark circles indicate insertion points of needles into the normal
liver tissue. Opposing needle pairs were energized during electrical treatment as indi-
cated by the table. Applying pulses in this manner rotated the field around the treat-
ment site.

2. Transfer the animal to surgical table and fit with a standard rodent mask supplied
with 2.5-3% isoflurane.

3. Shave the abdomen of the animal and clean the abdominal area with betadine
solution.

4. Surgically expose the median liver lobe by making a 3 cm transverse incision
approximately 0.5 cm caudal to the xiphoid process.

5. Apply pressure, gently by hand, to the chest in order to force the median liver
lobe out of the incision for treatment.

6. Inject 100 pL of plasmid solution into a single location in the liver using a
30 gauge needle attached to a 1-cc syringe. The optimal concentration of plasmid
is application dependent; however, between 10 and 500 pg of injected DNA has
resulted in detectable expression (5).

7. Insert the six-needle electrode (Fig. 1) array into the treatment site taking great
care to encompass the injection site entirely within the volume delineated by the
electrode. The electrode should be inserted 1.5 min after injecting the plasmid.
This time allows for dissemination of the gene through the treatment site. Insert
the electrode so that the needles extend through the full thickness of the liver.
Maximum electrode depth can be limited by spacers that are supplied with the
electrodes.

8. Administer a series of six 100 us pulses to each tumor immediately after elec-
trode insertion. Field strengths of 1000-1500 V/cm are recommended. Success-
ful gene delivery has been achieved in vivo using a broad range of field strengths,
pulse widths, and replicate pulses. Thus, the parameters used for gene delivery
may be experimental variables. The series of pulses is generated by the T820 at
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1-s intervals and an audible beep is generated for each pulse. It will be necessary
to manually rotate the switch one position immediately after the audible sound is
heard. A clockwise or anticlockwise direction can be used for rotation; however,
the same direction should be used for all six pulses in each series. This will
ensure that the pulses are distributed in the proper manner as indicated in Fig. 1.

. Mark the treatment site by applying very fine sutures at a predetermined location

adjacent to the insertion point of the electrodes. This is very important step
because it will be necessary to identify the exact treatment site for subsequent
sampling (see Note 3).

Close animals by inserting the liver back into the abdomen, suturing the abdomi-
nal muscles, and stapling the overlying skin.

Uniquely identify each treated animal. A system of ear punches and tail striping
is effective for labeling each rat.

Monitor the animal until fully awake. This should require 5—10 min.

Detection of Reporter Genes in Liver

Humanely euthanize rats, one at a time, by administering an 100 mg/kg intraperi-
toneal dose of sodium pentobarbital.

Surgically expose the livers of euthanized animals immediately after respiratory
and cardiac functions have ceased.

Locate the treatment site. Perform a full thickness biopsy punch of the treatment
area in the liver. An 11-mm biopsy punch will insure that the entire electrically
treated area is removed.

Immediately weigh each piece of tissue, record the weight, and freeze the biop-
sies in liquid nitrogen and store.

Perform luciferase enzyme assay on frozen tissue as described in the instructions
supplied by the manufacturer.

Express luminometer data in units of pg luciferase per mg of tissue in order to
compare data from different treatment groups in the experiment. Table 1 shows
example data for investigating expression resulting from different plasmid doses.
The number of experimental groups and the number of animals per group will
vary depending on the experimental objective. However, the following control
groups are recommend: no pulses and no electrical treatment, gene injection only,
and electric pulses only.

otes

Rats weighing 175-200 g or greater are recommended because their median liver
lobe is thick enough to withstand surgical manipulation. Smaller rats have thin-
ner lobes which are more difficult to manipulate without tearing.

This protocol has also been performed using a subcutaneous 3 mg/kg dose of
atropine sulfate (WAB10125; The Butler Company, Columbus, OH) followed
ten minutes later by a 45 mg/kg intraperitoneal dose of sodium pentobarbital
(WAB10505, The Butler Company). However, variation in the depth of anesthe-
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Table 1
Luciferase Expression Two Days After Plasmid
Delivery by Electroporation in Rat Liver

Luciferase
Treatment Number of Plasmid Expression
Group Animals Dose pg/mg Tissue
G-E- 3 — < 100
G-E+ 3 — <100
G+E- 3 500 < 100
G+E+ 3 10 292
G+E+ 3 25 9,100
G+E+ 3 50 750
G+E+ 3 100 525
G+E+ 3 250 575
G+E+ 3 500 725

G, gene (luciferase) injection; E, electrical treatment; +/—, pres-
ence and absence of gene or electrical treatment, respectively.

sia from animal to animal was a difficulty. Isoflurane is recommed because it
results in very controlled anesthesia with rapid recovery.

Stop any bleeding that results from marking the treatment site with sutures
before closing the animal.
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Reporter/Functional Gene Transfer in Rat Brain
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1. Introduction

Of the many methods and techniques for in vivo gene transfer, some have
already been used in clinical trials. In most cases, genes are transferred into
tissues using the infectivity of viral particles. However, viral systems have
some known drawbacks (7,2). If an efficient and specific transfer method could
be developed, naked plasmid DNA would be an ideal system for gene transfer.
Plasmid-mediated methods would be economical and easy. Also, the transfer
procedure could be easily repeated, as naked plasmid DNA has little antigenic-
ity for the host (3,4).

Electroporation or electrical permeabilization of cell membranes was devel-
oped for highly efficient in vitro gene and/or drug transfer (5-7). This system
provides markedly higher efficiency transfer than do other nonviral transfer
systems including cationic liposomes. In cultured cells, electroporation is well
established, and in vivo electroporation is receiving increased attention. The
electrical permeabilization method has been used for in vivo drug transfer in
the treatment of cancer and a clinical trial has been started (8,9). This method
is called electrochemotherapy or electric impulse chemotherapy.

We have demonstrated the efficacy of in vivo electroporation for gene trans-
fer using plasmid DNA (10,11). This method is called electro-gene therapy.
As amarker gene, a mammalian expression plasmid carrying the bacterial lacZ
gene was injected into the carotid artery of rats immediately after in vivo
electroporation. In our rat brain tumor model, the carotid artery was the feed-
ing artery. We obtained highly efficient and specific transfer. There was no

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

339



340 Nishi et al.

treatment-related toxic reactions nor was there increased lacZ activity in organs
other than those located between the electrodes. Using an Epstein—Barr virus
(EBV) episomal replicon vector, we were also able to demonstrate the long-
lasting expression of the transferred functional gene. Our method makes pos-
sible the delivery of gene(s) of interest to desired tissues or organs and
facilitates gene therapy in the treatment of malignant solid tumors and meta-
bolic disorders.

2. Materials
2.1. Electrodes and Electroporator

1. Electrodes for in vivo electroporation: a pair of stainless steel, gold-coated elec-
trodes, 0.5 cm long and 0.5 mm in diameter (Unique Medical Imada Co., Tokyo)
(see Note 1).

2. Electroporation apparatus: the rectangular direct-current generator (BTX T820,
BTX Inc., San Diego, CA) is used, connected to the BTX 500 optimizer (BTX
Inc.) for determining the resistance between the electrodes which permitted the
T820 voltage output to be adjusted for a specified current (see Note 2).

2.2. Plasmid DNA

1. Marker gene: the lacZ gene expression vector (pCH110, Pharmacia Biotech,
Uppsala, Sweden). In the plasmid the lacZ gene is driven by the SV40 early
promoter (see Note 3).

2. Marker gene for long term expression: the mammalian expression vector pCEP4
(Invitrogen, San Diego, CA). This vector system includes discrete DNA elements,
the EB virus origin of replication and the EB virus nuclear antigen-1. Because
together these elements confer an episomal replicon capacity to DNA circles in
an array of human cell types, this vector not only offers an expeditious means for
achieving amplification of transfected genes, but also bypasses cis effects on
promotor function at the chromosomal integration sites. A cDNA encode for
MCP-1 (12,13), a chemokine gene, was ligated into this vector and used in the
experiment (see Note 4).

3. The plasmid DNA was purified using the QIAGEN plasmid purification kit
(QIAGEN Inc., Valencia, CA).

2.3. Solutions and Reagents for X-gal Staining

—_

Solution for perfusion of the rat body: PBS and 4% paraformaldehyde in PBS.

2. X-gal mix: 5 mM K;Fe(CN)4, 5 mM K Fe(CN)g - 3H,0, ImM MgCl, in PBS.
This solution can be safely stored for a few weeks at room temperature.

3. X-gal stock solution (5-bromo-4-chloro-3-indolyl-f-p-galactoside): 40 mg/mL
in dimethylformamide; store in a foil-covered glass container at —20°C.

4. Working solution for X-gal staining: add the X-gal stock solution to a X-gal mixer

to achieve a final concentration of 1 mg/mL.
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2.4. Solutions and Reagents
for the Measurement of B-Galactosidase Activity

1. Solution for perfusion of the rat body: Ice-cold PBS.

2. Homogenizing buffer: Ice-cold 0.25 M Tris-HCI (pH 7.8).

3. Measurement of protein concentration: BCA Kit (Pierce, Rockford, IL).

4. Zbuffer: 60 mM Na,HPO,, 40 mM NaH,PO,, 10 mM KCI, 1 mM MgCl,, 50 mM
B-mercaptoethanol.

5. Substrate solution: Prewarmed 15 mM chlorophenol red-B-p-galactopyranoside
in Z buffer.

6. Stop solution: 1 M Na,COs;.

7. ELISA reader set at 570 nm.

3. Method

3.1. Establishment of the Brain Tumor Model

1.

Inoculate 1 x 107 C6 glioma cells (American Type Culture Collection, Rockville,
MD) sterotactically into the right striatum of each Wistar rat weighing
150-200 g.

3.2. Carotid Artery Cannulation,
Electroporation, and Plasmid Injection

1.

Anesthetize rats 10 d after inoculation by halothane inhalation.

2. Cannulate the right internal carotid artery through the external carotic artery

using a microcatheter connected to a 2.5 mL syringe for plasmid injection.
Coagulate the pterygopalatine artery, a major branch of the internal carotid
artery, in order to concentrate delivery of the injected plasmid into the brain
circulation (see Fig. 1 and Note 5).

. Fix the head of each rat to a stereotaxic operating table. Cut and then retract the

skin covering the head. Drill a burr hole in front of and behind the burr hole that
had been drilled for cell inoculation. Insert the pair of gold coated stainless steel
electrodes into the brain through the new burr holes, and measure the resistance
between the electrodes using the optimizer. The average distance between the
electrodes should be 0.5 cm.

Deliver a series of eight electrical pulses, the pulse length should range from
95 to 99 us (14-16), using a standard square wave electroporator. Based
on premeasured resistivity, the voltage should be adjusted to deliver 0.5 A of
current between the electrodes. An average voltage should be 300 V/0.5 cm (see
Note 6).

Inject 10 ug of pCH110 or 30 pg of pPCEP-hMCP-1 in 0.5 ml PBS via the carotid
catheter using a microinfusion pump for 5 minutes (see Fig. 1 and Notes 7-9).
Begin this procedure immediately after pulsing. Then, evacuate the catheter and
coagulate the external carotid artery with silk.
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Fig. 1. Schema of the method for electro-gene therapy. For intraarterial injection, a
microcatheter was cannulated into the right internal carotid artery through the external
carotid artery. After cannulation, a pair of stainless steel electrodes was inserted into
the brain, and the resistance between the electrodes was measured with an optimizer.
A series of eight electrical pulses, the pulse length ranging from 95 to 99 us, was
delivered with a square wave electroporator. Immediately after the electrical pulsing,
expression plasmid in 0.5 ml PBS was injected via the carotid catheter. (Modified
from Fig. 1 in ref. 10, with permission.)

3.3. X-gal Staining

1. Perfuse the bodies of the rats via the heart with 200 ml of PBS followed by
200 ml of 4% paraformaldehyde in PBS 3 days after application of the electrical
pulses with or without plasmid injection (intraarterial or intravenous).

2. Remove the brain, heart, lung, liver, spleen, kidney, and testes were removed and
fixed them in fixation buffer overnight. Cut the brains with a vibratome into
60-um-thick slices and soak in PBS. Soak the other tissues in sucrose buffer
(10% sucrose in PBS) overnight, and gradually increase the concentration of
sucrose to 30%. Freeze-embed the tissues in O.C.T. Compound (Miles Inc. IN),
cut these other tissues into 10-pm thick slices with a cryotome; stain the resulting
sections with hematoxylin and eosin (H & E) to observe histological changes.

3. Stain sections of the brain, including the electrode tracts, with H & E for histo-
logical observations (see Note 10).

4. Detect expression of B-galactosidase using x-gal histochemical stain (17). The
staining of tissues with X-gal turns cells that express B-galactosidase blue.
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Therefore, only cells that accepted the injected plasmid and cells with endogenous
[B-galactosidase are stained by this method and can therefore be distinguished
from other cells under a light microscope. Transfer brain slices into the working
solution for X-gal staining and incubate at 37°C for 6 hours (see Note 11).

3.4. Inmunohistochemistry of Human MCP-1 Protein in Rat Brain

1. Stain rat brain tumors by the indirect immunoperoxidase method 3 weeks, or
another suitable time point, after electrogene transfer.

2. Cut cryostat sections to a thickness of 6 um and air-dry them. To inhibit endog-
enous peroxidase activity, immerse the sections in 5 mM periodate solution for
10 min, wash with PBS, and then place in a 3 mM sodium borohydrate solution
for 30 min (18). Then incubate the sections with optimally diluted monoclonal
IgG anti-human MCP-1 (19). After washing with PBS, covered the sections for
60 minutes with peroxidase-conjugated species-specific goat anti-mouse
Ig(Fab’2) diluted to 1:100 (Amersham, Arlington Heights, IL). Visualize
peroxidase activity by incubating the sections for 10 minutes with
3,3’-diaminobenzidine (0.5 mg/ml Tris-HCI buffer, pH 7.6, containing 0.01%
H,0,; Sigma Chemical Co., St. Louis, MO) (see Note 12).

3.5. Measurement of B-Galactosidase Activity

1. Perfuse each rat body with 200 ml of ice-cold PBS. Then remove the brain region
that harbors the inoculated tumor and the contralateral brain. Immediately freeze
these tissues. Also sample the heart, lung, liver, spleen, kidney, and testes. Mince
about 100 mg of each tissue and immediately freeze in a 1.5 mL Eppendorf tube
in dry ice and stored at —80°C until use.

