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Abstract

The artificial electrotransfer of bioactive agents such as drugs, peptides or therapeutical nucleic acids and oligonucleotides by membrane
electroporation (MEP) into single cells and tissue cells requires knowledge of the optimum ranges of the voltage, pulse duration and
frequency of the applied pulses. For clinical use, the classical electroporators appear to necessitate some tissue specific presetting of the pulse
parameters at the high voltage generator, before the actual therapeutic pulsing is applied. The optimum pulse parameters may be derived from
the kinetic normal mode analysis of the current relaxations due to a voltage step (rectangular pulse). Here, the novel method of trapezium test
pulses is proposed to rapidly assess the current (/)/voltage (U) characteristics (IUC). The analysis yields practical values for the voltage U,
between a given electrode distance and pulse duration #; of rectangular high voltage (HV) pulses, to be preset for an effective in vivo
electroporation of mouse subcutaneous tumors, clamped between two planar plate electrodes of stainless steel. The IUC of the trapezium
pulse compares well with the IUC of rectangular pulses of increasing amplitudes. The trapezium pulse phase (s) of constant voltage and 3 ms
duration, following the rising ramp phase (r), yields a current relaxation which is similar to the current relaxation during a rectangular pulse of
similar duration. The fit of the current relaxation of the trapezium phase (s) to an exponential function and the [UC can be used to estimate the
maximum current at a given voltage. The IUC of the falling edge (phase f) of the trapezium pulse serves to estimate the minimum voltage for
the exploration of the long-lived electroporation membrane states with consecutive low-voltage (LV) pulses of longer duration, to eventually

enhance electrophoretic uptake of ionic substances, initiated by the preceding HV pulses.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

High voltage pulses have traditionally been used to
transfer bioactive substances such as drugs, therapeutical
peptides and nucleic acids or oligonucleotides into cells by
the method of membrane electroporation (MEP) [1,2]. The
controlled drug delivery by MEP gains increasing impor-
tance not only in cell biology and biotechnology but also for
novel clinical applications in electrochemotherapy [3-5]
and delivery of nucleic acids using electroporation in vivo.
It is well known that electroporative high voltage pulses
greatly increase the transdermal drug transport improving
the pharmacological potential of drug delivery [6]. The

* Corresponding author. Tel.: +49-521-106-2053; fax: +49-521-106-
2981.
E-mail address: eberhard.neumann@uni-bielefeld.de (E. Neumann).

1567-5394/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2003.11.001

practical aspects of the electrotransfer methods comprise
the determination of optimum ranges for the pulse voltage
and the pulse time, as well as the number of pulses [7]. In
particular, the clinical use of classical electroporators
appears to necessitate the presetting of the pulse parameters
before the actual therapeutic pulsing is applied.

The mechanism of membrane electroporation (MEP)
and of the various electroporative processes are slowly
being understood in physicochemical terms [1,6,8—14]. In
brief, when biological cells, organelles or lipid vesicles are
subjected to short-lasting (100 ps—10 ms) electric field
pulses, the (ionic) Maxwell—Wagner polarization of the
cell membranes enormously increases the membrane po-
tential difference. The electrically induced membrane field,
Eing= — A@ina/dy,, where Ag ;4 is the induced transmem-
brane potential and d,=5 nm is the assumed membrane
thickness, can be orders of magnitude larger than the
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externally applied field strength E,,,= Uapp/¢’, Where Uy
is the voltage applied and # is the electrode distance.

The stationary value of the induced contribution Ej,q at
the pole caps of spherical and ellipsoidal cells can be
specified in line with the relationships derived previously
[15]. In modern terminology, the expression:

—A@ing _

Eing = d

F%f/iE (1)

appears to be most useful, where F' is the geometrical shape
factor (for spheres F'=1.5) and the ratio a/d,, the geomet-
rical amplification factor. For cells of radius ¢ =5 pum, a/d,,
is as large as 1.5 x 10°. If the membrane conductivity x,, is
small compared to both the cell interior x;,, the exterior
medium K.y, the condition a>>>d,, for cells and organelles
specifies the conductivity factor to [1]:

a(Kcex + 0.5Ki)

fi=1—Kny
AmKexKin

)

For many biotechnological applications, where K;, > Ky
holds, the expression f; =1 — 0.5(k,/Kex)(a/d,,) can be used.
For densely packed cells [9] and for bacterial rods of length
2a the approximation Ej,q=(a/d)f,E may be applied for
the pole caps. Since all living cells exhibit a natural mem-
brane potential A@pa = @i, — @ex, Where @y, is the electric
potential of the cell interior, and @.x=0 is the extracellu-
lar potential commonly used as zero reference; typically,
Aqonat: —70 mV.

