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Abstract

Experimental studies of bioelectric effects caused by single intense, ultrashort (nanosecond and
even subnanosecond), square wave pulses indicate that the product of electric field amplitude
and pulse duration, i.e., the electrical impulse, can be considered a similarity or scaling factor.
An explanation for this scaling law is based on the assumption that any bioelectric effect in this
parameter range of intense nanosecond pulses is caused by membrane charging. In particular, it
is assumed that electrical charge transferred to the plasma membrane (which, for electroporated
membranes is related to the current through the membrane) is a measure of the intensity of the
bioelectric effect. For multiple pulses, bioelectric effects caused by ultrashort pulses were found
to scale with the square root of the pulse number. This square root dependence on the pulse
number points to a statistical motion of cells between pulses with respect to the applied electric
field, and can be explained using the random walk theorem. It will only hold if the time between
pulses is short compared to the recovery time of the cell membrane, and long compared to the
time for considerable, thermally induced changes in the cell position, with respect to the electric
field direction. The validity of the scaling law is limited to pulse durations larger than the
dielectric relaxation time of the cytoplasm (on the order of 500 ps), and durations less than the
charging time constant of cell membranes (on the order of 100 ns for eukaryotic cells). For single
pulses with durations close to the characteristic charging time, the bioelectric effects are
expected to scale with electrical energy density, rather than the electrical impulse.
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Introduction

The effect of intense pulsed electric fields on biological cells and tissues has been the topic of
research since the late 1950’s. Intense means that the electric field is of sufficient magnitude to
cause nonlinear changes in cell membranes. The first paper reporting the reversible breakdown
of cell membranes when electric fields are applied was published in 1985 [1]. The first report on
the increase in permeability of the plasma membrane of a biological cell, an effect subsequently
named “electroporation,” appeared in 1972 [2]. The electric fields that are required to achieve
electroporation depend on the duration of the applied pulse. Typical pulses range from tens of
milliseconds with electric field amplitudes of several tens of kV/m to pulses of a few
microseconds and several hundred kV/m.

More recently, the pulse duration range has been extended into the nanosecond range. The
effects of such short pulses have been shown to reach into the cell interior [3]. This can be
understood by considering the electrical properties of a cell. Fig. 1 shows the cross-section of a
mammalian cell, in which the only membrane-bound substructure shown is the nucleus. The
cytoplasm, which fills much of the cell, contains dissolved proteins, electrolytes and glucose, and
is moderately conductive, as are the nucleoplasm and the cytoplasm in other organelles. On the
other hand, the membranes that surround the cell and subcellular structures have a high
resistivity. We can therefore think of the cell as a conductor surrounded by an ideally insulating
envelope, and containing substructures with similar properties.
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Fig. 1.a) Structure of a biological cell (as would be seen with a light microscope). b) charge distribution as expected
for an electric field that rises slowly (compared to cell membrane charging time constant); c) charge distribution as
expected for an electric field that rises quickly (compared to cell membrane charging time constant) during the rising
part of the applied electric field pulse.

If direct current electric fields or pulses of long duration (compared to the charging time of the
capacitor formed by the outer membrane) are applied, eventually, only the outer membrane will
be charged; the electric field generated across subcellular membranes during the charging will be
zero for an ideal, fully insulating outer membrane. However, during the charging time of the
outer membrane, we will also expect potential differences to be generated across subcellular
membranes, an effect which will be stronger the shorter the pulse rise time is. Such charging
times are in the submicrosecond range for human cells. Of course, for very high electric field
pulses that cause electroporation to such an extent that the cell membrane conductivity increases
substantially, the electric field will be applied to subcellular structures, not only for the charging
time of the outer membrane, but for the entire pulse duration [4].



If the penetrating field is sufficiently large, it can have pronounced effects on intracellular
organelles. Nanoseconds to hundreds of nanoseconds long, high electric field pulses (> 1 MV/m)
have been shown to permeabilize intracellular organelles [4,5] and release Ca®" from the
endoplasmic reticulum (ER) [6,7,8]. They provide a new approach for physically targeting
intracellular organelles with many applications, including activation of platelets and release of
growth factors for accelerated wound healing [9], and control of apoptosis [10,11,12,13]. More
recently, it has been shown that such pulsed electric fields cause shrinkage and even complete
elimination of melanoma tumors [14].