2. Add 150 pL of ice-cold homogenization buffer to each sample tube. After triple
freeze-thawing, centrifuge the samples for 30 min at 4°C (20,000g). Measure the
protein concentration of the resulting 150 UL supernatant using a BCA Kit.

3. Conduct a -galactosidase assay in the supernatant using a microtiter plate. Add
10 puL of the supernatnant to 290 UL of Z buffer in a microtiter plate well and
incubated at 37°C for 10 minutes. Then, add 30 uL of prewarmed substrate buffer
to each well and incubate at 37°C for 60 minutes (20). Stop the reaction by add-
ing 75 UL of the stop solution to each well and then quantitate the color reaction
in an ELISA reader set at 570 nm. Express the B-galactosidase activity as O.D.
(at 570 nm)/mg protein X 10,000 (see Notes 13 and 14).

4. Notes

1. The selection of appropriate electrodes for electroporation is one of the most
important preconditions for efficient gene transfer. Especially in in vivo
electroporation, it is essential to select electrodes that are appropriate for the tar-
get tissues or organs.

2. A carefully chosen electroporator is also a key factor for successful
electroporation. Improved results have been reported with electroporators that
can deliver repeated, short, high-voltage, square electric pulses (21).
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Excellent marker genes such as luciferase and green gluorescent protein (GFP)
are also available. We currently use a luciferase expression plasmid for quantita-
tion and a GFP expression plasmid for analyzing the distribution of the trans-
ferred gene within the tissue.

MCP-1 cDNA (12,13) is produced at low levels in normal tissues and at high
level in some kinds of tumors, including brain tumors; it also plays a significant
role in intratumoral monocyte infiltration (22,23). Since the reported antitumor
effect of this chemokine was based on transfection experiments (24), we assume
that this gene is a candidate transgene for genetherapy of brain tumors.

The injected DNA was distributed throughout the tumor tissue; the transfer effi-
ciency was uneven within the tumor tissue. This efficient transfer could be
achieved only by intravascular, especially intraarterial, delivery of the gene. The
observation that the transgene was highly expressed in the border region between
the tumor and the adjacent brain, where tumor neovascularization was abundant,
seems to support this hypothesis.

The pores of the cell membrane created by electric pulses are reportedly asym-
metric (25). A great number of smaller pores is created on the anode side and
fewer but larger pores are observed on the cathode side. This suggests that a
change in the polarity of the electrodes during application of the electric pulses
may create larger pores on both sides of the cell surface, leading to better transfer
efficiency. To create a homogeneous electric field in the target tissue, a new type
of electrodes, needle-array electrodes, has been developed (26).

The timing of the plasmid DNA injection is one of the most important issues.
Considering the very short duration of pore formation, DNA molecules should be
present when the electric pulses are applied to cells or tissue. However, previous
data indicated that the uptake by electroporated cells through the membrane pores
is not affected, irrespective of whether the molecules were present during, or
added after, the electroporating pulse (25,27). Hui (28) reported that the perme-
ated state of cell membranes may last tens of minutes after the termination of the
pulse field, this is in contrast to lipid bilayers that reseal immediately after the
breakdown. Therefore, we injected DNA immediately after electroporation to
supply higher concentrations of DNA to the electroporated region using a smaller
amount of DNA. We will test other timings of plasmid DN A-injection in our system.
The temperature during in vitro electroporation is also a very important param-
eter. To limit DNA degradation or to increase the stability of the transiently per-
meable structure of the membrane, control of the temperature before and after
electroporation is essential (29). However, in the case of in vivo electroporation,
it is almost impossible to control the temperature of the target organ unless it is
located on the surface.

Zheng and Chang (30) demonstrated that high-efficiency gene transfection can
be obtained by directly electroporating cultured mammalian cells in their attached
state using a pulsed radiofrequency electric field. Over 80% of the adherent COS-
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M6 cells took up plasmid DNA and expressed the lacZ gene, whereas the trans-
fection efficiency was less than 20% when the M6 cells were electroporated in
suspension. They speculated that the high efficiency transfer into attached cells
is due to their higher surface-to-volume ratio compared to trypsin-EDTA treated
suspension cells and the intact submembrane cytoskeleton system.

In animals, bleomycin administration by electrochemotherapy using in vivo
electroporation was successful for the treatment of both inoculated and spontane-
ous tumors (14,31). Salford et al. (14) applied this method in the treatment of
brain tumors in an animal model system. No adverse effects were detected during
the month following electroporation, which was performed with 8 to 12 expo-
nential 400-V pulses with the time constant at 325 us. Likewise, in our model, we
failed to observe side effects such as seizures or abnormal behavior during a
3-wk follow-up period. Histological examination also revealed no significant
pathological changes even in the areas of electrode insertion.

The lacZ gene was not transferred well into normal brain cells except for cells in
the vascular walls, even inside the field between the electrodes. This may be
partly explained by differences in the vascular structure of normal brain and tumor
tissue. Capillaries in tumor tissue may demonstrate cellular fenestrations, wide
intercellular junctions, pinocytotic vesicles, and infolding of luminal surfaces
(32). Due to these significant anatomical changes, molecules normally excluded
by the blood—brain barrier may be able to penetrate the structure (32). To achieve
efficient transfer into normal brain tissue, more drastic parameters may be
required.

By using the EBV episomal replicon vector encoding human MCP-1 cDNA,
transgene expression of MCP-1 cDNA in tumor cells was confirmed to last at
least 3 wk. Furthermore, the expressed MCP-1 protein appeared to be functional
since many monocytes were observed in the tumor tissue.

Although we observed very specific and efficient transfer of injected plasmid by
X-gal staining, a potential major limitation of this method is the nonspecific
delivery of injected plasmid outside the field between the two electrodes. Zhu et
al. (33) reported injury to brain tissue by the insertion of the electrodes and the
application of high voltage lasting only a fraction of a millisecond. However, our
measurement of enzyme activities in major rat organs upon plasmid injection
confirmed that no transferred gene was present outside the vicinity of the elec-
trodes. Consistent with our data, Nabel et al. (34) observed no abnormal pathol-
ogy upon histological examination after systemic (intravenous and intraarterial)
injection of plasmids encoding several different genes into rabbits and pigs. This
was the case even for plasmid—liposome complexes. They also reported that plas-
mid was not detected in testes or ovaries.

Further study is required to determine optimal gene transfer conditions such as
the strength of the electric current in electroporation, the concentration of plas-
mid DNA for injection, the timing of the DNA injection, and the proper vector
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system. In addition, to avoid tissue injury by the electric impulse, optimum elec-
trical parameters for adequate gene transfer must be determined.
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In Vivo Gene Electroporation in the Mouse Testis

Tatsuo Muramatsu

1. Introduction

Until today, gene transfer to germ cells has been attempted by a variety of
methods including microinjection, embryonic stem cell-mediated transfection,
virus mediated transfection, lipofection (1), microparticle bombardment (2),
and sperm mediated transformation (3). In vivo gene electroporation (EP) now
is a viable option for gene transfer purposes as demonstrated by strong short-
term gene expression and long-term expression after gene transfer (4,5 and
unpublished). In vivo gene EP is simple and convenient. Adequate develop-
ment and differentiation of transfected cells can be maintained in the in vivo
environment. Furthermore, it can be applied, in principle, to any types of cells
and tissues so long as the target is accessible. The advantages of in vivo EP
over other nonviral methods such as lipofection and microparticle bombard-
ment are: possible tissue damage is less; there is no limitation of DNA to
be transfected at a time; and DNA can be transferable to cells deep inside the
target tissue.

In this chapter, brief protocols for examples of in vivo gene EP in the mouse
testis are described. Although gene expression is deemed most probably tran-
sient, in vivo EP would serve as a convenient and efficient means of gene trans-
fer to spermatogenic cells in the testis of living mice. Methods for detecting
luciferase (Luc), chloramphenicol acetyltransferase (CAT), and B-galactosi-
dase (B-Gal) expression are presented along with EP methodology.

2. Materials
2.1. Animals

Depending on objectives, any age mice could be used, except for those at
1 wk. In such young mice, there may be slight difficulty in completing the
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following procedures because the size of testes is small. Therefore, older mice
are recommended as experimental animals. In the following description, male
mice of ICR strain at 8—10 wk of age are used. The width of each testis ranges
from 6 to 8§ mm with an average of 7 mm. Assuming that the resistance value
is the same for mouse testes, voltages for in vivo EP should be adjusted
accordingly. The way in which voltages are optimized is described in
Subheading 3.2.

2.2. Plasmid DNA

Examples of reporter DNAs are listed in Table 1. The choice of reporter
DNA is based on sensitivity, simplicity, and rapidity of assays and on the avail-
ability of instruments for assays. For some reporter assays such as luciferase,
expensive instruments are required. They are also listed in Table 1. Apart from
these, commercially available reporter genes encoding Renilla luciferase
(Promega, Madison, WI), human placental alkaline phosphatase (Clontech
Laboratories, Palo Alto, CA), or Aequorea victoria green fluorescent protein
(Clontech Laboratories, Palo Alto, CA) can also be used. The expression of the
luciferase and alkaline phosphatase can be measured with a luminometer, while
the expression of the latter can be easily detected by green fluorescence (10).

The type of DNA transferred is usually circular plasmids. For measurement
of gene expression shortly, that is, within several days after in vivo gene EP,
circular plasmid DNAs are suitable. If longer gene expression, that is, at 1 mo
or longer after in vivo gene EP, is preferred, linearized plasmid DNAs are bet-
ter than circular ones as the chance of integration into spermatogenic cells may
increase. Together with the linearized reporter plasmids, co-transfection with
virus integrase genes may further increase gene expression (11). Alternatively,
episomally self-replicating plasmids can be used for attaining prolonged gene
expression (12). Indeed in the mouse testis, inclusion of the self-replicating
sequences derived from the Epstein-Barr virus significantly prolonged the
duration of gene expression (6).

2.3. Solutions and Reagents

1. TE buffer: 10 mM Tris. HCI, 25 uM EDTA. Adjust pH to 7.5 with 5 M
NaOH. Filter-sterilize through a 0.22-um membrane, and store at 4°C or room
temperature.

2. Plasmid DNA: CsCl-purified plasmid DNA (or Qiagen-purified DNA, Qiagen,
Chatsworth, CA) is resuspended in sterile TE buffer to give final concentrations
at 1-3 pug/uL. Expression plasmids of CAT, Luc and B-Gal are used as examples
in this chapter.

3. Transfection solution: Dissolve 10-100 pg (or more where necessary) plasmid
DNA in 50 pL of 137 mM NaCl and 2.5 mM CacCl, for one testis (see Note 1).
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Table 1

Examples of Reporter Plasmids and Assay Instruments
for In Vivo Gene Electroporation in the Mouse Testis

Plasmid

Comments Source/Ref.

Chloramphenicol acetyltransferase (CAT)

pCAT control

pSVEPICAT

pmplCAT

Firefly luciferase

pGL control

pmiwluc

CAT assay with thin layer or in Commercially available®
solution; no special instrument

required; the SV40 promoter confers

universal expression, but the

expression intensity may not be

strong enough.

CAT assay; for prolonged expression 6
due to the presence of the Epstein-Barr

virus self-replication sequences; the

SV40 promoter confers universal

expression.

CAT assay; the mouse protamin- 1 7
promoter confers spermatid-specific

reporter expression, but the intensity

may be weak.

Luciferase assay; a luminometer, Commercially available
photon counter or imaging system

required; the SV40 promoter confers

universal expression; convenient for

normalization of transfection efficiency.

Luciferase assay; a hybrid miw 8

promoter of the RSV-LTR and chicken

B-actin promoter confers strong and

universal gene expression.

Bacterial B-galactosidase

pmiwZ

X-gal staining or fluorescent analysis; 7,9
for staining, no special instrument required;

the miw promoter confers strong and

universal gene expression.

“Promega, Madison, WI.

4. Buffer A: 15 mM Tris, 60 mM KCl, 15 mM NaCl, 12 mM EDTA, 1 mM dithio-
threitol, 0.15 mM spermine, and 0.4 mM phenylmethylsulfonyl fluoride. Adjust
the pH to 8.0 with 5 M NaOH. Store at 4°C.

5. PBS: 137 mM NaCl, 2.7 mM KCI, 10.1 mM Na,HPO, and 1.8 mM KH,PO,.
Adjust the pH to 7.4 with 5SM HCI. Autoclave, and store at room temperature.
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6. Fixation solution: 4% formaldehyde and 0.2% glutaraldehyde solution in PBS.
Store at 4°C.

7. XG buffer: 2 mM MgCl,, 5 mM K,Fe(CN)g - 3H,0 and K;sFe(CN)g in PBS. Store
at 4°C.

8. X-gal reaction mixture: 0.1% 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside
(X-gal), 5% N,N-dimethylformamide, and 0.1% Triton-X in the XG buffer.
Adjust pH to 7.6, and store at 4°C.

2.4. Instruments

1. Electro-square porator: T820 in combination with an optimizor 500 (BTX, San
Diego, CA) or CUY-1 (Tokiwa Science, Tsukushino, Japan).

2. Use tweezer type electrodes (CUY641, Tokiwa Science, Tsukushino, Japan)
having one circular gold-plated steel of 10 mm in diameter on each end of forcep
with separate electrical connection to the above electro-square porator.

3. Luminometer: AutoLumat LB953 (EG & Berthold, Germany).

3. Methods
3.1. Operation and DNA Injection

The following simple operation of testis exposure is recommended when
strong gene expression is desired.

1. Anesthetize animals with sodium pentobarbital by intraperitoneal injection at
dose of 30 mg/kg body weight.

2. Incise the skin 1 cm long about 2 cm cranial to the testis, and expose one testis at
a time as shown in Fig. 1A.

3. Inject designated doses of plasmid DNA dissolved in the transfection solution
into the exposed testis with a 1 ml syringe and a 27G needle (Fig. 1B).