The total transmembrane potential Ap,(6) at the angular
position 0 relative to the direction of the external field (x-
direction) through the midpoint of the cell is given by the
sphere approximation [1]:

3 AV
Ao, (0) = — [EaﬁE +ﬁ] | cosO| (3)

The corresponding membrane field is E.,(0)=Eq(0)+
E ., where the contribution of E,,=( — A@/d,,) | cosO | /cosO
to E,,, in the direction of x is asymmetric. At the left pole cap
(cos@=—1), E>E,, and at the right pole cap (cosf=1),
E. < E,q. For elongated bacteria of length 2a or for densely
packed cells, the approximation F=1 in Eq. (1) is appro-
priate. It is well known that the change in the membrane
field E,, (or of the natural field E,,) can cause structural
changes in the membrane phase. In lipid bilayers, the
enhanced field E£,, may enlarge the conducting aqueous
pathways or pores [8,16,17] for smaller ions and larger
ionic or polar molecules. The lipid rearrangements involved
in pore formation are the structural basis for the electro-
porative transport. At moderate field strengths, £ <1+ 0.5
kV/em for cells of radius a=5 pm and pulse durations
tg < 10 ms, pore formation and resealing appear reversible;
the resistance recovers completely [18].

At higher field strengths and larger pulse durations,
isolated cells, tissue cells and cell aggregates exhibit

irreversible changes. Specifically, the corneocytes of the
stratum corneum (SC) appear to reorganize smaller pores
into localized transport regions (LTR) which at higher field
strengths reseal only extremely slowly [19]. Proper pore
resealing after pulse applications is required for the sur-
vival of cells. Irreversible damage and local cell death in a
part of the tissue or of cell aggregate may be tolerable in
electrochemotherapy (ECT) of tumors. In direct gene
transfer therapies, side effects of cell damage must be
minimized. Technically, this means that intensity and
duration of the therapeutic pulses must be adjusted to
optimum values, requiring some previous knowledge of
the electrical properties of the cell membranes and the
tissue as a whole.

The primary aim for therapeutic applications is to explore
the electrical conditions already before the therapeutic high
voltage pulses are applied. In using present electroporator
devices, proper presetting of the pulse duration appears
necessary.

Here, a procedure is proposed to obtain the presetting
parameters from a special double ramp pulse, in the form of
a trapezium, applied shortly before the actual electroporative
high voltage pulsing is performed. The detailed outline of
the trapezium procedure aims at a practical guidance to
obtain the voltage and time parameters for the presetting.
The usefulness of this approach is judged from a compar-
ison of the trapezium ramp data with the results of the
analysis of current relaxations due to voltage steps (rectan-
gular pulses).

In many cases, the high field-induced electrical changes
of cells can be satisfactorily modeled with electric equiva-
lent circuits (see Fig. 1). In the simplest case, the cell
interior is represented as a conductive medium of resistance
R; and of conductivity k;,=1.4 S/m (muscle cells), sur-
rounded by a practically nonconductive membrane of resis-
tance R, and capacitance C,,. The rest of the system is
represented by the extracellular medium in between the cells
with the resistance R,. For instance, when MEP creates ionic
pathways in SC, the membrane resistance R,, drastically
decreases during the pulse time and increases again after the
pulse termination [20]. It is the time course of R,(f) which
can be subjected to physicochemical analysis.

Model studies with isolated cells [16] and lipid bilayer
vesicles [21] have shown that MEP and the transport
through the electroporated membrane surface patches are
highly localized. Net-transport like small-ion exchange
appears only at a critical pore density where, at constant
overall pore surface, transport pores must develop [14].
In a multi-layered system, such as the SC, the larger
small-ion transport pores reorganize to LTR for the elec-
trophoretic passage of larger poly-ionic molecules [22].
The critical pore density occurs in a critical range of the
membrane field strength and is dependent on the pulse
time [18]. Many actually measured uptake curves reflect
not only the extent of MEP and transport during the
pulse time but also the after-field transport of the pore
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Fig. 1. Simple electrical equivalent circuit (EEC) for a tissue cell. R,, and
C,, model the resistance and the capacitance of the cell membranes,
respectively, and R, and R; are the resistances of the extracellular and the

intracellular parts, respectively. When conductive electropores are induced
by high voltage pulses, R,, is a time-variable resistance.

resealing phase because of the longevity of transport pores
[1,10].

In the case of the field-dependent and time-dependent
transport curves (electropermeabilization curves), it has been
instrumental to operationally define a critical midpoint (or
half-maximum) field strength E.= U./# of the critical trans-
port range E.+ AE, or U, + AU, of the cell population
[23,24]. Usually, £, increases with decreasing pulse time #
[10,11,18]. The details mentioned so far are a part of the
specific basis for the objective to provide a practical guidance
for presetting high voltage generators in cell biological and
medical applications of the electroporation technique.