Any biological effect of pulsed electric fields on cells depends on the pulse parameters, which,
for a square wave pulse, are electric field amplitude, pulse duration, and pulse number. Modeling
results using molecular dynamics [15,16,17,18,19] and continuum models [20,21,22,23] have
provided insight into the mechanism of permeabilization of membranes with a single pulse. They
have led, as will be shown in section 2, to a scaling law for pulse dependent biological effects of
single, nanosecond duration pulses. However, in almost any application of nanosecond pulse
effects, multiple pulses are required. As will be shown, multiple pulsing cannot be considered as
causing a simple additive effect. Consequently, in deciding on the optimum pulse parameters, we
are still dependent on educated guesses or time consuming experimental parameter studies.

In the following, and based on the results of experimental studies which cover a diverse range of
pulsed field stimulated bioelectric effects, we will suggest an empirical scaling law for pulsed
field effects in the nanosecond range. We will then show that it can be derived from some basic
principles.

Empirical Scaling Law

To our knowledge, there has been no systematic experimental study on the scaling of
nanosecond pulse effects which includes variations of pulse amplitude, pulse duration and pulse
number, over an extended range. What exists, are studies where one of the three parameters was
kept constant, either pulse number or pulse duration.

For example, a study where the bioelectric effect of 10-ns single pulses was compared to that of
60-ns pulses was published by Beebe et al., in 2004 [24]. In Jurkat cells, it was shown that the
uptake of ethidium homodimer, a marker for membrane integrity, and the onset of
phosphatidylserine externalization scales with the product of pulse amplitude, E, and pulse
duration, t for single pulse effects. A scaling law for nanosecond single pulse effects, at least for
these two bioelectric effects in Jurkat cells, would consequently read:

S]ZS1(E’C) (1)

with S; being a quantity which describes the intensity of the observable bioelectric effect. The
product of electrical field amplitude and pulse duration is also known the electrical impact. In the
same paper [23], the effect of multiple pulses has been explored, however no attempt was made
to determine a scaling law for this case.



A viability study with variable number of pulses, N, but at a fixed pulse duration, has been
performed by Pakhomov et al., [25,26]. The viability of human lymphoma cells (U937 and
Jurkat cells) after applying 10-ns pulses, has been studied using trypan blue uptake as the
indicator for cell death. Trypan blue is normally impermeant to healthy cells. When cell
membrane integrity is compromised, the dye is able to enter the cell and bind to protein, making
the cell appear blue. Trypan blue was added 24 hours after pulsing to ensure that cell recovery,
which occurs on a much faster timescale, is not an issue. Results obtained at various electric field
intensities are shown in Figure 2 [26], versus the number of pulses for a single pulse duration,
namely, 10 nanoseconds.

The survival curves such as those shown in Figure 2 closely resemble well-known types of dose
responses for bioeffects of ionizing radiation [27,28], and can be conveniently described in the
same terms.

Npy/Nisham) = 1-(1-exp(-D/Dy))" (2)

where D is the dose, Dy is the dose that decreases the survival to 1/e = 37%, and n is the
extrapolated intercept of the exponential portion of the curve with the ordinate axis. The indices
Dy and n can be used for quantitative comparison of the sensitivity of different cell lines to
nanosecond electrical pulses. Their respective values in our study were 108 J/g and 1.5 for Jurkat
cells, and 266 J/g and 1.63 for U937 cells.