3.2. Voltage Optimization for In Vivo Electroporation

1. Immediately after the injection, apply square electric pulses five times with an
electro-square porator T820 in combination with an optimizor 500 (BTX, San
Diego, USA) at 25 V with the pulse width of 99 ms/pulse. Where necessary,
voltages and pulse widths were varied (see Note 3). If possible, exchange the
cathode and anode during the pulse application as it is empirically known that
the exchange substantially enhances the intensity of gene expression.

2. After the EP treatment, stitch the skin with No. 3 silk suture. Surgical adhesive
may be used instead of suturing. Descend the testis to the original position.

3. Maintain the mice for the planned period of time. Detection of gene expression is
best achieved at 1-2 d after the EP treatment. However, by employing linearized
DNA and other refinements, gene expression in the testis of living mice can be
sustained as long as 2 mo after in vivo gene EP, though gradually decreasing
(unpublished).
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Fig. 1. Diagrammatic presentation of in vivo gene electroporation. (A) Testis on
one side is exposed by simple operation, and plasmid DNA is injected. (B) Electric
square pulses are applied with a tweezer type electrode as soon as possible.

3.3. Assays
3.3.1. Tissue Sampling

1. Sacrifice the mice by decapitation at the planned time point after in vivo gene EP.
2. Excise the testis samples quickly.

3. Wash with PBS twice, blot with paper towels, and weigh.
3.3.2. CAT Assay

1. Homogenize the whole testis sample with three volumes of ice-cold buffer A for
CAT and luciferase assays. For the measurement of CAT but not luciferase



354 Muramatsu

1201
)
S 100
£
»
= 80
&
s
=
= 604
&
e
Z 401
~d
=
L
o 20
0-

100V 50V 25V 25V
10msec 10msec  10msec  S0msec

Fig. 2. Effects of varying voltage and time constant on CAT activity expressed as
percentage of the mean value for the 100V/10 ms group. CAT activity was determined
at 48 hours after transfection (7).

activities, heat the homogenate at 70°C for 60 min to increase the sensitivity as
suggested previously (13).

2. Centrifuge the homogenate at 6000g for 10 min, and use the supernatant for mea-
surements of protein content and CAT activity using standard methods (14).

3. Express results as % conversion of chloramphenicol to its acetylated forms on a
basis of 100 pug protein. Alternatively, CAT activity can be expressed as relative
values per whole testis by taking a control value as 100 or 1 depending on experi-
mental conditions. An example of varying voltage and pulse loading period on
CAT activity is given in Fig. 2.

3.3.3. Luciferase Assay

1. Use the supernatant of the unheated homogenate. For determining the activity of
firefly luciferase, mix 20 pL tissue extract with 100 puL luciferin solution. Avoid
the increase in sample volume as it may inhibit the overall counting efficiency.

2. Take 1 min or longer for photon counting with a luminometer. Bioluminescence
should be constant over at least 3 min.

3. Express luciferase activity as counts/min per 100 pg protein or per whole testis.
When the comparison of transcriptional intensity of various promoters is
intended, take the ratio of CAT driven by various promoters to luciferase driven
by the SV40 promoters. This kind of normalization procedure is required as the
transfection efficiency varies within and between the treatment groups.
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Fig. 3. Expression of the bacterial B-galactosidase gene observed at a typical blue
color by X-gal staining. Photograph shows the gene expression detected at 48 hours
after transfecting pmiwZ in the mouse testis by in vivo gene electroporation (7).

3.3.4. Histochemical Staining with X-gal

1.

2.

Fix the excised testes with 4% formaldehyde and 0.2% glutaraldehyde solution
in PBS at room temperature overnight for detection of B-gal activity.

Rinse with PBS twice, and soak in the X-gal reaction mixture for not more than
1 h. This staining time should be kept strictly to minimize endogenous greenish-
blue color development in the whole testis samples. Specific blue color due to
bacterial B-galactosidase is easily distinguished. A typical example of an X-gal
stained whole testis is shown in Fig. 3 (7).

For light microscopic examination, embed the stained testis in paraffin for sec-
tioning and counterstaining with hematoxylin.

4. Notes

1.

DNA is better dissolved in buffered salt solutions rather than in buffered solu-
tions of nonionic substances such as mannitol or sucrose. However, there is little
systematic studies conducted on the optimal ionic strength of DNA solution for
in vivo gene EP. An increase in the calcium chloride concentration from 2.5 mM
to 5 mM did not significantly affect the intensity of gene expression. Similarly,
the use of liposome-treated DNA resulted in diminished gene expression in the
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mouse skin. The total volume to be injected in each testis ranges from several to
50 uL. Beyond this, the testis may not be able to hold the entire volume, and leak
may occur. For small testes, the volume should be reduced accordingly.

2. A micromanipulator may be used to inject DNA solution in individual seminifer-
ous tubules of the exposed testis. This procedure requires a special apparatus and
injection skill. According to my experience, however, simple and direct injection
into the testis using a syringe may also confer similarly strong foreign gene
expression covering a relatively wide area in spermatogenic cells. The same in
vivogene EP procedure in the chicken and quail testes cannot give good and wide-
spread gene expression, and the gene expression is limited to the area only along
the injection needle. The difference may be ascribable to density or compactness
of seminiferous tubules between different animal species.

3. When electric square pulses are applied to a field, heat will be generated. The
quantity of heat is given by the following equation (15) as:

0 (J)=V2>xT/(4.2R)

where Q, R, and T stand for the heat (joule/treatment period, seconds), resistance
(ohm) and loading period (or time constant) (seconds), respectively. Based upon
our experience, the gene transfection efficiency (or intensity of foreign gene
expression) is roughly proportional to the amount of heat generated unless the
tissues or cells are irreversibly damaged too much. Accordingly, EP conditions
such as 1000 V/cm for 100 ps are equivalent to those of 25 V/cm for 160 ms (i.e.,
160 ms with 1 pulse, or 80 ms with 2 pulses, etc.).

In practice, for a given testis or other tissues, recommended pulse numbers
and width are 4-8 pulses, and 99 ms per pulse, respectively. The reason for using
such long pulse widths in the present in vivo gene EP method is that the longer
the loading period, the longer the opening of cell surface. Consequently, the
amount of DNA transferable from the extracellular to intracellular spaces would
probably be greater by employing a longer pulse width. Under the above condi-
tions of pulse numbers and widths, optimal voltage usually varies from 20 to
80 V/cm from one tissue to another. Beyond these voltages, irreversible tissue
damage may occur. If long-term gene expression is desired in the mouse testis,
recommended voltage is 35—45 V/cm (unpublished).

4. To demonstrate testis-specific gene expression, normalize CAT activities, for
example, between tissue samples for transfection efficiency based on the expres-
sion of the firefly luciferase originating from the cotransfected pGL control driven
by the SV40 promoter or pmiwluc driven by the RSV-LTR and the chicken
B-actin promoter, both of which are deemed to confer universal gene expression.
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Ex Vivo Stromal Cell Electroporation
of Factor IX cDNA for Treatment of Hemophilia B

Armand Keating, Edward Nolan, Robin Filshie,
and Sukhendu B. Dev

1. Introduction

Hemophilia B is an X-linked genetic disorder that typically results from
chronic circulating deficiency of blood coagulation factor IX (FIX) (1). While
the occurrence of hemophilia B is significantly less frequent than hemophilia
A (factor VIII, deficiency) it has received special attention as a model for gene
therapy. This is because hemophilia B is one of the least complicated genetic
diseases from the point of view of demonstrating the proof of principle of a
gene therapy protocol. Specifically, hemophilia B is a single gene recessive
disorder and a wide range of tissues can be targeted for FIX gene delivery and
strict regulation of FIX expression is not required. In addition, the 2.8 kb FIX
cDNA is much smaller than the 9 kb FVIII cDNA, and FIX expression in trans-
fected mammalian cells has been less problematic than FVIII expression (2).
Since clinical severity of bleeding episodes closely corresponds to a patient’s
FIX activity, achieving even partial restoration of normal FIX levels in the
bloodstream can alleviate internal bleeding. Individuals with FIX levels less
than 1% of normal experience severe symptomatic episodes but providing
roughly 5% of normal levels (i.e., 250 ng/mL plasma) can significantly reduce
the frequency and severity of bleeding episodes and reduce long term compli-
cations (3). Treatment of hemophilia B primarily relies on intravenous injec-
tions of FIX protein purified from pooled human plasma, or very recently, on
newly developed recombinant FIX. Treatment is applied typically only when
bleeding episodes have occurred or are expected, for example, in case of a
trauma or surgery. Although the risk of viral transmission of HIV and hepatitis
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viruses has been largely eliminated the absolute safety of any product derived
from blood cannot be guaranteed. Furthermore, supplies of factor concentrates
are limited and costs (especially if prophylactic treatment is being considered)
are high. Thus, the application of gene therapy to hemophilia, whereby long-term
correction of factor IX deficiency might be achieved, would be extremely useful.

Currently, clinical trials involving many different applications of gene
therapy are underway throughout the world, with the majority based in the
United States. The subject of gene therapy for hemophilia has gained enough
attention that an international conference devoted solely to this subject was
held in 1997. This conference, the International Symposium on Gene Therapy
for Hemophilia, (ISGT, September 4-6, 1997, Vitadata Corporation) covered
a broad spectrum of topics, including current vectors, target tissues, gene
delivery methods, and mechanisms of immune recognition and antigen pro-
cessing. Although conceptually, the idea of gene therapy and its clinical appli-
cation appears simple, especially for single gene recessive disorders, practical
experience indicates that a great deal of effort is needed to reduce it to general
practice (4,5). A brief overview of the current strategies and complications of
FIX gene replacement therapy are discussed below.

Since the goal of hemophilia gene therapy is to achieve adequate in vivo
steady state levels of the missing factor, animal models have been critically
important. For this purpose, nude and normal mice as well as the hemophilia
dog model has been useful for testing FIX gene therapy protocols and vectors
(6). Recently, a FIX knockout mouse model (7) has become available that
should be very useful for FIX gene replacement studies. Most delivery systems
for gene therapy, including hemophilia gene therapy, are currently based on
viral vectors. Recombinant retroviral (RV) and adenoviral vectors (AV) have
been used to transfer FIX cDNA into target tissues that include liver (8,9),
muscle (10) skin fibroblasts (11), and keratinocytes (12,13), and each of these
tissues has demonstrated expression and secretion of the FIX protein. A group
in China has used skin fibroblasts from human hemophilia B patients for
RV-mediated FIX gene transfection and expression in culture (Z1). This group
has expanded their research to include the only reported human clinical trial of
FIX gene delivery (14). In this study, retroviruses were used to introduce human
FIX cDNA into autologous primary skin fibroblasts ex vivo. The engineered
cells were then pooled, embedded in collagen and injected subcutaneously back
into the patient. In one patient, the FIX level increased from 71 ng/ml to
220 ng/ml and in the second patient the concentration rose from 130 to 250 ng/ml.
These levels were maintained over 5 months at the time the paper was
published.

While effective at gene delivery, each viral vector has its unique limitations
and complications. RV vectors, for example, require cell division for integra-
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tion (15) and long term expression of the integrated transgene is subject to
down regulation (16) due to methylation and/or chromatin reorganization.
Growing evidence indicates that the target of this suppressive activity is the
retroviral LTR promoter sequence (17). For this reason, endogenous cell spe-
cific promoters/enhancers have been used to improve duration of expression of
the FIX gene in RV transduced tissues such as epidermal keratinocytes (18) or
in transgenic animals (13). Likewise, in vivo exposure to AV vectors elicits
host immune responses to viral proteins (19) that result in loss of transgene
activity. More recently the development of adeno-associated virus (AAV)
vectors has lessened certain complications of viral-based gene therapy. AAV
vectors contain no viral genes, and can integrate into nondividing cells. FIX
expressing AAV vectors have been used to transduce liver (20,21) and muscle
(22) resulting in therapeutic levels of expression. While promising, AAV has
limited DNA carrying capacity and still often induces immune responses from
contaminating AV material. In general, viral vectors still carry the risk of
unwanted viral contamination, oncogenic induction resulting from integration,
high cost, and complex production methods.

In light of problems with viral gene therapy, both practical and potential,
there recently has been a marked shift toward nonviral gene transfer methods,
primarily with liposomes or naked DNA. For a review of nonviral gene trans-
fer methods, the readers are referred to Schofield and Caskey (23) and the 1998
Keystone Symposia on Synthetic Non-Viral Gene Delivery Systems (24). Such
efforts at novel modalities of gene delivery or modifications of existing tech-
nology have sustained the impetus to continue research in this exciting field.

One of the new developments in the area of nonviral gene therapy is the
application of pulsed electric fields, more commonly known as electroporation
(25,26). The application of electroporation to gene therapy may potentially
obviate many of the problems associated with viral-assisted delivery.
Electroporation provides the ability to efficiently deliver naked DNA directly
to cells in vitro or in vivo (27), thereby eliminating the problems of viral
induced immune responses. Delivery of naked DNA is repeatable and simpler,
as well as more cost effective. However, the limitations of plasmid based sys-
tems for uses in gene therapy, regardless of the mode of delivery, are well
known. In brief, plasmid vectors offer only transiently high levels of gene
expression, since integration into the cell’s genome is infrequent. Thus, while
plasmid-based approaches are less likely to potentiate deleterious effects due
to vector integration, they also provide only transiently high expression. To
maximize nonviral gene delivery efficiency, we are actively investigating new
methodology to improve ex vivo transfection using electroporation to a point
where it rivals efficiencies obtained with viruses. Our long-term objectives are
to address the problems of vector longevity and expression within transfected
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cells. For these studies, we are interested in targeting the stromal cell popula-
tion within bone marrow as discussed below.

Ex vivo electroporation of human bone marrow stromal cells with the human
FIX cDNA is currently being tested by our group in a phase I IND at the
Toronto Hospital (28). Bone marrow stromal cells possess several attributes
that may qualify them as useful vehicles for ex vivo gene therapy (29-31). For
example, these cells are readily obtainable through the widely used procedure
of bone marrow aspiration, can be expanded and transfected in vitro, and then
returned to the recipient by infusion (32,33). Evidence is accumulating that the
genetically modified stromal cells can engraft into the marrow and deliver
transgene products to the circulation. In addition to serving as cellular vectors
for transgenes, the stromal cells themselves should have beneficial therapeutic
influences in bone and blood homeostasis. This is because the bone marrow
stromal microenvironment is composed of a heterogeneous population of cells
that play a critical role in hematopoietic and osteogenic regulation and differ-
entiation. Thus, ex vivo expansion and reinfusion of stromal cells to a patient
potentially may prove beneficial. In vivo, bone marrow stromal cells are a qui-
escent, noncycling, population with low cell turnover that makes them espe-
cially attractive as long-lived suppliers of transgene product. For examples, in
canine studies (34), reinfused retroviral transduced stromal cells produced
human growth hormone or human FIX transgene products in plasma for sev-
eral weeks. For these reasons, increased attention has been placed on using
stromal cells as gene delivery vehicles for treatment of diseases such as hemo-
philia A (35) and B (28) and other deficiencies of plasma protein (34). The
experimental approaches we have developed are described below.