2. Materials and methods
2.1. Tumors

A549 human tumors have been subcutancously
implanted at both sides of the back of NMRI nude mice
and have been grown for 2 weeks. Before the pulse experi-
ments, the mice have been anesthetized with isofluorane and
clamped into a mouse holder, such that the tumor is easily
accessible for the two parallel, stainless steel plate electro-
des (8 x 6 mm?) with integrated inner electrodes to measure
the inner voltage U. The distance between the integrated
inner electrodes is the same as the distance between the
outer electrodes. The electrode surface facing the tumor has
been covered with conductive paste. In Fig. 2, the schematic
cross section shows the main features of a typical mouse
tumor in a skin fold, clamped between the two planar metal
electrodes. In order to calculate the electric field distribution
between the electrodes across the tumor, the various tissue

thicknesses are indicated. Fig. 3 visualizes the inhomoge-
neous field distribution (A) and the corresponding electric
potential profile (B) and voltages across the various parts,
specified in the figure legend. It is readily seen that it is the
skin which represents the part of highest ionic resistance due
to its outer SC layer. The skin as a whole consists of the thin
SC of thickness dgc =15 = 5 um and several other layers of
higher conductivities. The simulation data shown in Fig. 3
refer to the skin as a whole of overall conductivity
k(skin)=20 mS/m.

2.2. Apparatus

The high voltage (U,,, < 1 kV) is generated by using a

specially developed arbitrary function generator (Scientopo-
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Fig. 2. Schematic cross section of a typical subcutaneous mouse tumor
( xenographed with A549 cells ) designed according to a stained cross
section obtained after electroporative transfer of oligonucleotides [25]. The
tumor is clamped between the two metal electrodes (black) of a special
holding device, in which the mouse is gently fixed (below the holder). The
electrodes of (polished) stainless steel for the applied voltage U, are
equipped with smaller inner electrodes of gilded cooper. The measured
voltage is the inner voltage U= U,,,-2 Ugg (< U,pp). This setup avoids the
electrode polarization contributions Ugg at the two current supply
electrodes. The distance / between the inner electrodes is the same as
that between the outer electrodes (Uyp,). The skin covering the tumor has
here the thickness dg, =0.4 mm and includes the stratum corneum layer
of thickness dsc=15 £ 5 um; CT, connective tissue of thickness det=1 *+
0.5 mm; NR, the necrotic region of thickness dyg =2 + 1 mm; VT, vital
region of the tumor with a thickness of dyt=0.5 £ 0.2 mm. The mouse
tumors used here have localized, non-distributed, necrotic regions as
judged from the stained cross sections obtained after successful oligo-
nucleotide transfer [25].
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Fig. 3. Cross section of the electrode tumor system (A) for the calculations
of the electric field distribution and (B) the electric potential profile ¢(x) of
a mouse subcutaneous tumor in a skin fold, clamped between planar
stainless steel electrodes (ES) at a distance of #=3.2 mm. The electric
potential profile refers to the height y=2 mm and the voltage is U=526 V.
The cross section has the same dimension as that in Fig. 2 (bitmap of Fig.
2). The gray contrast image of the E-distributions is continuous between the
high-field area (white) of E=9.6 kV/cm and the low field area (black) of
E=0. The numerical values of the various voltages Usc, Uct, Uyt, Ungr,
respectively, are calculated using known average conductivity values,
measured on isolated specimen of mouse skin, of CT, VT and NR (during
the presence of high voltages): k (ES)=0.1 MS/m, «k (CT)=0.08 S/m, k
(VT)=0.1 S/m, Kk (NR)=0.6 S/m and k (air)=1 pS/m. The value «
(skin) =20 mS/m refers to the skin of thickness dg;, as a whole, consisting
of SC of thickness dsc and other layers.

rator) [24], containing a time-domain based impedance
meter. Both, the voltages Uy, at the outer electrodes (pulse
application) and U at the inner electrodes are recorded by a
digital oscilloscope (TDS 540C, Tektronix, Beaverton, OR,
USA). The voltage trace at the outer electrodes only serves
as a monitor for the correct pulse application while the
voltage U across the inner electrodes is used for further data
processing. The total current /(¢) is recorded with a current
transducer attached to the oscilloscope.

The shapes of the applied voltage pulses are either
rectangular or a trapezium-shaped double ramp. If the

amplitudes of the resulting currents /(f) are nonlinearly
dependent on the voltage, they presumably indicate struc-
tural changes of the object between the electrodes. Because
of the potential drop (Aggs) at the electrodes, which is
dependent on the current density, the voltage U at the inner
electrodes decreases with time (up to 10%) compared to the
constant voltage applied Uppp.

A simplified version of the Scientoporator has been used
to introduce antisense oligodesoxy-nucleotides into the
interior of tumors by in vivo MEP [25]. Once the cell
constant z=A.g/¢ oy of the electrode configuration is deter-
mined, the conductivity x=G/z is calculated from the
conductance G=1/U, where A and /s are the effective
electrode surface and distance, respectively. For linear, time-
invariant objects the conductance G=1/U is constant (ohmic
behavior). If the stationary current changes nonlinearly with
U, the differential (or dynamic) conductance Gp=d//dU is
used to obtain closed analytical expressions. For most
practical cases, the simple ratios G=1/U are, however,
sufficient to describe the nonlinear current dependence on
voltage.