These results indicate a scaling law or similarity law of the following form:

S, =S»(E*N) (3)

call survival, Np/ Ngme ~100%

Fig. 2. Survival of Jurkat (left) and U937 cells as a function of the absorbed dose [24]. Different symbols for U937
cells correspond to mean survival values (+ s.e.) for different pulsed electric fields (87, 125, and 174 kV/cm). Data
points at doses producing average survival under 10% have not been included. The solid lines are the best fits
approximations using Eq. (1).



with S, being a quantity which describes the intensity of the observable bioelectric effect (in this
case, viability of cells or, more accurately, trypan blue uptake), and N being the number of pulses.
It means that we should expect similar bioelectric effects if we vary the electric field intensity
and the number of pulses, as long we keep the product of the square of the electric field intensity
and pulse number the same. We have not included the pulse duration in this similarity law, since
the observations on which the law is based, did not include any variation of the pulse duration.
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Fig. 3. Trypan blue exclusion in B16 cells versus electrical energy density for pulses of 800-ps duration [27].
Variables were the electric field intensity, which was varied between 150 kV/cm and 1 MV/cm, and the number of
pulses, which was varied between 1 and 20,000.

When trypan blue uptake was measured for another type of cell (B16, a murine melanoma cell)
using pulses of 800-ps duration, we obtained (as shown in Fig. 3) a similar dependence of trypan
blue exclusion on dose (energy density), as with the 10-ns pulses on Jurkat and U937 cells
(Fig. 2) [27]. Although the trypan blue exclusion values are plotted versus dose, it needs to be
pointed out that the experimental results only provide evidence that the square of the electric
field amplitude, E, times the number of pulses, N, can be considered a similarity or scaling of
parameter, not necessarily the energy density, cGE*tN (where 7 is the pulse duration), which also
includes a linear dependence on pulse duration.
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Fig. 4. Trypan blue exclusion versus energy density for B16 cells exposed to 800-ps pulses (same data as plotted in
Fig. 3, but on log scale), and exposed to 10-ns pulses [30]. The results show that trypan blue exclusion is not a dose
effect.



However, even though the results in Figs. 2 and 3 indicate a dose dependence for ultrashort pulse
effects, the results of an experiment performed on B16 cells with pulses of 10-ns duration [29]
showed that the observed effects are not dose effects [30]. The 10 ns result falls far off the “dose
curve” obtained with 800-ps pulses (Fig. 4).

How is it possible to combine these seemingly contradictory, empirical scaling laws (Eqgs. 1 and
2) into a general one for the observed nanosecond bioelectric effects? If both hold (i.e., Eq. 1 for
single pulses and variable pulse duration, and Eq. 3 for any number of pulses, but a single pulse
duration), a scaling law which would be valid for bioelectric effects caused by pulses of variable
amplitude, duration, and number must read:

S = S(E*t°N)
or
S =S (EtN%) (4)
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Fig. 5. Trypan blue exclusion for B16 cells versus the scaling parameter ETvN [30].

That means that identical effects (uptake of trypan blue) should be expected when the applied
electric field, the pulse duration, and the number of pulses is varied in such a way that the
product of E, 1, and N” stays constant. That this holds is shown in Fig. 5, where the results
depicted in Fig. 4 are plotted versus the scaling parameter, ETN”. The 10 ns values, which fall
far outside the 800 ps viability data when plotted versus the energy density, or “dose,” is now
aligned with the results of the 800 ps studies.

As mentioned before, cells that take up trypan blue are usually considered dead or dying.
However, in electroporation experiments with propidium iodide as a marker for membrane
integrity, uptake of this marker after pulsing has also been reported for viable cells [24]. Since
the size of trypan blue molecules (960 Da) is comparable to that of propidium iodide (668 Da), it
cannot be assumed that observation of trypan blue uptake is necessarily an indication of cell
death, but only of plasma membrane integrity. So it seems reasonable to assume that any direct



effect on the membrane which leads to an increased permeability, such as electroporation, would
follow such a scaling law.

Surprisingly, however, the similarity law seems to hold not only for primary processes such as
membrane poration, but also for secondary processes, such as the aggregation of platelets when
exposed to nanosecond pulses (Fig. 6) [9]. The aggregation was found to be linearly related to
the calcium release from subcellular organelles, which in turn was assumed to be due to charging
and poration of the organelle membranes. It needs to be pointed out, however, that for a scaling
law of this form to be valid, the secondary processes must not be linearly related to the primary
(membrane charging) processes. What is required for the application of the scaling law is only
that the secondary process is unambiguously caused by the primary effect, which must be a
membrane effect.
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Fig. 6. Aggregation of platelets plotted versus the similarity parameter, ETVN (electric field intensity times pulse
duration time square root of the number of pulses) for pulses with duration of 60 ns and 300 ns [9].