2. Materials

1. Bone marrow aspirates were obtained from consenting donors at The Toronto
Hospital according to institutional review board-approved protocols.

2. Long-term culture media (LTCM): McCoy’s SA (Life Technologies, ON,
Canada) supplemented with 16.5% fetal bovine serum (FBS), 1% glutamine, 1%
sodium pyruvate, 1% sodium carbonate, 1% vitamins, 0.8% essential and 0.4%
non-essential amino acids (all from Life Technologies). The cultures can be fur-
ther supplemented with 20 U/ml interleukin-I and 0.5 ng/ml basic fibroblast
growth factor (bFGF) (both from R&D Systems, Minneapolis, MN) (see Note 1).

3. Trypsin buffer: 0.05% trypsin, 0.53 mM EDTA in Hank’s balanced salt solution
(HBSS) Life Technologies.

4. Qiagen Maxi-Kit plasmid purification kit. (Qiagen, Inc. Santa Clarita, CA).

5. T820 (Electro Square Porator) and cuvettes with a 0.4 cm gap (BTX, A Division
of Genetronics, Inc. San Diego, CA). This instrument generates a square wave
(the voltage is constant over the duration of the pulse length) and our experience
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is that this type of electrical field is superior to exponential waves for the intro-
duction of DNA into mammalian cells.
6. Electroporation media: McCoy’s 5A media with 2% FBS (36).

2.1. Plasmid Vectors

The plasmid pEGFP-C1 (Clontech, Palo Alto, CA) was used as a reporter
vector. This vector encodes the enhanced green fluorescent protein (GFP)
which is reported to have 35 times greater fluorescence than the wild-type pro-
tein. The CMV promoter transcribes the GFP gene.

3. Methods
3.1. Stromal Cell Culture

1. Centrifuge bone marrow material at 180g for 10 min.
2. Add 2 volumes of 7% NH,CI (prewarmed to 37°C) to cell pellet to lyse red cells
and incubate at 37°C for 10 min.
3. Centrifuge at 180g for 10 min and wash in PBS or medium.
Resuspend cells in culture medium at a concentration of 2-3 X 10%/mL.
5. Add the resuspended cells to culture flasks (approximately 30 mL in a 150 cm?
flask) and culture in a 5% humidified CO, environment (see Note 2).
6. After 5 days discard half of the medium and replace with fresh medium.
7. Maintain cultures until the adherent layer approaches confluency (usually after
about 2-3 weeks for the first passage).
8. Wash with either PBS or medium (without FBS).
9. Add Trypsin-EDTA (sufficient to just cover cells) and incubate for 5-10 minutes
at 37°C.
10. Add serum-containing medium (to neutralize action of trypsin-EDTA).
11. Centrifuge at 180g for 10 min and wash x 1.
12. Resuspend in culture medium and replate cultures. After first passage IL-1 and
basic-FGF are added to the culture medium to improve growth rate.
13. Repeat the procedure until cultures have been passaged four times before pro-
ceeding to electroporation (see Note 3).

3.2. Preparation of Plasmid DNA

1. Plasmid DNA (for example, pEGFP-C1) should be transfected into a suitable
strain of E. coli (such as JM-109 strain or other similar strain) and individual
colonies are selected and streaked onto fresh selective plates and grown over-
night. A well-separated individual colony is picked and inoculated into a 250-mL
liquid culture and grown overnight or until saturation.

2. Purify the plasmid using the Qiagen endotoxin free purification procedures. Typi-
cally 0.5-1.0 mg of plasmid is obtained.

3. Resuspend the plasmid in sterile water or TE buffer to a concentration of
2-4 mg/mL and do not freeze, but maintain at 4°C for up to 2 mo.

=
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4. If linearized vectors are used, digest the plasmid with the appropriate restriction
enzyme according to the supplier’s recommendations. After digestion, phenol
extract the DNA and precipitate in ethanol. Resuspend the pelleted DNA to an
appropriate concentration (2—4 mg/mL). However, we recommend using super-
coiled plasmid (see Note 4).

3.3. Electroporation Protocol

1. Detach the stromal cell layers from their flasks by trypsin, resuspend in 5 mL of
LTCM and wash twice.

2. Resuspend the stromal cells to a concentration of 2—6 x 10%/ml of electroporation
media.

3. Add the DNA (50-100 pg/mL) to the cell suspension and place on ice for 5 min (36).

Mix the DNA/cell suspension and aliquot 0.8 mL into a 0.4-cm cuvette.

5. Immediately place the cuvette into the electroporation chamber and pulse. Use
one pulse from the T820 or other square wave generator of 150-200 V at
50-70 ms duration (see Note 5). The critical parameter is the electric field
strength, measured in V/cm. For this example the field strength is 375-500 V/cm.

6. Immediately remove the cuvette and place in a 37°C waterbath for 5 min (see
Note 6).

7. Remove the cells from the cuvette with a sterile pasture pipette and plate into an
appropriate culture dish and add LTCM. Wash the walls of the cuvette with fresh
LTMC media and add to the plate.

8. Incubate the transfected cells overnight under the same growth conditions.

&

3.4. Transfection Efficiency

Using GFP as a reporter gene, an estimate of the proportion of cells express-
ing GFP can be obtained by inverted fluorescence microscopy of cultures with-
out disruption. Alternatively, cells can be detached with trypsin-EDTA and
accurate quantitation performed by flow cytometry. GFP is excited by a stan-
dard 488-nm argon laser and emits in a range similar to FITC. It is helpful to
have a control (non-transfected) sample for this analysis. Expression of GFP is
apparent within 24 hours following electroporation (see Note 7). This approach
consistently yields transfection efficiency in the surviving cells of greater than
50-60% as measured by GFP expression. In vitro transgene expression studies
using a CMV driven human growth hormone (GH) expression plasmid have
produced appreciable levels of GH. Transfection into human primary stromal
cells under the above-described conditions has resulted in GH production of
8 £ 2 ug GH/10° cells/24 h. Similar studies with the human FIX cDNA are
underway.

4. Notes

1. Some variations in constituents of medium are acceptable. The original long-
term culture medium contained 12.5% horse serum and 12.5% FBS. Stromal cells
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can also be cultured in lower concentrations of FBS-containing medium (without
horse serum) and without added IL-1 or bFGF, but cultures may expand more
slowly under these conditions.

2. Haematopoietic cells are maintained for several weeks under these culture condi-
tions, but are a negligible component of the cultures after the third passage.

3. When passaging cultures, the number of flasks are typically doubled at each pas-
sage; however, the rate of growth of the individual cultures may very (most prob-
ably a donor-dependent factor). We have found that stromal cells from different
donors can have significantly different growth rates.

4. Plasmid DNA of high purity is necessary to obtain high levels of transfected cells
and high levels of cell survival. The use of supercoiled DNA increases the effi-
ciency of transfection (37) but the use of a linearized plasmid may lead to higher
levels of integration. Whether the free ends of a linear DNA molecule induce
higher rates of integration is not clear, but integration usually involves preexist-
ing DNA termini.

5. The use of a square wave generator (T820) improves the yield of transfected cells
compared to an exponential wave generator. This is theoretically due to the added
electrophoretic capability of the square wave over the exponential wave, and to
the ability to use longer pulses of lower voltage.

6. The presence of serum (1-2%) in the electroporation media increases cell sur-
vival (38). Raising the temperature rapidly after pulsing improves expression and
cell survival probably is promoting the rapid closing of the pores, trapping the
DNA inside.

7. Using an inverted fluorescent microscope (Zeiss, Germany) we have noticed that
the appearance of GFP positive expression in the stromal cells can be seen as
early as 4 hours after electroporation. This may be interpreted to mean that the
plasmid enters the nucleus very rapidly, and may indicate that electroporation is
also effective at permeabilizing the nuclear envelope. We also observe that the
percentage of GFP positive cells is essentially constant by 24 hours after
electroporation.
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In Ovo Gene Electroporation
into Early Chicken Embryos

Tatsuo Muramatsu

1. Introduction

In chicken embryos, viral vectors have been successfully used to transfer
foreign genes in somatic cells. By using retroviral vectors, for example, genes
involved in myocyte growth and differentiation in chicken embryos have been
characterized (I1-3). The reason for the use of viral vectors is its high effi-
ciency of gene transfection, particularly when stable gene expression is
desired. However, if only transient gene expression is considered, several
nonviral methods may be useful at present. In ovo lipofection gave spatial
expression of a reporter gene in embryonic tissues of chickens (4-6). In addi-
tion, two other nonviral methods may be applicable to chicken embryos in ovo.
One is microparticle bombardment which has been widely used to transfect
genes to tissues of a variety of animal species in vivo (7-9), and the other is
electroporation (EP) by which foreign genes are transferred into cells through
nanometer pores made on the cell membrane by applying electric pulses (10).
The latter method is found to be more efficient than other nonviral methods
(11), and has been tested in various animal tissues such as the rat brain, the
mouse testis, and the chicken embryo (12-14).

In this chapter, brief protocols of in ovo gene EP in chicken embryos are
described. Protocols for detecting two common reporter genes, lacZ and
luciferase, in ovo are also described.
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2. Materials
2.1. Animals

Keep fertilized eggs of chickens obtained commercially from a local hatch-
ery in an incubator at 38.5°C usually for 48 h, and use the incubated embryos at
stages 11 to 12 of development (15). The reason for using 48-h incubated
embryos is that after injecting DNA solution into the embryonic body, the
viability of 48-h incubated embryos is found to be higher than that of 24-h
incubated ones (16) (see Note 1). At later stages, bleeding may occur while
injecting with DNA solution.

2.2. Plasmid DNAs

For short-term gene expression, that is, within several days after in ovo gene
EP, use circular plasmid DNAs. In this chapter, two plasmids, that is, pmiwZ
containing the bacterial lacZ gene driven by RSV-LTR and the chicken B-actin
promoter (VE052, Human Science Research Resources Bank, Osaka, Japan)
(see Note 2), and pGL control, containing the firefly luciferase gene, obtained
commercially (Promega, Madison, WI) were transferred as examples.

If longer gene expression is preferred, use linearized DNA as the chance of
integration may increase. Cotransfection with the integrase gene derived from
the Rous sarcoma virus (17,18) may also help enhanced gene expression.
Indeed, at 5 d after EP in ovo, higher frequency of bacterial B-galactosidase
gene expression was observed in Japanese quail embryos when an integrase
gene was cotransferred (unpublished). Unlike the case in mouse testes, how-
ever, there seems little effect of using the Epstein—Barr virus self-replicating
DNA sequence on prolonging and strengthening gene expression (see Note 3).
Instead, a translation stimulating expression plasmid, pAdVantage vector
(Promega, Madison, WI) may provide another means of enhanced and sus-
tained gene expression.

2.3. Solutions and Reagents

1. TE buffer: 10 mM Tris.HCI, 25 uM EDTA. Adjust pH to 7.5 with 5 M NaOH.
Filter-sterilize through a 0.22-um membrane, and store at 4°C or room
temperature.

2. Plasmid DNA: CsCl-purified plasmid DNA (or Qiagen-purified DNA, Qiagen,
Chatsworth, CA) is resuspended in sterile TE buffer to give final concentrations
at 1-3 ug/uL.

3. Transfection solution: Dissolve 10-50 g (or more where necessary) plasmid
DNA in 50 uL of 137 mM NaCl and 2.5 mM CaCl,. For one embryo, 1-5 uL of
the transfection solution is used.

4. PBS: 137 mM NaCl, 2.7 mM KCI, 10.1 mM Na,HPO, and 1.8 mM KH,PO,.
Adjust the pH to 7.4 with 5 M HCI. Autoclave, and store at room temperature.
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DNA injection Electroporation

Electroporator

Fig. 1. Diagrammatic presentation of in ovo gene electroporation.

5. Fixation solution: 4% formaldehyde and 0.2% glutaraldehyde solution in PBS.
Store at 4°C.

6. XG buffer: 2 mM MgCl,, 5 mM K, Fe(CN)¢ - 3H,0 and K;Fe(CN)4 in PBS. Store
at 4°C.

7. X-gal reaction mixture: 0.1% 5-bromo-4-chloro-3-indolyl-3-p-galactopyranoside
(X-gal), 5% N,N-dimethylformamide and 0.1% Triton-X in the XG buffer.
Adjust the pH to 7.6, and store at 4°C.

8. Luciferin solution: Use commercially available substrate solution, Picca Gene
(Nippon Gene, Tokyo, Japan).

2.4. Instruments

1. Electro-square porator: T820 in combination with an optimizor 500 (BTX, San
Diego, CA) or CUY-1 (Tokiwa Science, Tsukushino, Japan).

2. Use L-shaped electrodes made from gold-plated wire of 1 mm in diameter, hav-
ing efficient application length of 12 mm (CUY610, Tokiwa Science,
Tsukushino, Japan) with separate electrical connection to the above electro-
square porator (see Fig. 1).

3. Photon imaging system : Argus-50/2D (Hamamatsu Photonics, Hamamatsu,
Japan).

3. Methods
3.1. DNA Injection
A simple diagrammatic presentation of the in ovo gene EP is given in Fig. 1.
1. Place fertilized eggs in an upright position with the blunt edge at the top.

2. Sterilize the blunt edge with 70% (v/v) ethanol.
3. Make a hole of approximately 10 mm in diameter on the blunt edge of egg shell.
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Table 1

Effects of Voltages and Pulse Width on the Viability

and the Transfection Efficiency of a LacZ Reporter Gene

in Chicken Embryos After In Ovo Electroporation

Voltage Pulse width Surviving embryos Gene transfection efficiency
V) (ms) (%) (%)

10 50 55.6° (20/36)¢ 10.0¢ (2/20)”

25 50 56.0¢ (28/50) 50.0¢ (14/28)

25 99 10.4¢ (8/77) 37.5¢ (3/8)

From ref. 11, with permission.