3. Results

The time courses of the measured signals (e.g., Fig. 4),
I(r) and U(f), contain resistive and capacitive contribu-
tions, which can be specified in terms of individual circuit

time/s

Fig. 4. Time course of the conductance G(t)=1(t)/U at constant voltage U
during tg =10 ms pulse duration for 3 representative field strengths E=U//,
(0) 71.8 Viem (Uyy, =50 V), (x) 131.3 V/em (U, =100 V), (O) 160.2 V/
cm (Ugp, =150 V), for three consecutive pulses (at given E) at a 1 s interval
between the pulses, respectively. The shaded areas refer to the pulse
duration tg- 10 ms, here stretched with respect to the t/s scale. The dc-
conductance prior to pulsing is slightly different for each tumor; it is,
however, always in the range Go=0.1 + 0.05 mS. The different tumors
(n=5 for 5 different voltages) used are of the same type as those sketched
in Fig. 2., but are all one week older.



U. Pliquett et al. / Bioelectrochemistry 62 (2004) 83-93 87

elements. Impedance spectroscopy of the mouse tumors
before the pulsing (at £=0) yields the average values of
R,=157+7.8 kQ, R=363+100 Q, C,=31.8%1438
nF (Fig. 1). If there are structural changes such as
MEP, these quantities change in the presence of a field
pulse and continue to change after field application. Note
that the relatively large standard deviations of the imped-
ance refer to the differences of the tumors at low
measuring voltage. The actual time-courses in the pres-
ence of high electric fields can be represented as relative
changes and are thus only marginally affected by the low-
field impedance data.

3.1. Conductance relaxations at constant U,,,

In Fig. 4, it is seen that the conductance at consecutive
rectangular voltage pulses, applied for fg=10 ms in inter-
vals of Ar=1 s, first rapidly increases with time, followed
by a slower increase. After switching off the voltage, there is
first a rapid decrease, corresponding to the previous rapid
in-field increase, followed by several slower phases. For
demonstration, three typical voltages are selected. The
conductances increase with voltage and pulse number. In
Fig. 5, it is shown that the dc-resistance decreases during the
pulse and increases again after the pulse. Qualitatively, the
increase in the resistance is consistent with the resealing of
pores and tissue reorganization (mostly of the SC). Because
of the large resistance of the SC the respective field strength
Esc=Usc/dsc is high (Fig. 3B). Therefore, the observed
resistance changes dominantly originate from the SC. Note
that the skin conductivity (20 mS/m) is a (measured) mean
value. See the legend to Fig. 3. From the database of the
electroporative transfer of oligonucleotides [25] it is con-
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Fig. 5. Recovery of the tissue resistance of a tumor (n= 1) after high voltage
pulses: DC resistance Ry (t>tg) as a function of time, after three
consecutive rectangular pulses have been applied, starting at the time points
t=0, 2 and 4 s, indicated by the circles (O): U,,, =100 V (£=0.7 cm) or
E=131 V/cm and tg=10 ms; initial resistance Ry (t=0)=12.2 k).
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Fig. 6. Time course of the current I(t) as a response to a trapezium-shaped
voltage pulse U(t), applied to a single mouse tumor (n=1) at electrode
distance /= 0.7 cm. (r), rising edge with slope m,,,=AU/At; =150 kV/s up
to the time point t=4 ms; (s) stationary phase at Us=600 V lasting for
Ats=3.3 ms, recorded as dashed line; (f) falling edge of voltage slope
my = AUz /At;=-500 kV/s, for t>tg— 7.3 ms, where A t,=1.2 ms. The
estimate of I, p=1.7 A refers to the onset of the stationary phase (s). The
dashed line refers to the Eq. (12) of the text, representing the corrected
current without the Joule heating contribution, heading at Iyax corr=1.75 A.
The conductance before pulsing is Go=54.3 pS.- The actual time course
represents one example out of n=15 tumors.

cluded that, once the SC is permeabilized, the rest of the
tumor is electroporated, too.

The actual current traces /(f)=G(t)U are readily repro-
duced from the G(f) curves. The (subtracted) rapid initial
contributions of the capacitive elements are quantified by
the impedance data. It is interesting to note that the current
traces obtained for tissue like liver with needle electrodes
are very similar (data not shown) to the current traces of
tumors clamped between stainless steel plate electrodes as in
Fig. 2.

3.2. Trapezium voltage pulse

As seen in Fig. 6, a trapezium-shaped voltage pulse
(double ramp), U"\(¢), causes a roughly trapezium-shaped
current pulse 7”(¢). Three ranges are distinguished: the rising
phase (r), the stationary voltage phase (s) and the decay
phase (f). Because Joule heating causes an increase in the
conductance with time, the data analysis requires a correc-
tion for the Joule heating contribution such that the calcu-
lated current level [yayx corr 1S @ key parameter for the data
analysis; see below. In order to cover the voltage range
(between 50 and 500 V), known to effectively electroporate
tissue of thickness ¢ < 1 cm [25] with rectangular pulses of
up to 10 ms duration, the maximum trapezium voltage of
600 V has been chosen. In the voltage range up to 300 V, the
measured current density does not exceed 1 A/cm?® because
of the high resistance of the SC. For U <300 V, straight-
forward simulation shows that Joule heating is negligibly
small for pulse durations of < 10 ms (data not shown).
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4. Theory and discussion
4.1. Rectangular pulses

It is recalled that the SC of the skin of a subcutaneous
tumor represents the highest resistance for ion motion.
Therefore, the conductance relaxations in Fig. 4 refer
dominantly to the SC. As shown for isolated cells and cell
aggregates [18], the multiphase time course of the conduc-
tance G(f)=1(t)/U of the tumor may also reflect a series of
coupled processes.