Discussion
3.1 Single Pulse Operation

What would be a possible explanation for such a scaling law? We will focus first on the single
pulse condition (N=1), and then will discuss the pulse number dependence on bioelectric effects.

Let us assume that any observable bioelectric effect (for pulses in our range of observation) has
its primary cause in physical and biological changes of membranes (plasma membrane as well as
subcellular membranes) and that each effect requires that a certain critical membrane voltage
level be reached. For electroporation, the critical membrane voltage is generally assumed to be
1V [31]. However, as shown in experiments [32], pore formation by voltages as low as 0.3 V is
also possible. The process simply would take a very long time, as modeled and discussed in a
recent publication by the Weaver group [33]. For high electric fields of fast, nanosecond risetime,
the membrane may reach a maximum voltage of 1.6 V before poration limits further increase, as
shown experimentally by Frey et al., [34]. For other bioelectric effects, such as release of
calcium from the ER, the critical trans-membrane voltage might be lower.



When a square wave voltage pulse of duration t with an electric field, E, is applied across a
highly resistive plasma membrane, the voltage at a time, T, is given as [35]:

AVu(t) +-V; = fE (D/2) [1 — exp(-T /1c)] cos(0) (5)

where V; is the resting voltage (which is on the order of 70 mV for many eukaryotic cells), f is
the factor which relates to the shape of the cell (it is 1.5 for spherical cells), D is the diameter of
the cell, E is the applied electric field, 0 is the angle with respect to the direction of the electric
field (the amplitude of cos(0) is 1 at the poles of the cell), and 7. is the charging time constant of
the cell [36]:

7. = [{(1+2V)/(1-V)} p1/2+ p2] CD/2 (6)

where V is the volume concentration of the spherical cells, p; is the resistivity of the suspending
medium, p, the resistivity of the cytoplasm, and C,, is the membrane capacitance per unit area.
For a mammalian cell with 10-um diameter, resistivities of 100 Q2cm, a membrane capacitance of
1pF/cm?, and a volume concentration small compared to one (typical for an in-vitro experiment),
the charging time constant is 75 ns.

Generally, in bioelectric experiments with nanosecond pulses, the applied electric field far
exceeds values of 1 MV/m. The calculated voltage across the plasma membrane, from Eq. 5,
would then reach values of more than 10 V (assuming a pulse duration, t, of 100 ns, for a
spherical mammalian cell with the parameters listed above), even for “low” electric fields of
1 MV/m. This is an order of magnitude above the critical voltage for membrane poration. It is
impossible to achieve, since the membrane conductivity above the critical voltage increases to
such a value that voltage clamping occurs. That means that applied electric fields in excess of the
critical electric field for electroporation do not cause any further membrane charging, but result
in an increase in current density through the membrane.

Instead of using the concept of membrane voltage as a measure of the intensity of a bioelectric
effect, we will therefore assume that the intensity of the biological membrane effect can be
expressed in terms of the total charge per unit area flowing through the membrane, or, as the
integral of the current density over the pulse duration. Since the capacitance of the membrane is
only slightly affected by poration, the total charge, Q,, flowing through the membrane per unit
area can be expressed as:

Qm = CufE(D/2)[1-exp(-t /1¢)] c0s(0) - Cim V. @

where C,, is the capacitance of the membrane per unit area, and V. is the critical voltage for
poration.

This equation can be rewritten as:

Q/Qcrit = E/Eq [1-exp(-T /)] cos(0) (8)



with
Q/chit = (Qm/ Cch) +1 (9)

being the normalized charge (with respect to the critical membrane charge), and:
E/Ey =fE(DV./2) (10)

being the normalized applied electric field intensity (with respect to the critical electric field
intensity). This normalized amplitude of the electric field intensity at the poles (|cos(6)| = 1) is
plotted in Fig. 7 versus the normalized pulse duration (ratio of pulse duration to characteristic
charging time, 1T /1c) with Q/Qp + 1 as a variable parameter. The curve for Q/Q¢+1 = 1 can be
considered a “strength-duration” relationship between the threshold electric field intensity of a
square wave pulse and its duration [37]. According to our hypothesis, the curves with Q/Qo+1 >
1 represent curves where identical bioelectric effects can be expected.