“Number of surviving/number of total.
bNumber of lacZ positive/number of surviving.
Significantly different at p < .01.

4.

5.

3.2.
1.

Remove carefully shell membrane and allantocholionic membranes located
underneath to expose embryos (see also Note 4).

By using a micromanipulator, inject DNA (lacZ plasmid, luciferase plasmid, or
other genes) which is held in a fine-drawn glass pipette into embryonic body or a
circumpherence area at 1-5 pL. A manipulator that allows only a vertical move-
ment will do. When DNA transfer to a particular embryonic tissue is desired, the
injection procedure should be performed under macromicroscopes. Do not inject
excessive volume of DNA solution above 5 pL. By doing so, viability of
embryos may decrease severely.

Voltage Optimization for In Ovo EP

Immediately after the injection, apply square electric pulses three times with an
electro-square porator T820 in combination with an optimizor 500 (BTX, San
Diego, USA) at 25 V (31 V/cm) with the pulse width of 50 ms/pulse. The voltage
may have to be optimized according to the stage and size of embryos or limited
gene transfer site of interest. Generally speaking, chicken embryos are suscep-
tible to heat damage caused by electric pulse application. Therefore, use a milder
condition than those for various tissues in adult animals. The results of varying
voltages and pulse widths on viability and gene transfection efficiency are pre-
sented in Table 1 (11). The viability of embryos was not affected by raising
voltages from 10 to 25 V (i.e., 12.5 to 31 V/cm). However, by elevating pulse
widths from 50 to 99 ms, the viability was significantly decreased. The gene
transfection efficiency was the highest at 25 V in combination with 50 ms, fol-
lowed by 25 V with 99 msec and 10 V with 50 ms in the decreasing order.

If possible, exchange the cathode and anode during the pulse application as it is
empirically known that the exchange substantially enhances the intensity of gene
expression.

After the EP treatment, place a small amount of egg white onto the treated
embryo. This procedure is optional.
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4.
5.

3.3.
3.3.

. Remove the embryos from egg yolk with scissors, and carefully transfer them to

Seal the hole on the shell with a mending tape or vinyl wrap.

Incubate at 38.5°C for the subsequent 24 h or longer, without rocking or possibly
with rocking at 30° angle. If good sealing is attained, rocking the eggs is
recommended.

Assays
1. Histochemical Staining for B-Galactosidase (lacZ) with X-Gal

a Petri dish.

Wash with PBS twice, and remove PBS with an aspirator.

Fix the excised embryos with 4% formaldehyde and 0.2% glutaraldehyde solu-
tion in PBS at room temperature for 3 h or longer.

Rinse with PBS twice, and soak in the X-gal reaction mixture for not more than
1 h. This staining time period should be kept strictly to minimize endogenous
greenish-blue color development in the whole embryo samples. To eliminate
ambiguity, untreated control embryos should be stained at the same time along
with the treated embryos to monitor endogenous color development. Specific
blue color due to bacterial B-galactosidase is easily distinguished. A typical
example of an X-gal stained whole embryo is shown in Fig. 2A (11).

Where necessary, embed the stained embryos in paraffin for sectioning and
counter-staining with hematoxylin for light microscopic examination. The
endogenous blue color can no longer be observed under microscopic observation
whereas the blue staining due to the bacterial lacZ gene expression can be easily
identified.

3.3.2. Bioluminescence Imaging Analysis for Detecting Luciferase

1.

Take out eggs from an incubator, and set them in an upright position with the
blunt edge top. For bioluminescence imaging analysis, it is not necessary to
remove embryos and extraembryonic membranes from egg yolk.

Enlarge the visual area around the embryo by taking off pieces of egg shell frag-
ments with pincers.

Place eggs in the box of imaging analysis apparatus.

Inject 100 pL of luciferin solution into embryonic body with a 27-G needle, and
pour another 100 uL of luciferin solution over the embryonic body and surround-
ing membrane areas.

Place the egg to the camera lens as close as possible, that is, approximately
5-10 cm. By doing so, the sensitivity of photon imaging increases substantially.
Take several min or longer for photon imaging with the Argus 50/2D system. For
penetration of luciferin into embryonic cells, slight delay, that is, for several min,
of bioluminescence emission may occur. Unlike the photon counting with cell
extract, photon signal will be observed even at 30 min after injecting with the
luciferin solution into the embryos. An example of photon imaging is shown in
Fig. 2B (14).
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Control Luciferase Expressed

Fig. 2. (A) Typical example of an X-gal stained chicken embryo to which the bac-
terial lacZ gene driven by RSV-LTR and chicken B-actin promoter was transfected by
in ovo electroporation (11). Detection of the lacZ gene expression by X-gal staining
was conducted at 48 h after gene transfection. (B) Bioluminescence detected in ovo by
the single-photon imaging system in the chicken embryonic body and extraembryonic
tissues to which the firefly luciferase was transfected by in ovo electroporation. Rela-
tive intensity of the bioluminescence is indicated by a vertical bar (14).

4. Notes

1. If the injection of DNA solution can be done carefully not to cause bleeding,
embryos at stages later than 11 to 12 of development (15) could be suitably used.
One may prefer more developed and larger embryos, especially when spatial gene
expression is desired in a particular tissue at any given developmental stage.
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2. For requesting this gene, a special form is needed. Information can be obtained

3.

through the home page as: http://www.nih.go.jp/yoken/genebank/index.html.

In the mouse testis, inclusion of the self-replicating sequences derived from the
Epstein-Barr virus significantly prolonged the duration of gene expression (19),
whereas the same sequences did neither enhance nor prolong expression of
foreign genes transferred in ovo in chicken embryos (unpublished). The self-
replication sequences may have to be derived from DNA of infectious viruses to
avian species.

If hatching is aimed, do not remove shell membrane. With the membrane, DNA
injection is still possible, though the accurate injection site cannot be known. For
EP with shell membrane, voltage optimization is needed as the resistance
changes.
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Electrical Impedance Spectroscopy for Rapid
and Noninvasive Analysis of Skin Electroporation

Uwe Pliquett and Mark R. Prausnitz

1. Introduction

Transient disruption of skin’s barrier properties using high-voltage pulses
involves complex changes in skin microstructure believed to be due to
electroporation. Electroporation of cell membranes is a well known phenom-
enon which has found extensive use as a method of DNA transfection in bio-
logical laboratories (I-3). More recently, it has been shown that the
multilamellar lipid bilayer membranes found in skin can also be electroporated
(4-7). The dramatic and reversible increases in skin permeability caused by
electroporation indicate that drugs might be delivered transdermally at signifi-
cantly enhanced rates. Especially for macromolecules, such as protein- and
gene-based drugs, electroporation-mediated transdermal drug delivery could
be an important pharmaceutical approach.

Overcoming the skin barrier is especially challenging because skin’s outer-
most layer—the stratum corneum—has remarkably low permeability to most
compounds. Its structure consists of a mosaic of keratinocytes imbedded in an
intercellular lipid matrix (8,9). The keratinocytes are cell remnants filled with
crosslinked keratin. The intercellular lipids are organized in bilayer structures.
It is these bilayers which make stratum corneum so impermeable and which
are believed to be disrupted during electroporation. While stratum corneum
occupies the outermost 10—20 um of skin, the viable epidermis fills the next
50-100 um below that and finally the dermis makes up skin’s deepest layer,
which is typically 1-2 mm thick. These deeper layers do not contribute a sig-
nificant transport barrier for most drugs. Thus, disruption of stratum corneum
by electroporation can dramatically influence overall skin permeability.

From: Methods in Molecular Medicine, Vol. 37: Electrically Mediated Delivery of Molecules to Cells
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The intriguing biophysical phenomena and potential drug delivery applica-
tions of skin electroporation have prompted study using a variety of different
approaches. Most studies have emphasized measuring changes in molecular
flux across the skin, which can transiently increase by as much as four orders
of magnitude (7). Others have used microscopy and other spectroscopic and
biophysical tools (5,10-13) to characterize changes in skin properties, both in
vitro and in vivo. In this chapter, we describe an especially useful technique:
electrical impedance spectroscopy.

Measuring skin electrical properties to assess the effects of electroporation
is an especially sensitive and rapid method. Electroporation is believed to create
nanometer-scale pores within stratum corneum (4). Because an “electropore”
filled with saline has a conductivity orders of magnitude greater than the bulk
stratum corneum, even a small number of pores will make a big change in
skin’s electrical resistance. Impedance spectroscopy has previously been
applied in other studies of transdermal delivery, including the use of chemical
enhancers (14-18) and low-voltage electric fields for iontophoresis (19,20).
Using conventional equipment which probe the impedance spectrum by mak-
ing a series of measurements sequentially over a range of frequencies, the time
required for one scan is sufficiently short to assess changes which occur on the
minutes time scale or slower. Many of the changes in skin electrical properties
associated with electroporation, however, occur on the microsecond to milli-
second time scale (21,22). Therefore, impedance spectroscopy analysis of skin
electroporation requires faster methods, as described in this chapter.

1.1. Skin Impedance

Any material can be characterized by its passive electrical properties, which
describe the relationship between the voltage across the material and the cur-
rent through it (23-25). The passive electrical property most commonly used
to describe a material is resistance, expressed in Ohm’s law as U = IR, where
U is voltage, [ is current, and R is resistance. However, Ohm’s law only applies
for materials whose electrical properties are both time invariant and linear (i.e.,
R is independent of the electric field) during the measurement.

The resistance to flow of an alternating current is called the impedance. As
frequency increases, the resistance becomes complex if the material has the
ability to store energy, for instance by charging up a capacitive element. A
capacitor can be formed if a high resistive medium such as a biological mem-
brane is contacted by electrolytes which have a low resistance (e.g., a lipid
bilayer bathed in saline). Because inductive elements are generally not found
in biological matter, they are not considered here.

The greatest resistance of the skin resides in the stratum corneum (26,27).
Although the stratum corneum is in series with the viable epidermis and dermis,
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Fig. 1. Impedance spectrum of human stratum corneum in vitro (Agy;, = 0.67 cm?)
for a frequency range between 10 Hz and 1 MHz. Both the real (X) and the imaginary
(O) parts of the impedance are represented.

the stratum corneum resistance is typically three orders of magnitude greater
than the deeper tissues. Thus, measurements of skin resistance primarily
reflect the resistance of stratum corneum. This large stratum corneum resis-
tance is due to the multilamellar structure of the long chain sphingolipids
between the corneocytes (28,29). Paths for direct current across the skin include
routes through the appendages (i.e., hair follicles and sweat ducts) as well as
routes through the bulk of stratum corneum involving tortuous intercellular
paths and possibly transcellular paths too. At higher frequency (i.e., >10 Hz)
the modulus of the stratum corneum resistance drops because of its capacitive
behavior (23-25). At very high frequencies (e.g., >100 kHz), the impedance
approaches zero and the membranes appear as a short circuit.

A typical frequency spectrum of human stratum corneum is given in Fig. 1.
It shows the real part of the impedance which is associated with resistive path-
ways across the skin (e.g., hair follicles, sweat ducts, and defects in the bulk
multilamellar system possibly created by desmosomes) and the imaginary part
of the impedance which is associated with capacitive pathways (e.g., mem-
brane structures). A large real part of the impedance is found at 10 Hz (near to
DC, i.e., 0 Hz). Here only the appendages and small additional DC-pathways
within the bulk stratum corneum contribute to the resistance. With increasing
frequency (f) the real part of the impedance decreases and the imaginary part
becomes more and more important. Since the resistance of a capacitor
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(membrane structures) is X = 1/2 nfC (where C is capacitance), the imaginary
part of the impedance disappears at very high frequencies and only a small real
part remains. When the frequency is so high, current is only being moved back
and forth between membrane surfaces and thus neither the DC pathways across
skin nor the capacitive charging pathways of the membranes have time to play
arole. The current is only limited by the real resistance of the electrolyte con-
tained between the multilamellar membranes especially within the corneocytes.

One approach to analyzing impedance spectra involves fitting the spectrum
to the Cole—Cole equation (23), which accounts for distributed characteristic
times. However, the parameters of the Cole—Cole equation lack a clear assign-
ment to structural features of the skin and therefore is of less use for mechanis-
tic interpretation.

Using a better approach, passive electrical properties are presented in terms
of an equivalent circuit, consisting of real electrical elements like resistors and
capacitors. A very simple equivalent electrical circuit which could describe the
electrical behavior shown in Fig. 1 would contain a resistor for the DC path
and a capacitor in parallel for the membrane capacitance. This however could
not account for the resistance seen at high frequencies. Another resistor in series
with the capacitor can appropriately model the direct pathway crossing mem-
brane structures and electrolyte reservoirs like hydrated corneocytes. In Fig. 2,
this three-element equivalent electrical circuit is shown together with its locus
diagram. The locus diagram, which plots the imaginary versus the real part of
the impedance, is a standard representation of electrical properties of cells and
tissues.

The locus diagram of the three-element equivalent circuit is an ideal half
circle (Fig. 2). However, the diagram for real skin has a different shape, because
stratum corneum is not as homogeneous as the equivalent circuit models. The
three-element circuit models a material with just one characteristic frequency,
but experimental data from skin show at least two characteristic frequencies:
~50 kHz, which is believed to be associated with pathways directly across the
stratum corneum (pathway 2B in Fig. 3A) and ~1 kHz which is thought to be
due to tortuous pathways (pathway 2A in Fig. 3A). Therefore the locus dia-
gram of skin is better approximated by a five-element circuit (Fig. 3B) with
two characteristic frequencies, which appears as the sum of two half circles on
a locus diagram (Fig. 2B) (21). However, the analysis is more complex and
therefore for simplicity all analysis in the methods described below will be
based on using the three-element circuit.