Therefore, the overall relaxation curves in the presence of
the field are analyzed in terms of reaction normal modes [1],
i.e., as a sum of exponential terms reflecting coupled single
processes. The general parameter equation for the kinetic
normal modes G;(f)is:

G(t) = Gi(t) =) _Gill —exp(~t/v)] (4)

where G; is the amplitude and t, the relaxation time of the i-
th relaxation process, respectively. Within the limits of time
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resolution for pulse durations in the ms range, the data in
Fig. 4 are satisfactory described by the specific expression

G(t) = Go + Gy +Ga[1 — exp(—t/12)] + mst (5)

where, for the average tumor in the setup sketched in Fig. 2,
the zero conductance is Go=85 + 56 uS for /=0.9 + 0.1
cm; number of tumors #=5, one tumor per given voltage
(Fig. 4). G, is the amplitude of the first relaxation phase
(here not time-resolved). The relaxation mode 2 in the
presence of the field is characterized by the amplitude G,
and the time constant 7,. The third process is represented by
a so-called inclined baseline with the slope m3 = G3/15 as the
ratio of the amplitude G; and time constant t3. This
approximation is valid for the time range ¢<<t3;, where
G5(t)= G5 [1 — exp (— t/13)] = G5-t/13=m;t holds. The con-
ductance relaxations during the second and third pulse do
not start from stationary G-values of the after-field relaxa-
tions. Therefore, the quantitative analysis of the G(f) curves
is here restricted to the first pulse.
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Fig. 7. The relaxation parameters G, (A), G, (B), 1/75 (C) and m; =G/t 5 (D), see Eq. (5) of the text, as a function of the voltage U, respectively. The midpoint
voltage for the MEP parameters G, and 7, is estimated to be the same within the margin of error: Uc=130+20 V (/=0.9 cm) and T, (Uc)=0.7 + 0.1 ms.
Note that the dashed lines are drawn to illustrate the trends in the voltage dependences for these specific examples where, at the present stage of the
experimental data base, a more detailed fit of the data points would not be justified. The experimental conditions are given in the legend to Fig. 4.
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In Fig. 7, it is seen that all reaction normal mode
quantities G, G, 1/1, and ms, respectively, increase with
increasing voltage U. The amplitude G, is suggested to
reflect the formation of small, yet conductive electropores
without appreciable electrolyte net transport between cell
interior and the outside medium [14]. At higher field
strengths, G; may contain contributions from Wien-effects
due to perturbations of ionic atmospheres and ion-pairing
processes on the cell surfaces [18,26] or other processes
not yet specifiable. When compared with relaxation data
of salt-filled vesicles and densely packed cell aggregates,
the amplitudes G, and the relaxation rates 1/7, exhibit the
typical features, such as sigmoidal dependencies, of con-
ductive pores [14,18]. By qualitative inspection, we obtain
the midpoint voltage U.(G>)=130+20 V for the mean
electrode distance Z#=0.9 + 0.1 cm, the value G,(U,) and
the time constant 7,(0U.)=0.7 £ 0.1 ms, as derived from
data of rectangular pulses of duration #z=10 ms. Because
of ion flow through the larger pores the cell membranes
discharge partially. Thereby the membrane field is re-
duced. See Egs. (1) and (2). It is recalled that Joule
heating is negligibly small up to U=350 V for /=0.9 cm
used here. There are no indications of damage like
burning at the electrode surfaces.

The original current trace /(f) contains a capacitive
contribution Icap=10 exp[— t/ty,], where 7,=R,,C,, (with
R.,=R;) is obtained from the impedance data. The trace is
readily reproduced from Eq. (4) or Eq. (5). With Eq. (4),
()= G()/U is given by I(t)=1"exp[ — t/tm]+ GoU+1T, + I,
[1—exp (—t/1,)]+L(t/t3), where Iy, GoU, I,=G,U, L=
G,U and I, respectively, are the additive amplitude con-
tributions to /(¢). The time point f,;, of the current minimum
I(tin) 1s derived from the condition d/(r)/dz=0 at t="t;,.
For the lower voltage range where ms=I/13=0, we find
fmin :z‘%“;ln %;—'{5 Inserting = tyin, I(fmin) can be
calculated.