Equation 8 is valid only if the impedance of the cytoplasm and the surrounding medium is
determined by their resistivities, values which enter the equation for the characteristic charging
time (Eq. 6) as p; and p,, respectively. However, for very short pulse durations, the permittivity
of these liquids play an increasingly important role. When the pulse duration is reduced to the
dielectric relaxation time, t,, of cytoplasm and surrounding medium, respectively, membrane
charging effects and dielectric effects become comparable, and for even shorter times, dielectric
effects dominate. This means that the voltage across the membranes is not determined by
membrane charging anymore, but by the condition that the normal component of the electric
displacement is continuous at the cytoplasm-membrane or the membrane-medium interface, or
both. The dielectric relaxation time, t,, is defined as:

T, =¢lo (11)

where ¢ is the permittivity and o is the conductivity of the medium or cytoplasm, respectively.
For the cells to be considered dielectric bodies, it is necessary that the pulse duration is less than
the dielectric relaxation time of the cytoplasm, Ty.

For pulse durations longer than the dielectric relaxation time of the cytoplasm or the medium,
whichever is larger, but shorter than the characteristic charging time (about 0.5 times the
charging time, see Fig. 7), which is typically on the order of 100 ns for the plasma membrane of
mammalian cells, the exponential function in (8) can be expanded, and the equation can , for 6 =
0, be rewritten as:

Q/Qcrit = (E/Ep)(t/7.) for 1, <1 < 0.57, (12).
The charge transferred across the membrane, and according to our hypothesis, the intensity of the

bioelectric effect, can then be expressed in terms of the product of electric field intensity and
pulse duration.

S =S (Et) for 1, <1 <0.57, (13)



For pulse durations around the characteristic charging time constant the scaling law changes to
that of dose effects (see Fig. 7):

S = S(E?1) for 0.57. <t < 21, (14).
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Fig. 7. Electric field intensity - pulse duration range for ultrashort pulse effects. The graph shows curves for constant
intensity of bioelectric effects. Parameter is the ratio of total charge to critical charge required to initiate the effect.
The validity of these analytic results is limited for short durations to the dielectric relaxation time, &/c, of medium or
cytoplasm, whichever is larger. For pulse durations less than the characteristic charging time of the cell membrane,
7., the curves can be approximated by a scaling law, S=S(Et). For the pulse duration range around the characteristic
charging time constant the intensity scales approximately with energy density, S=S(E’t) For long pulses, the
intensity is dependent only on the electric field intensity, E. However, it needs to be noted, that this relatively simple
model, on which the graph is based, does not take into account that the critical voltage for particular bioelectric
effects is not a constant. It decreases generally with pulse duration, causing the E/E, curves to decline, rather than
staying constant as shown in the graph for pulse durations long compared to the characteristic charging time
constant.

For even longer times, the intensity of the effects should only be dependent on the amplitude of
the electric field. However, since the critical voltage for bioelectric effects also depends on the
pulse duration, a fact which is not considered in the simple model, it is expected that the critical
electrical field intensity decreases with increasing pulse duration, however slightly.

A similar law also holds for subcellular, membrane-bound structures. In this case, this scaling
law can be derived from an analytic expression for the charge accumulated at the poles of a
spherical organelle membrane in response to an external electric field, E, of duration, t [11]:

Qo(t) = Cnof Edte(exp(-t/Te)—exp(-1/10))/2(Te - To) - CmoVeo (15)

where d is the diameter of the organelle, f is a geometry constant (for spherical cells and
organelles in the center, f = 3/2), and 1, and 1. are the charging time constants for organelle
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membrane and cell membrane, respectively. These time constants depend on size of the cell and
organelle, membrane capacitance, and resistivity of medium and cytoplasm. For times short
compared to these charging times, the exponential functions can be expanded, with only the first
and second term in the expansion being considered. Also assuming, as we did for the plasma
membrane, that the charge required to reach poration of the organelle is small compared to the
total charge, we obtain:

[Q/Qcrit)org = (E/Eo)(1/70) (16)

with [Q/Qcric)ore beING (Qmo/CmoVeo) + 1, and E/E, being sz(ch/2). Accordingly, for times long
compared to the dielectric relaxation time of the cytoplasm and short compared to the charging
times of the organelle membranes, the increase in charge on the membranes of organelles can, as
for the plasma membrane, be expressed in terms of the product of pulse duration and electric
field.