In previous studies of skin electrical properties (30,31), most investigators
have focused on the low frequency behavior or just DC resistance of the skin,
since these properties are associated with the transport pathways for most
drugs. If the skin is electroporated and thereby new pathways are created across
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Fig. 2. (A) Simple equivalent electrical circuit of the stratum corneum. R, repre-
sents the resistance of the dc-path (path 1) across the stratum corneum (e.g., via
appendages), R, represents the electrolyte between membrane structures (e.g., inside
the keratinocytes), and C, is the capacitor modeling the intercellular bilayer mem-
branes (path 2). (B) A locus diagram for impedances measured over a frequency range of
10 Hz to 1 MHz for: (X) the ideal circuit shown in (A), (3¢) the ideal 5-element circuit
shown in Fig. 3B, and (O) experimental measurements on human stratum corneum.
The 5-element circuit provides a better model of measured stratum corneum electrical
properties.

the skin, these pathways shunt the existing DC pathways which can drop skin’s
DC resistance by orders of magnitude (21). This resistance drop is due to
increased ionic transport and may be correlated with increased skin permeabil-
ity to drugs (32). If skin’s electrical properties are also monitored at high
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Fig. 3. (A) Schematic of pathways across the stratum corneum and (B) the equiva-
lent circuit which describes these pathways. Pathway 1 represents the DC-path mainly
through appendages (R,). Pathway 2A represents the direct route through keratinocytes
and intercellular lipid structures (R,, C,). Pathway 2B represents the tortuous route
through water-rich layers between the intercellular lipid sheets (R;, C;,). The tortuous
route can also involve the crossing of lipid layers and the walls of appendages.

frequency, changes in impedance suggest other changes in skin structure not
related to permeability (capacitive properties).

1.2. Impedance Measurements in Frequency and Time Domain

Impedance measurements can be made in the frequency or time domain.
Frequency domain-based measurements are more accurate but slower, while
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time domain-based measurements sacrifice some accuracy for speed of the
measurements. In the frequency domain the real and the imaginary parts of the
impedance are determined sequentially over a range of different frequencies
(24,33). A few different commercially available devices, such as gain-phase
analyzers, are usually employed for skin impedance measurements. Typically,
tens of frequencies between approximately 5 Hz and 10 MHz are scanned,
which requires tens of seconds to minutes. For this reason, frequency domain
measurements are far too slow for following the fast changes in passive electri-
cal properties of electroporated skin.

Time domain measurements provide a much faster method in which a broad
band signal, such as a rectangular wave, is applied to the skin and its deforma-
tion is then measured (Fig. 4) (33). If the skin did not have energy-storing (i.e.,
capacitive) structures like membranes, the response signal would have the same
shape as the excitation (i.e., both rectangular waves). However, the skin does
have membrane structures which act as capacitors. Because charging these
membranes is a time-consuming event, the voltage across the skin is deformed
(Fig. 4B,C). If the applied rectangular wave and the measured deformed signal
are both measured over time, collected with a digital oscilloscope, and fed to a
computer which can perform a fourier transform, then these time-domain sig-
nals can be converted to the frequency domain using standard engineering cal-
culations (34,35). With the algorithms described in this chapter, the resistance
and capacitance values for the elements of a simple equivalent circuit (Fig. 2)
can be directly calculated from the deformed time-domain signal (Fig. 4).

1.3. Changes in Skin Resistance During a High-Voltage Pulse

Skin impedance is defined only for materials with linear electrical proper-
ties (i.e., the resistance does not depend on the applied voltage) (36). Because
skin resistance is known to drop during high-voltage exposures, it is impos-
sible to directly measure skin resistance during a high-voltage pulse. However
the “apparent” resistance (quotient of voltage and current, R" = U/I') can serve
as a useful parameter to describe the effects of skin electroporation. In a
semirigorous way, the “apparent” resistance during a pulse can be used, for
example, to follow the onset and evolution of electroporation. For more
sophisticated studies, calculating the dynamic resistance, Ry, = AU/AI is the
better approach (21), which is beyond the scope of this chapter.

2. Materials
2.1. Skin Preparation
Three types of skin preparation can be used; all work well for skin imped-

ance measurements. However, concurrent flux or microscopy experiments may
determine the best preparation to use. Full thickness skin is the easiest, since
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Fig. 4. Apparatus and representative signals for measuring skin electrical
properties in the time domain. (A) The apparatus includes a measuring resistor (R,,) in
series with a chamber containing skin. (B) A rectangular wave [Uyypieq (1] is applied
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Fig. 4 (continued) and (C) the transdermal voltage [Uy;, (t)] can be measured. These
time domain measurements can be analyzed to yield values for the electrical circuit
elements shown in Fig. 3.

little preparation is required, but the presence of the dermis may be problem-
atic for microscopy and flux studies. Heat-separated epidermis is commonly
used for flux studies, since it removes the complication of molecule binding
within the dermis. Isolated stratum corneum can also be used and is especially
useful for microscopy studies, where the presence of epidermis may impede
clear viewing of the stratum corneum, but this tissue is quite fragile. Viable
skin may be needed for some studies, but is not required for impedance mea-
surements. Human skin is often obtained from cadavers or surgical procedures.
Animal skin, such as hairless mouse or pig skin, is obtained from laboratory
animal suppliers or slaughter houses. Skin stored at =70, —20, or 4°C can usu-
ally be kept for months, weeks, or days, respectively (37,38).

2.1.1. Full-Thickness Skin

1. Scrape fat from the bottom of the dermis using a scalpel handle or other blunt
object.
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2.1.2. Heat-Stripped Epidermis
See ref. (37).

Scrape fat from the bottom of the dermis using a scalpel handle or other blunt object.

. Soak skin for 2 min in a 60°C water bath using gentle stirring.

3. Place skin dermis-side down onto an absorbent piece of paper so that it does not
roll up or slide around.

4. Using a rounded spatula or similar object, scrape off the epidermis from the der-
mis. This is best done by starting at one edge of the skin and vigorously scraping
until the epidermis begins to separate. Then, more gently work across the skin
surface, slowly scraping with small, firm strokes.

5. Place the isolated epidermis onto the surface of a room-temperature water bath
and allow it to spread out. Because stratum corneum is hydrophobic and viable
epidermis is hydrophilic, it will naturally spread itself with the stratum corneum
side up.

6. Dip a piece of heavy waxy paper, such as some commercially available bench-
top liner, into the water bath and underneath the spread epidermis. Slowly raise
the paper to the surface and remove the epidermis, which should be spread across
the paper’s waxy surface. The use of paper keeps the epidermis from balling up
and the waxy coating keeps the epidermis from sticking to the paper.

7. Cut epidermis (while still on the waxy paper) into pieces of appropriate size for
use in subsequent experiments. This can be done simply with scissors, but using
a hammer and punch may be easier.

8. Epidermis can be used right away or stored in the refrigerator in a moist (e.g.,

95% humidity) environment.

o =

2.1.8. Isolated Stratum Corneum
See ref. (39).

1. Place heat-stripped epidermis on the waxy side of a piece of heavy waxed paper
with the stratum corneum side down.

2. Soak the skin in a 2% trypsin solution at room temperature over night.

3. With forceps peel away residual pieces of tissue and then rinse away the rest of
the digested tissue using deionized water squirted from a wash bottle. Gently
hold the stratum corneum to the waxy paper so it does not get washed away too.
Note that the pigment associated with the skin washes away with the viable epi-
dermis. The remaining stratum corneum is very thin (10-20 um), fragile, and
transparent.

2.2. Measurement Chamber

Commercial glass chambers (Permegear, Riegelsville, PA) consist of two
horizontal compartments (donor and receiver) (Fig. 5), filled with well-stirred
saline. Each can hold two electrodes for pulse application and electrical
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Fig. 5. Side-by-side permeation apparatus for clamping and bathing the skin speci-
men during electrical measurements. Four electrodes are held in place using Teflon
stoppers as holders. The outer electrodes are used to apply electrical stimuli, while the
inner electrodes are used only to make measurements. The skin is bathed on both sides
by well-stirred saline. A water jacket surrounding the apparatus provides temperature
control.

measurements. For the purpose of continuous sampling the receiver compart-
ment can have flow-through capabilities. A water jacket allows temperature
control.

2.3. Electrodes

Four electrodes should be used: a pair of inner electrodes and a pair of outer
electrodes (Fig. 5). The inner electrodes should be made of Ag/AgCl (e.g., In
Vivo Metric, Healdsburg, CA) and are used only as sensing electrodes (i.e.,
almost no current passes through them). The outer electrodes for pulse applica-
tion or current electrode in a four electrode impedance measurement interface
are preferably made from silver, carbon or stainless steel. They should be physi-
cally stable and as large as possible. If the transport of fluorescent molecules is
monitored at the same time, silver electrodes or protected electrodes (gel or
flow) should be used to help prevent loss of fluorescence due to electrochemi-
cal by-products (40).

2.4. Saline

Physiological phosphate buffered saline, pH 7.4, is preferred, since the skin
impedance is slightly affected by pH-changes.
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2.5. Electrical Devices
2.5.1. Digital Oscilloscope

A digital oscilloscope (DSO) (e.g., HP 45601, Hewlett Packard) is needed
for capturing the waveforms. The choice is not critical, since a large variety of
DSOs are on the market. It should have at least two channels with a minimum
bandwidth of 100 MHz. For transferring the data to a computer either a RS232
or IEEE-488 (HPIB) interface is necessary. An RS232 port is standard equip-
ment on a computer but it is slow. By contrast, IEEE-488-interfaces are much
faster, but must be purchased as separate plug-in cards.

2.5.2. Function Generator

To apply the signals for time domain based impedance measurements a
square wave generator (e.g., HP 8116A, Hewlett Packard, Palo Alto, CA) is
needed. The rise time of the signals should be less than 100 ns and the output
voltage range between 0.01 and 1 V (minimum). The minimum upper fre-
quency limit should be 10 MHz and the output impedance 50 Q. The require-
ments for the generator are met by most commercial devices.

2.5.3. Computer

An IBM-compatible computer is preferred, since there is a wide range of
software for transferring data from external devices to PCs. The capabilities of
the computer depend on the requirements of the user. If more sophisticated
programs (e.g., Matlab 5, The MathWorks, Natick, MA), are used for data
analysis a Pentium based computer is needed. For fast data transfer from the
DSO to the computer a IEEE-488-interface should be added (i.e. HP82341D,
Hewlett Packard, Palo Alto, CA). Software for capturing curves from the oscil-
loscope into a PC-compatible computer can be obtained from a number of dif-
ferent suppliers (e.g., Hewlett Packard) or can be relatively easily written by
someone with a programming background.

3. Methods
3.1. Chamber Setup

Impedance measurements are usually performed in a standard permeation
apparatus which holds the skin between two chambers filled with saline
(Fig. 5) (7). The apparatus is temperature-controlled, the saline is well stirred,
and electrodes are provided on either side of the skin to make the electrical
measurements. A side-by-side (i.e., horizontally oriented) permeation appara-
tus is preferable, because it provides easy access for electrodes.
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1.

Attach tubing to the water jacket inlets and outlets on the permeation apparatus
and to a temperature-controlled water bath. Start water flowing through the tub-
ing. It is better to hook up the tubing and remove air bubbles from the system
before mounting the skin, because the movement associated with attaching tub-
ing to the apparatus can damage the skin. Usually a temperature of 37°C (body
temperature) or 32°C (estimate of skin surface temperature) is used. In some
experiments, temperature control is not used for convenience. Although there
can be highly localized heating within the skin during an electroporation pulse,
the overall temperature rise within the saline due to Joule heating is minimal
(<1°C) (41).

Mount the skin onto the surface of one of the permeation chambers. This is easy
if full thickness skin is used, but can be difficult if epidermis or stratum corneum
is used. The skin sample should be resting on a small piece of waxy paper (see
Subheading 2.1.). Slip one arm of a pair of forceps between the skin and the
paper and grab the paper with the forceps. Then place the skin and paper, with the
paper side down, onto the permeation chamber surface. Apply gentle pressure
with a gloved finger to the skin resting on the permeation chamber on the side
opposite that of the forceps. Finally, pull the waxy paper out from under the skin,
leaving the skin resting on the permeation chamber. The stratum corneum side of
epidermis should be facing up.

. Place the two chambers (one of which has skin mounted onto it) which make up

the permeation apparatus into a clamp holder. Be sure to have opened the clamp
so that there is a gap of a few millimeters or more between the chambers. Once
the two chambers are in place and aligned, press them together and firmly hold
the chambers next to each other while tightening the clamp holder. The clamp
should be tight, but be careful not to damage the permeation apparatus.

Add saline to each chamber of the permeation apparatus. Fill each chamber
equally, so that no pressure gradient is created across the skin, which can stretch
it and thereby cause a drop in resistance.

Add stir bars and place the apparatus onto a magnetic stirrer. Allow to sit for
about an hour to allow the skin the fully hydrate before performing experiments.
Insert electrodes into the ports of the permeation apparatus. Four electrodes
should be used: a pair of inner electrodes and a pair of outer electrodes (Fig. 5).
The inner electrodes are used only as sensing electrodes (i.e., almost no current
passes through them). The outer electrodes are used for application of high-voltage
pulses for electroporation, as well as lower voltage rectangular waves for imped-
ance measurements utilizing a four electrode interface. These electrodes need to
be capable of passing high current densities. All electrodes need to be reproduc-
ibly positioned within the apparatus. This can be facilitated by mounting the elec-
trodes on teflon stoppers which fit into the permeation apparatus ports.

Make preliminary resistance measurements with a standard ohmmeter to be sure
the skin barrier is intact, or, preferably, with a device in which the measurement
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voltage can be controlled (<< 1 V, since larger voltages lower skin resistance)
and electrode polarization can be avoided by making the measurement with a low
frequency (e.g., 10 Hz) alternating current signal. Skin resistivity should be at
least 50 kQ cm?; a lower resistance suggests that the skin is “leaky” and should
not be used.

3.2. Prepulse and Postpulse Skin Impedance Measurement

Skin impedance measurements can be made using just a few pieces of
commercially available equipment: a function generator, a digital oscilloscope
with computer connection for transferring data, a resistor (R, = 10 k) and a
computer (21).