The current or conductance relaxations after turning off
the pulse at 7=t may be parameterized in terms of reaction
normal mode quantities similar to those in the in-field
relaxations. The general conductance expression for the
range t > fg is:

G0 =3 G0 = Y G exp(—1/E) + G (6)
For the data in Fig. 4, Eq. (6) is specified as:

G (1) = Goo = G} + G3exp(—1/5")

+ G§exp(—t/5") (7)

where G refers to G at t — oo.

Since the time interval between the successive pulses is
only 1 s (Fig. 4), Eq. (7) is here applied only to the off-field
relaxations after the third pulse where within 5—-6 s the
parameters appearing in Eq. (7) are specified as an instruc-

tive example. The after-field parameters are displayed in
Fig. 8 as a function of the voltage for #=0.9 + 0.1 cm. G§'
refers to the rapid resealing phase of pores without appre-
ciable ion release during the pulse time [14]. The pairs G5',
5% and GS™, 3, respectively, refer to the two kinetically
distinguishable, slow pore resealing processes underlying
the recovery of the membrane resistance. In Fig. 8, it is seen
that the after-field amplitudes G5 and G5™ as well as the
after-field relaxation times t37=4+ 1 s and 157=50+5 s
change only slightly with U. Solely GS™ changes consider-
ably with U; the largest slope d(G$™)/dU is associated with
the midpoint voltage U, (G$™)=120+20 V for

/=09=+0.1 cm.
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Fig. 8. The after-field relaxation parameters. (A), the kinetic normal mode
amplitudes G} (0),G3™ (x), G3® (*) normalized to the conductiv-
ity Go=0.1 £ 0.05 mS (before electroporation) and (B) the relaxation time
constants 73" (O) and 7" (x), as a function of the voltage of the third
pulse (see Fig. 4). For /=0.9+0.1 cm, the midpoint voltage is Uc
(G3™M=120 + 20 V. Note that # is slightly different for the n=35 different
tumors. The time intervals of one second between the first and second
pulse and the second and third pulse (Fig. 4), respectively, are too short for

a meaningful analysis with Eq. (7).
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4.2. Trapezium pulses

Evidently, the currents /"\(f) of the three time ranges of the
trapezium pulse, rising edge (r), stationary phase (s), and
falling edge (f), respectively, contain capacitive and resistive
contributions and reflect linear and nonlinear dependencies
of the current on voltage. When compared with U.(G,) and
7,(U,) for rectangular pulses, Fig. 7B and C, the nonlinear
contributions are in a voltage and time range, respectively,
which are consistent with progressive MEP. The nonlinear
contribution (without MEP) at the rising edge (r) of the
trapezium is described by I in (1) = 1"(¢) — I (£). Explicitly,

[r/li)nlin(t) = [/\(t) - Ur/\(t)/Ra - mUCm[l - exp(—t/rm)]
(8)

where 1, = C,R;,, = C,R; and the prepulse impedance data R,
R,, R; and C,, (Fig. 1) can be used.

It is seen in Fig. 9 that, above U=5V (/=1.1 cm), I'(¢)
depends nonlinearly on U"\(¢). It is therefore appropriate to
use the differential conductance Gp=dI"(f)/dU’\(¢) for the
description of the transition of G from a lower voltage range
5<U/V<120 to a higher voltage range 120<U/V <500
(Fig. 9). The transition point of the rising phase at U is
obtained by fitting Gp with two linear functions, here
intersecting at U*=UF=190 £ 20 V. It is interesting that
U¥* is sufficiently above the midpoint voltage U.(G,)=
130 £20 V (Fig. 7) to cover the upper part of the range
U, + AU, of effective electroporative transport. The numer-
ical values represent characteristic parameters valid for all
tumors so far measured in our setup (Fig. 2).

During the stationary phase (s), where the voltage is kept
constant, the further increase in the current, solid current
line (Fig. 6), suggests continuation of pore formation and

1
0.8
2 0.6
=
© 0.4
0.2
U*
0 ". ) )
0 200 400

u/v

Fig. 9. The differential conductance Gp=dI "\(t)/dU "\(t) as a function of
voltage U. The transition voltage U is the voltage U*=190+£20 V
(¢=1.1 cm) at the intersection, obtained by fitting two linear functions to
the low and the high voltage region, respectively.

partial discharging of cell membranes as well as Joule
heating. The current contribution due to Joule heating,
which is caused by the higher current density due to pore
formation, is described by:

AL (1) = I (1) = K eon(t) = AGI(1) - Ug ©)

The respective conductance contribution is:
AG(t) = Gs(t) — Gs corr(2)
=Gs(t) k- AT () /[1 + ky - AT(2)] (10)

where the familiar relationship Gg(f)=Gs corr(?)/[1 + k-
AT(?)] is applied. This contribution is very significant for
higher voltages (U>300 V) and can be estimated using the
temperature coefficient, for instance, of 0.1 M KCI solution
(modeling the cell interior): k;=0.026 K~ ' at 7=298 K
(25 °C). The temperature increase may be calculated ac-
cording to

AT (1) = USA/ISA(t)~dt/CzUSAZISA(t) At/C (11)

where C= pc,-¢ o-Aegr is the heat capacity of the tissue and
At is an adequately chosen small time interval between the
individual 7§(f) values. The tissue mass density p and the
tissue specific heat capacity ¢, may be approximated by
p(H,0) and ¢,(H,0) of water at 298 K, respectively.

The corrected current contribution o (4), Eq. (9), in
the phase (s), dashed current line (Fig. 6), heading at /iax corr
is described by:

Ié\,corr(t) = (Imax,corr - rﬁE)[l - eXp(—f/Ts)] +LE

= Gscon(t) - U (12)

where 7g is the time constant of the corrected current
relaxation. Applying now the Egs. (9) to (12) to the data
in Fig. 6, yields the time constant tg=0.6 = 0.2 ms and the
amplitude Gs corr according to

Gscornr(t) = Gsﬁcm[l — exp(—t/ts)]- (13)

In Fig. 10, the conductance Gg(f)=IF(£)/Uf(f) of the
falling edge (f) decreases in roughly two phases. The G(?)
relaxation may be approximated by the two linear voltage
ranges 0 < Up < Uf and Uf>UF, respectively. It is suggested
to use the estimate of U,;=UF=70+ 10 V for #=0.7 cm
as the characteristic voltage at which sufficiently many
electropores remain permeable for further small-ion trans-
port and most likely also for the electrophoretic transport of
larger ionic molecules like DNA or proteins. It is recalled
that the data given in (Figs. 6, 9, and 10), respectively, are
illustrative examples, out of 15 tumors measured and
quantitatively analyzed.
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Fig. 10. The conductance Gf(U)=I¢(t)/UL(t) of the trapezium phase (f) as
a function of U(t); see Fig. 6. The voltage Uyr=70 £+ 10 V (£=0.7 cm)
at the intersection point of the two fitting lines is U¥, where a major
fraction of electropores returns to nonconductive states. The arrow repre-
sents the direction of the conductance decrease (falling edge) with time.

4.2.1. Practical guidance for presetting high voltage pulse
generators

It is recalled that the sigmoid behavior of G,(U), as
shown in Fig. 7B, and of 1/1,, Fig. 7C, is characterized by
the midpoint voltage Uc, which quantifies the voltage range
Uc + AU for practical applications of rectangular pulses.
However, Uc as the sole parameter is not practicable for the
quantification of optimum pulsing conditions, because the
application of several consecutive pulses at different vol-
tages will considerably change the passive electrical behav-
ior of the tumor. On the other hand, the trapezium pulse data
provide the estimates for rectangular pulse parameters
Uapp = Ue(G>) and t:=10-15(U,) , see Fig. 7. Note that an
exponential change gets practically stationary at #=10-7,.
Additionally, a minimum value of the voltage is estimated
for subsequent low-voltage pulses supporting electromigra-
tion of ionic macromolecules through long-lived electro-
porated membrane parts.

It is recalled that the application of a time-varying
voltage (ramp) yields the differential conductance Gp=dI"
(1)/dU’\(¢) as a function of voltage and time, where in our
case the values for voltages below 5 V are neglected (Fig. 9).
It is repeated that data fit in Fig. 9 with two linear functions
of the rising phase (r) provides the characteristic quantity
U*=U¥ and the (I"/U"), characteristics of the tissue be-
tween the electrodes.

The voltage U,p, for a rectangular high voltage pulse is
chosen according to U,,, = U* (Fig. 9). The maximum
current at the selected voltage U,p, and the pulse duration
tg is given by

Imax(Uapp7 tE) = IA(Uapp) + GS,corr ) Uapp + AGJ(Z‘E) : Uapp7
(14)

where the current level IA(Uapp) is the current /\(¢') which
corresponds in Fig. 6 to the selected voltage level U"\(#')=
U,pp- Obviously, the time point ¢/ in Fig. 6 is in the range
2 <t /ms < 6, which is the range of the ramp duration. It
is recalled that this range is suggested by the relaxation
data displayed in (Figs. 4, 7, and 8). Additionally, in Eqgs.
(10) Egs. (11) Egs. (12) Egs. (13) the practical condition
tg = 1075 has been used. Note that 7, and GS,CM are
defined by Egs. (12) and (13), respectively. Since it has
been found that the trapezium quantity 7 corresponds to
7, of the relaxation process 2 according to G,(f)=G5[1 —
exp(—t/tp)], Fig. 7C, the actual current /(zz) at fz of a
rectangular pulse of voltage Uy, is calculated using the
relationship:

1(tg) = Uspp [G(Uspp) + (G corr) [1 — exp(—tg/75)]
+ AG;(te)] (15)

where G(Uapp)=I(Uapp)/Uapp=IrA(t)/UrA(t) at UL(f) = Uspp 1s
obtained from the rising phase of the trapezium pulse
(Fig. 6). The stationary phase yields ts. We propose to
specify the correspondence between 17, and g by the
approximation 7,=1g. The Joule heating correction term
AG(tg) is obtained by using the explicit relationship:

AG(tg) = (G(Uapp) + Gs cor) [(1 + AT ()]
= (G(Uapp) + GS,corr)[l + kJCUazpp(G(UaPP)
+ G corr )5 (16)

Because in a rectangular voltage pulse the current con-
tribution of the relaxation phase 7 is practically stationary at
t=107,, we suggest to preset the high voltage pulse duration
as tg=10-15(Uc)=1g, to ensure successful electroporation
with only small side effects.