1. Connect the output of the function generator (i.e., from the inner wire of the
coaxial cable) to channel 1 of the oscilloscope and to one of the inner electrodes
of the permeation apparatus via the 10 kQ resistor (Fig. 6). Channel 2 of the
oscilloscope connects to the point between the resistor and the permeation appa-
ratus. It is unimportant how the skin is oriented within the chamber. The outer
shield of the coaxial cable from the function generator, the ground clips from
both channels of the oscilloscope and the other inner electrode in the permeation
chamber should all be connected to ground. In all cases the resistance of the
ground connections should be as small as possible. In this way, channel 1 mea-
sures the voltage applied by the signal generator (Uyypjieq) and channel 2 mea-
sures the voltage across the skin (Ug;,). Actually, channel 2 measures the voltage
across the skin and across the saline between the electrodes and the skin. For pre-
and post-pulse analysis, the voltage across the saline can be neglected. However,
as described below, this must be accounted for when making measurements dur-
ing a pulse when skin resistance is much lower.

Note that this measurement circuit should not be connected during application
of a high-voltage pulse, because the high voltage can damage it. It should only be
connected before and after the pulse. To obtain measurements within millisec-
onds after a pulse, an automated high-voltage relay should be used to switch from
the pulse application circuit to the measurement circuit. Switching by hand can
be performed if time resolution is less important.

2. Set the function generator according to the following guidelines:

 Signal shape: Although the only requirement for the signal is it have a high
bandwidth (i.e., a broad range of frequency components), use of a rectangular
wave is recommended for easy data processing. Since the range of character-
istic times of the skin are 100 us or longer, the rise and fall time of the signal
must each be 100 us or shorter, which is not a problem, since virtually all
modern function generators are faster than that. For easier data processing a
symmetric wave form is preferable (i.e., the positive and negative portions of
the signal are mirror images, such as the curve in Fig. 4B).
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Fig. 6. A function generator provides a voltage across a measuring resistor (R, is
usually 10 kQ) and the skin chamber. For an applied voltage step the voltage across
the skin will be deformed (e.g., as shown in Fig. 4C or Fig. 7) due to charging of
capacitive structures in the skin.

» Amplitude: The amplitude of the rectangular wave should be between 100
and 500 mV with no offset (i.e., no dc-component). Lower voltages give noisy
signals, but higher voltages can alter skin resistance. For low frequency mea-
surements, a few hundred millivolts can lower skin resistance, while larger
voltages are required for measurements at higher frequencies.

» Frequency: Choice of frequency depends on three parameters. First, even
reversible electrodes (e.g., Ag/AgCl) show electrode polarization, which
becomes important at frequencies below about 50 Hz. Thus, higher frequen-
cies should be used. Second, time resolution of measurements is limited by
the frequency selected: higher frequencies are again preferred, since faster
measurements can be made. And third, information about all pathways across
skin (Fig. 3) can only be obtained with measurements whose frequency is
close to or less than skin’s characteristic frequencies (i.e., 1 and 50 kHz for
unelectroporated skin; see Introduction). Thus, measurements at 300 Hz are a
good compromise which is fast enough to avoid electrode polarization, fast
enough to provide time resolution on the order of 10 ms and slow enough to
give information about the full impedance spectrum which is relevant to
transdermal pathways. For measurements made during the first milliseconds
after an electroporation pulse, a higher frequency (e.g., 6 kHz) may be useful,
since it can better follow the rapid kinetics of initial skin recovery and still
provide the complete relevant spectrum, since skin’s characteristic frequen-
cies are higher after electroporation.

» If the HP 8116A function generator is used, choose the following representa-
tive settings:
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mode normal

control (CTRL) nothing selected

frequency (FRQ) 1.25 kHz

voltage (AMP) 200 mV

duty cycle (DTY) 50 % (automatically, when
square wave selected)

offset (OFS) ov

square wave selected

AUTO,LIMIT,COML,DISABLE off (LED not lighted)

In general, choose the oscilloscope settings according to the following guidelines:

trigger: After electroporation of skin, the signal to channel 2 (Ug;,) can
become very small. For this reason, the signal to channel 1 (U,ppjicq) from the
function generator should be used as the trigger. For example, for an applied
signal of Upypiieq = 200 mV, the trigger should be set at the rising edge of
channel 1 at about 50 mV.

display: The vertical scale of the oscilloscope should be chosen so that at
least two-thirds of the screen is covered by the signals. For example, for an
applied signal of U,ypyiieq = 200 mV, the attenuation of both channels should
be 50 mV/ division. Note that because the signal from channel 2 can become
small after electroporation, the attenuation should be chosen before pulses are
applied. The horizontal display should be such that the trigger is placed at the
first division line on the screen (i.e., 10% of the way across the screen). The
horizontal scale should be selected based on the frequency of the applied rect-
angular wave. Since only one half (e.g., the positive half) of a wave is needed
for analysis, the full screen should be a little larger than one half wave period.
For example, for a frequency of 1.25 kHz (period of 0.889 ms), a horizontal
attenuation of 50 us / division is a suitable setting. These settings are impor-
tant because they maximize the resolution of the data collected.

data storage and transfer: If very fast time resolution is not important, data
can be averaged by the oscilloscope (e.g., 8 or 32 times) for a better signal-to-
noise ratio. Because the transfer of data from the oscilloscope to the computer
is the slowest step in data capture, the number of points transferred to the
computer should be minimized. Usually 100 data points per measurement are
sufficient. An example of a curve transferred from an oscilloscope and stored
in a computer is given in Fig. 7.

If the HP 54601 digital oscilloscope is used, chose the following settings.
Channels 1 and 2 should be selected and the other channels should be off. Set
both channels to 50 mV/division. Chose the trigger mode “auto” and the trig-
ger at the rising edge of channel 1. If a horizontal delay before the trigger of
50 ms is chosen, a picture like Fig. 7 should appear at the screen.

4. As a final step, it is important to validate some measurements made on known
circuits to be sure that the apparatus has been set up correctly. Build a circuit like

the one shown in Fig. 2A using resistors and capacitors with values representa-
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Fig. 7. Typical signal captured by the oscilloscope following electroporation of
skin using the apparatus shown in Fig. 6. The step curve was recorded in channel 1
(Ugppliea) and the deformed curve in channel 2 (Ug,). The trigger appears at 0.05 ms.

No averaging was used. The skin specimen was previously pulsed with Ug;, = 55V
and T=1.1 ms.

tive of skin (i.e., Ry, = 100 k€2, R, = 100 Q, C, = 10 nF) (21). Collect the impedance
spectra of the circuit and analyze the data as described in Subheading 3.4. The
analysis should yield the correct circuit element resistance and capacitance values.

3.3. Apparent Skin Resistance Measurement During the Pulse

The actual resistance or impedance cannot be measured during a pulse, but
the “apparent” resistance (see above) can provide a rough idea of the kinetics
of changes in ionic pathways of skin during a high voltage pulse (21,42). Using
this approach, three important parameters can be determined: (i) a characteris-
tic voltage at which the skin resistance drops, which can be interpreted as the
threshold voltage for creation of new ionic pathways, (ii) the extent and kinet-
ics of changes in skin resistance caused by a high-voltage pulse, and (iii) the
dependence of skin resistance on changes on the pulse rise time and peak voltage.

A high-voltage pulse and the simultaneous measurement of apparent resis-
tance can be accomplished using a setup such as that shown in Fig. 8. A pulse
is applied across the outer electrodes of the permeation apparatus in series with
a low-resistance, high-power current sampling resistor (e.g., 5Q/50W). The
voltage across the inner electrodes and across the series resistor are measured
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differential HV-probe DSO
; ] CHtCH2
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skin

pulser
GND H

samplin
/l I\ l\ resistorg

< inner electrodes>
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Fig. 8. Set-up for measuring the apparent resistance during a high voltage pulse.
The pulser applies the voltage to the outer electrodes. A sampling resistor in series is
used for current measurement (Ugypmpiing)» recorded at the second channel (CH2) of the
digital oscilloscope (DSO). To measure the voltage across the inner electrodes (U;,,),
a high voltage differential amplifier is used and Uy, recorded at channel 1 (CH1).

using a digital oscilloscope. The transdermal voltage and apparent skin resis-
tance can then be calculated.

1. Apply a high voltage pulse across the outer pair of electrodes in the permeation
apparatus. An exponential-decay or square-wave voltage pulse can be given using
commercially-available equipment (e.g., BioRad, Richmond, CA; Genetronics,
San Diego, CA; CytoPulse, Columbia, MD). For some applications, a pulse with
a different wave form or a pulse of controlled current (rather than voltage) may
be useful. However, commercially available equipment which delivers sufficient
power may not be available for alternative wave forms or current pulses. The
Notes section (see Note 2) below provides advice on how an experienced electri-
cal engineer could build such a pulser.

2. Measure the voltage across the inner electrodes of the permeation apparatus
(Ujpner) using channel 1 of the oscilloscope. This should be done with a high-
voltage differential probe (e.g., P5205, Tektronix, Wilsonville, OR). In the
absence of a such a probe, two conventional 10 X probes can be plugged into
channels 1 and 2 (of a four-channel oscilloscope) and the inner-electrode voltage
determined using the oscilloscope’s mathematical function feature which dis-
plays the difference between the two inputs (A-B). However, this is less accurate
and may cause problems because it uses up two oscilloscope channels. This mea-
surement needs to be collected in single-shot mode (i.e., no averaging).

3. Measure the voltage across the current sampling resistor (Ugympiing), Which can
be done with a conventional probe (i.e., 10 X). This measurement needs to be col-
lected in single-shot mode simultaneously with the inner electrode measurement.

4. Calculate the current during the pulse (/). Using Ohm’s law, this is simply the
quotient of the measured voltage across the current sampling resistor (Ugympiing)
and its resistance (Rgmpling).
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U

I = sampling (1)
Rsampling

5. Calculate the transdermal voltage during the pulse (Ug;,)- The voltage across the

skin during the pulse can be much less than that applied across the outer elec-

trodes and therefore should be determined
Ugkin = Uinner — IRgyline 2)

6. Rgine 1s the resistance of the saline between the inner electrodes, which can be
independently measured in a chamber without skin. Calculate the apparent skin
resistance during the pulse (R’ ygp)-

’ _ kain

R skin = Ji )

3.4. Skin Impedance Data Analysis

The impedance data collected before and after an electroporation pulse (see
Subheading 3.2.) can be analyzed to yield the resistance and capacitance val-
ues for the elements of the equivalent electrical circuit of the skin. The analysis
presented below is the easiest case, based on the three-element circuit shown in
Fig. 2A and the apparatus shown in Fig. 6. Although the three-element circuit
does not provide as complete a model as more complex equivalent circuits, it is
adequate in many situations. A different, although similar, analysis would be
needed if any other equivalent circuit or apparatus is used (see Note 1).

1. The analysis can be performed using data collected over the time scale of a half
period of the applied rectangular wave (e.g., only the positive portion of a com-
plete wave, from U, (t=0) to U, (t=T/2), where T is the period). According
to the model proposed in Fig. 2A, the voltage across the skin (Ug;,) in response to a
rectangular wave applied to the apparatus (U,jicq) can be described as exponential

Ugn () =Ag— At 4)

where A, and 7T are the fitted parameters of the exponential function associated
with the pathway involving a capacitive element (pathway 2 in Fig. 2A), and A,
is the fitted parameter associated with the DC-pathways across skin (pathway 1
in Fig. 2A). Use standard curve-fitting algorithms [e.g., downhill simplex or least
squares (43)] to determine the values of the three unknowns in the equation. Cal-
culate the three elements of the electrical equivalent circuit (Fig. 2A) as follows.
2. Calculate the resistance of the parallel resistor (R ) directly from
RmAO
Rp (Uapplied - AO) (5)
where R, is the resistance of the measuring resistor in Fig. 6. To make further
calculations simpler, R, is introduced as the equivalent resistance of the parallel
combination of R, and R,
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RuR,

R, +R, ©)

Ryp =

It may be interesting to note that A, and R,,,, model a voltage source with an open
circuit voltage of A and an internal resistance of Ry,
3. Calculate the rest of the elements (R,, C,) using the following equations.

24,

a:Al +A1e_T/21Rmp_Rmp @)
T
€= R+ Rop ©

Calculation of electrical properties as described above, or by any other method,
assumes that the measurement method does not alter the measurement and that
the measurement does not change within the time scale over which it is made.
This will be the case as long as the voltage is kept sufficiently low (e.g., less
than a few hundred millivolts applied at, for example, 1 kHz to human skin)
and the skin properties do not change more quickly that the period of the mea-
surement signal (e.g., 1 ms for 1 kHz).

3.4.1. Sample Results from Pre and Postpulse Resistance

Using the method described in Subheading 3.4. and the apparatus shown in
Fig. 6, skin impedance was measured before and after an electroporation pulse,
as shown in Fig. 9. Initially, skin resistance was high. After the pulse, skin
resistance was lower and then showed significant recovery within seconds. To
apply the high-voltage pulse without damaging the impedance apparatus, a
high-voltage relay switched between the pulser and the measuring circuit. An
end-of-pulse signal was generated by the pulser when the voltage fell to less
than about 3 V, which triggered the relay to switch the impedance measuring
circuit back on within 6 ms.

3.4.2. Sample Results from Apparent Resistance During the Pulse

As an example measurement of the passive electrical properties of skin dur-
ing a high-voltage pulse, the transdermal voltage was measured during a cur-
rent pulse (Fig. 10). Initially, there is a steep increase in voltage with increasing
current, which is due to the high resistance of unelectroporated stratum cor-
neum. At a transdermal voltage around 70 V, a dramatic change (kink) in the
slope occurs (Fig. 10B), which corresponds to an order of magnitude drop in
apparent skin resistance. In other experiments (data not shown), the kink in
voltage occurred between 30 and 75 V, depending on the skin specimen and
the temperature (4-37°C). This measurement was made using the protocol
described in Subheading 3.3. and with a pulser described in Note 2.
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Fig. 9. Pre- and post-pulse impedance of human skin in vitro (A = 0.69 cm?). An
exponential-decay pulse (T = 1.1 ms) was applied at # = 0 with an amplitude of 500V

across the outer electrodes, which yielded a voltage across the skin of about 65 V.
Since the DC-resistance (R ) is the most sensitive parameter it is the only one shown here.