The current at the falling edge I7(f) of the trapezium
pulse is treated similarly as /() of the phase (r), yielding
Uor= Ui (Fig. 10). Since the resistance after the pulse
recovers rapidly (ms time range) only at U<U{ [27],
indicating rapid restoration of membrane barrier functions,
the condition U>U{, has to be applied to meet the system in
the longer lasting permeabilized states produced in the
previous high voltage pulse. Therefore, in those cases where
the high voltage (HV)-induced transport can be enhanced by
subsequent low-voltage (LV) pulses [28,29], Uy,
(LV)>U{* is the voltage proposed for the LV-pulses,
following the electroporation high voltage (HV) pulse.
Practically, the upper current level for the termination of
the HV-pulse is set to Inax(Uspp, 2g); see Eq. (14). If during
MEP, I,,,.x is reached, the pulse generator is suggested to be
switched to the preset low voltage U(LV) > Uf. In any case,
the diagnostic trapezium pulse, as a first electroporation
pulse causing longer lived pore states, also conditions the
tissue such that subsequent therapeutic pulses are more
effective.
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5. Conclusion

Based on a comparison of the current voltage charac-
teristics (IUC) of rectangular voltage pulses with increas-
ing voltage with that of a trapezium shaped voltage pulse,
it is proposed to use the IUC of a trapezium high voltage
pulse for parameter presetting on the pulse generator. The
data show that voltage and time parameters obtained from
the nonlinear current—voltage region of the trapezium
pulse are suited to preset the high voltage (HV) and the
duration #g of the rectangular pulse to be applied in
clinical electroporators for the electrotransfer of drugs
and genes. The quantities calculated from the trapezium
prepulse are the voltage U,* (rising phase), characterizing
MEP, and the voltage Ug* (falling phase), characterizing
the resealing of the previously induced electropores, as
well as the time constant tg of the corrected current
relaxation (Eq. (12)) of the stationary phase (s) of the
trapezium voltage. The pulse time #g for the rectangular
HV-pulse (and the number of pulses) has to be adjusted
according to tg = 1,(Uc) , such that #z=10tg to provide
effective electroporation and electrotransport. In the case
of HV-pulsing applied to mouse skin tumors, the trapezi-
um procedure yields the lower limits of the voltage and
the time constant of a rectangular pulse, necessary to
electropermeabilize the stratum corneum of the subcuta-
neous tumor. In summary, the trapezium method yields
pulse parameters which, as judged from the comparison
with rectangular pulse data, are useful for the presetting
of the pulse voltages and pulse durations for biotechno-
logical and medical purposes.
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Glossary

a: cell radius

Ay effective area of the electrode

C,., R, overall capacitance and resistance of cell
membranes, respectively

d,,: thickness of the cell membrane

E: electric field strength

E, E.(G,): midpoint field strength, midpoint field strength
of G,of phase (2)

E;,,: induced membrane field strength

E,,: membrane electric field strength

G, R: conductance, resistance, respectively

Gy: dc conductivity before pulse application

G reaction normal mode conductance amplitude of phase i
(voltage step)

Gp: differential conductance

G- normal mode amplitude of relaxation phase i after the
pulse

Lyq: maximum current of preset rectangular pulse (Uspy, &)

Lyax.cor corrected maximum current for the trapezium
voltage phase U§

1, current at the end of the rising edge (r)

I"(1): current of the trapezium voltage pulse

I§(1): current at the steady state voltage U§ of the trapezium
pulse

I,A UfA current and voltage at the trapezium falling edge (f),
respectively

LTR: localized transport regions

¢, /o distance and effective distance between the plate
electrodes, respectively

tp: duration of rectangular pulse

Uypp: voltage applied at the outer electrodes

U’ voltage of the rising phase at the intersection point (U*,
Fig. 9)

Uf: voltage of the falling phase at the intersection point

~ (Ugff, lfig. 10) _

Uc, Uc(G,): midpoint voltage, midpoint voltage for G,,
respectively

A@;,q: induced transmembrane potential

A@,, natural membrane potential

K Kew Kip: conductivity of the membrane, external and
internal medium, respectively

77 time constant of the relaxation phase i

7,,- time constant of the capacitive relaxation contribution



	Electroporation of subcutaneous mouse tumors by rectangular and trapezium high voltage pulses
	Introduction
	Materials and methods
	Tumors
	Apparatus

	Results
	Conductance relaxations at constant Uapp
	Trapezium voltage pulse

	Theory and discussion
	Rectangular pulses
	Trapezium pulses
	Practical guidance for presetting high voltage pulse generators


	Conclusion
	Acknowledgements
	References
	Glossary