4. Notes

1. VARIATIONS ON THE IMPEDANCE MEASUREMENT APPARATUS. The measurement cir-
cuit described in Subheading 3.2. uses a two electrode system (the outer elec-
trodes are not used during measurement, but are employed only for the
high-voltage electroporation pulses) to apply a voltage across the whole appara-
tus (chamber + Rg,piing) and measure the voltage across just the chamber, which
is approximately equal to Ug;,. Three variations on this approach are summa-
rized below.

a. To eliminate electrode polarization, which can be a problem for low frequen-
cies used to access the behavior of skin close to DC, a four-electrode system
may be needed (Note 1.1, Fig. 11).

b. For simplified data processing, a voltage can be applied across the skin and
the current measured directly (Note 1.2, Fig. 12).

c. If very fast time resolution is needed, a less accurate, but more rapid method
of data capture is described (Note 1.3, Fig. 13).

For each of these variations, a different, but similar, set of data analysis equa-
tions is needed.

1.1. FOUR ELECTRODE INTERFACE. A four-electrode system can be useful if the skin’s
characteristic frequencies are low (i.e., the characteristic relaxation times are
long), because the electrodes in a two-electrode system will become polar-
ized during a long period of stationary voltage (44), which introduces error.
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Fig. 10. Applied current ramp (A), measured transdermal voltage (B), and calcu-
lated “apparent” skin resistance (C) during a high-voltage pulse. Using a custom-
designed high-power function generator described in Note 2, a triangle-shaped current
pulse was applied to human skin (rising and falling ramp of 2 x 10? A s~!; tempera-
ture of 25°C). The transdermal voltage and apparent skin resistance are shown to
exhibit non-linear behavior at ~70 V, believed to be due to skin electroporation (data
from ref. 42).
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In this approach, a current is applied through the outer electrodes and the
transdermal voltage is measured across the inner electrodes. A simple circuit
which could be used for this measurement is shown in Fig. 11. This circuit
needs to be well shielded, since the high input impedance of the instrumenta-
tion amplifier (IA) makes it especially susceptible to noise from 50 or 60 Hz
lines.

SIMPLE DATA PROCESSING. Another simple approach for measuring skin imped-
ance applies a voltage to the skin and measures the current through it
(Fig. 12). The advantage of this design is the easy interpretation of the output
signal. The skin resistance is simply equal to the transdermal voltage divided
by the current. Compared to the design in Fig. 6, the bandwidth of the (-1)-
amplifier needs to be much higher, which increases the noise of the system.
MEASUREMENTS WITH GREATER TIME RESOLUTION. Measurements with very fast
time resolution are limited by transfer of data from the oscilloscope to the
computer or, if that step is eliminated, by the limited memory available for
storage by the oscilloscope. An alternative approach involves capture of only
a few time points per waveform, which, if selected correctly, can be used to
approximate the shape of the full curve (Fig. 13). A fast 12-bit analog-
to-digital converter can be used to collect, for example, six individual mea-
surements during each period of the applied rectangular wave. The data are
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OPA

L

Fig. 11. Sample circuit for a four-electrode measurement system, which avoids
problems of electrode polarization. A symmetric signal (e.g., rectangular wave) is fed
into the voltage-controlled current source (U/I), which converts it into a current which
flows through the outer electrodes of the skin chamber. The instrumentation amplifier
(IA) measures the voltage drop across the skin measured with the inner electrodes.
Since the measuring current is small (< 10mA), the voltage drop within the saline can
be neglected. To avoid artifacts by a dc offset, the voltage drop across the skin is
summarized (+) (integration time at each input > 10 T) and used for a feedback loop
(OPA). If the applied rectangular wave is symmetric, the output after summarizing is
0, which is used as balanced loop condition. Therefore the signal across the skin is
maintained with a zero offset.

stored in a microcontroller and transferred to a computer afterward. The six
sampling times should be chosen so that there are two from the initial rapidly
changing part of the response curve (needed to establish one of the two time
constants associated with skin), three from the slow changing part (needed for
the other time constant and the dc properties) and one from the negative half-
wave of the signal (used for offset correction). As an example, the frequency
of the applied rectangular wave can be set to 3.8 kHz and the samples taken at
1.2, 4, 40, 80, and 120 pus during the first half of the applied rectangular wave
and at 7/2 plus 120 us (i.e., at 383 us) during the second half. In this way, the
time resolution of the impedance measurement can be equal to that of
the period of the applied wave (e.g., 0.26 ms for 3.8 kHz).
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Fig. 12. Alternative design for an apparatus to measure skin impedance with sim-
pler data processing. The applied signal is a voltage while the current through the skin
is measured using the transimpedance (R, —1), which is a circuit that converts the
measured current into a voltage output.
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Fig. 13. Schematic of apparatus for very fast acquisition of skin impedance mea-
surements, which is accomplished by minimizing data transfer by only saving mea-
surements made at a few selected time points. The generator supplies a rectangular
wave which is deformed by the skin (as in the system shown in Fig. 6). A
microcontroller (MC) controls the sampling (sample & hold, S/H) of the signal. The
digitized sample (using an analog-to-digital converter, ADC) is stored in the
microcontroller and after the experiment transferred to a computer (PC).

The data processing involves first calculating the offset compensation
using the mean value of the two 120 s samples collected during the positive
and negative half-waves. This offset compensation is especially important
just after a high-voltage pulse, because the pulse leaves a charge on the skin
for several milliseconds, which, if not compensated for, would introduce a
significant measurement artifact. The five points from the positive half-wave
are used for the data-fit which yields the constants in Eq. 4. An additional
boundary condition for the data fit stipulating the existence of only positive
coefficients is needed to eliminate meaningless results (e.g., negative time
constants or resistors). Once the constants in Eq. 4 have been determined, the
analysis using the subsequent equations can be performed as described in
Subheading 3.4.
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Fig. 14. Setup for the application of high-voltage signals of arbitrary wave form to

skin.

2.

See text for explanation.

DESIGN OF APPARATUS FOR ALTERNATE WAVE FORMS OR CURRENT PULsEs. Commer-
cial equipment is available for applying exponential-decay and square wave volt-
age pulses (see above). However, we are not aware of equipment which can apply
the large voltages needed for skin electroporation having other waveforms and or
applying current pulses. Following is a guide to building such a pulser. Because
of the dangers associated with this high-voltage apparatus, its construction and
use are recommended only for experienced electrical engineers.

A suitable approach is to feed the output of an arbitrary function generator
into a voltage-controlled current source which is able to deliver large currents
(e.g., 4A) and voltage sweeps (e.g., 1000V) (42). As shown in Fig. 14, an opti-
cally insulated microcontroller (DS5000, Dallas Semiconductor) can be used
together with a fast 8-bit digital-to-analog converter (DAC) to generate the
control voltage for a current source made with a high-voltage HEXFET transis-
tor. Since the pulses are short (i.e., milliseconds), the cooling of the transis-
tor is not critical and the application of large currents should not damage the
apparatus.

More specifically, an 8-bit microcontroller (DS5000) writes a word corre-
sponding to the actual output current into the DAC (8-bit type, e.g., AD558).
This signal is amplified using a programmable gain amplifier (PGA, e.g., AD603)
to always use the full range of the DAC. The output is fed to a voltage-control-
lable current source consisting of a HEXFET (high-voltage, e.g., IRFPG50,
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IRFBG30 or BUK4561000B ), operational amplifier (many types are possible,
e.g., TLO81, AD844), and current sampling resistor (5€2). To keep the system
stable, the time constant of the current source should be set to 4 us. This keeps
the circuit from oscillating if large steps (i.e., | A) are applied. The arbitrary
function generator is controlled by a personal computer (PC) via an optical cou-
pler. The entire circuit is placed in an electrically-isolated box, which is impor-
tant because it works entirely with respect to —1000 V. The —1000 V and the
power supply for the circuit are generated using a transverter circuit (standard
circuit for switching power supply). A capacitor of 200 UF (e.g., cascade of flash-
light capacitors) buffer the high voltage.

The voltage across the inner electrodes is measured using a high-voltage dif-
ferential amplifier (HV-DA). Either a homemade or commercial amplifier (e.g.,
P5202, Tektronix) can be used and connected to the first channel of a digital
oscilloscope (e.g., TDS 540B, Tektronix). Using the second channel of the same
oscilloscope, the current through the skin is obtained from the voltage drop mea-
sured across the current sampling resistor (5€2).

Since it is critical to make the circuit electrically stable, the wiring should
be as short as possible. To minimize wiring, the thermostated skin permeation
chamber can be mounted directly on top of the waterproof electrical device.

For safety reasons, the entire apparatus should be electrically insulated and
controlled only via an opto-coupled RS232-interface. Note that all of the arbi-
trary function generator circuitry works with respect to —1000 V, which poses a
significant safety hazard. A good ground connection is also important for safety.
The core of the arbitrary function generator must be carefully isolated and made
waterproof in case saline leaks out of the measuring chamber.

Using a device of this design, the minimum rise time of a current step of 1A
was measured to be 4 us. Shorter rise times are possible, but it made the system
unstable due to wiring and electrode behavior. With this setup it is possible to
apply functions such as current ramps having different rise times and current-
controlled rectangular stimuli. The use of current pulses eliminates uncertainties
associated with voltage drops at electrode interfaces within the measurement
apparatus. It is however also possible to apply any kind of waveform by sending
a stored byte array from the memory of the microcontroller to the DAC. For
bipolar pulses, an electronic switch can be used, but a switching time of at least
6 us was required to prevent the system from becoming unstable for tens of
microseconds.
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An In Vitro System for Measuring the Transdermal
Voltage and Molecular Flux Across the Skin
in Real Time

Tani Chen, Robert Langer, and James C. Weaver

1. Introduction

In many in vitro transdermal drug delivery experiments, the skin is placed
within a permeation chamber, and measurements are taken every hour or so.
However, during skin electroporation, significant molecular transport can
occur within the first few minutes (7).

To take transdermal flux measurements more frequently, on the order of
tens of seconds instead of hours, some degree of automation is required. In
addition, the pulsing electrodes should be protected so that contamination of
the donor and receptor compartments by electrochemical by-products does not
occur. The pulser and the other electrical equipment require safety protection,
in case of a short circuit. Finally, to facilitate comparisons with the literature
(2-5), the high-voltage pulser should deliver high-voltage pulses every 5 s,
with measurements of the transdermal voltage being recorded on a per-pulse
basis. Such measurements are necessary since the voltage drop across the skin
can vary significantly during the course of an experiment (1,6).

Building such a system with these capabilities is a significant task. The
equipment and procedures described in this chapter allow pulsing to be applied
continuously to the skin. The current and voltage across the skin are recorded
on a per-pulse basis (with 1 pulse every 5 seconds), and the contents of the
receptor compartment are continuously pumped through a spectrofluorimeter
for real-time flux measurements, allowing this system to have a molecular
transport time resolution of ~14 s. Sample data from this system can be seen in
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ref. 1. This chapter describes, in detail, how to develop and use a system with
these capabilities.

2. Materials
2.1. Solutions

The day before the experiment, prepare solutions 1 to 5 (solution 5, PBS, is
needed to prepare solution 1). On the day of the experiment, prepare solutions
5 (again) and 6, since these solutions can not be stored and have to be used
immediately.

1. Acrylamide monomer solution: 7.5 g of 19:1 acrylamide:bis(N,N-methylene-
bisacrylamide) powder (Bio-Rad, Hercules, CA) in 50 mL PBS (solution 5,
below). Prepare and mix together in a fume hood (the monomer is carcinogenic).
Let the solution stand for >12 h before using, to allow the monomer to fully
dissolve. This solution can be prepared well in advance of the experiment; it will
not polymerize without addition of the catalyst.

2. Stock mounting solution: 10 mg Nile Red (Molecular Probes) in 20 mL acetone
(7). Wrap in aluminum foil to protect from light. This solution can be stored
indefinitely if protected from light.

3. Final mounting solution: 7.5 mL glycerol in 2.5 mL deionized water. Mix thor-
oughly. Add 250 uA of the stock mounting solution (solution 2). Wrap in alumi-
num foil to protect from light. This solution can also be stored indefinitely if
protected from light.

4. Acrylamide initiator solution: 0.3 g (NH,),S,0g in 3 mL H,O. This solution can
be stored for only a week.

5. Phosphate buffered saline (PBS):0.4 g (1.1 mM) KH,PO,, 0.4 g (2.7 mM) KCl,
2.3 g (8.1 mM) Na,HPO,, 16.0 g (138 mM) NaCl (total of 150 mM) in 2.0 L
deionized H,O (see Note 1). Stir under vacuum for >30 min to remove dissolved
gases from solution (see Note 2). Adjust to pH 7.4 with HCI and NaOH. This
solution should be degassed immediately before use.

6. Donor solution: A typical donor solution consists of 1 mM of a fluorescent tracer
in PBS. Examples of fluorescent tracers include lucifer yellow (457 Da) (1,2),
calcein (623 Da) (2,4,8), and sulforhodamine (607 Da) (4) (all from Molecular
Probes, Eugene OR). Wrap the solution immediately in aluminum foil to protect
it from light (see Note 2). Gently shake on a Nutator for >30 min to ensure com-
plete dissolution. This solution should be made immediately before use, right
after preparing the PBS solution (solution 5).

2.2. Permeation Chamber with Four-Electrode System

The permeation chambers are custom-designed, side-by-side glass diffusion
chambers (see Note 3) (Crown Bio Scientific, Somerville, NJ), with an outer
water jacket (to maintain the temperature at 37°C) and an inner compartment
(Fig. 1) (9). Ports extend from the inner compartment, through the water jacket,
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Fig. 1. Skin permeation chamber with flow-through sampling system. The two outer
electrodes are used for pulsing, and the two inner electrodes are used to measure the
voltage drop across the skin. PBS is pumped around the pulsing electrodes to remove
any chemical by-products generated during pulsing. PBS is also pumped through the
receptor compartment to a spectrofluorimeter for real-time detection.

to the outside, allowing direct access to the inner compartment. Each chamber
half has one large port (for the measuring electrodes and the flow-through
sampling system), with two smaller additional ports on the far ends (for place-
ment of the electrodes and the flow-protection system around the electrodes).
The volume of the inner compartment is ~3.1 mL, and the area of the circular
opening is 0.64 cm? (0.9 cm diameter).

There are four electrodes in this system (Figs. 1 and 2). The two outer elec-
trodes are used to apply pulses (see Note 4), and the two inner electrodes are
used to measure the transdermal voltage. Due to limitations of space within the
donor and re