3.2 Multiple Pulse Operation

For multiple pulses, one would expect that there is an additive effect: that each successive shot
increases the charges on the membrane by a certain amount, which is dependent on the type of
cells and on the time between pulses, or the degree of recovery between pulses, respectively.
From this assumption, one would expect a wide range of N-dependences, N being the number of
pulses. In the best case, if the pulsed electric field always affects the membrane at the same
position, and for a repair time long compared to the time between pulses, the effect would at
least scale linearly with N, but could even become nonlinear (increasing with N, where x>1); in
the worst case, where the repair time is very short compared to the time between pulses, there
wouldn’t be any additive effect. However, all our experimental results indicate that the
dependence on N can be described by a square root law only. This does not only hold true for
primary effects, such as permeabilization of membranes, but also secondary effects, such as
platelet aggregation.

In order to understand, let us consider the local effect of electric fields on cells, particularly cell
plasma membranes. Let us assume that each nanosecond pulse causes a localized effect on the
plasma membrane, i.e., nanoporation. The effect will be most pronounced at the poles of the cell,
since at these points the membrane voltage has a maximum [Eq. 5].

Fig. 8. Schematic sketch of a cell showing effects, such as poration at the poles (defined by direction of applied
electric field).
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This is schematically shown in Fig. 8, where the stippled area, at one of the poles of the cells, is
assumed to be affected. The rest of the cell membrane is unaffected by the pulse. If we increase
the intensity of the electric field, more and more of the cell membrane will be affected until, for
very large electric fields, the entire plasma membrane will show a response to the pulse. An
example is shown in Fig. 9, where the membrane voltage distribution for a cell that was hit by a
50-ns pulse of 100-kV/cm amplitude is shown [34]. The intensity of the voltage dependent dye
that was used in these experiments (Annine 6) is evenly distributed over the anode and cathode
half-spheres of the cells (Jurkat cells) for the control, indicating that the entire cell membrane is
porated and not just the pole areas. In most of the cases that we have studied, however, the
electric field is lower and only the poles are affected, as indicated in Fig. 8.

Fig. 9. Jurkat cells before (left) and 25 ns into (right) an electric field application. The images show a drastic
decrease of the fluorescence intensity during the pulsed electric field, which indicates high membrane voltages.
During the pulse, the intensities are different for anode- and cathode-directed hemispheres, but within the
hemispheres, are independent of the azimuthal angle [34]. The direction of the electric field, with an amplitude of E,,
is shown in the insert.

This holds for a single pulse. If multiple pulses of the same amplitude, E, are applied, the time
between pulses is generally on the order of one second. During this time, the position of the cell
with respect to the direction of the electric field vector has most likely changed. The next pulse,
therefore, sees a cell that has rotated with respect to the electric field, and consequently the poles
of the cell are not identical anymore with those defined by the first pulse (Fig. 10a). Instead of
rotating the cell in our frame of reference, which is defined by the direction of the electric field,
we can also use the cell itself as frame of reference (Fig. 10b).

Fig. 10.a) Schematic sketch of a cell, which has rotated with respect to the applied electric field direction. The effect
caused by the previous (first) pulse (see Fig. 8) has not yet subsided, and a new effect at the poles of the slightly
rotated cell is generated by a second pulse. Fig. 10. b) Same as Fig. 10. a) except cell position is used as reference
frame, and the electric field direction which was fixed before varies now randomly.
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For multiple pulses (N pulses), keeping the cell as the frame of reference, we can add the
randomly distributed electric field vectors (each of them with the same magnitude, Ey) and
describe the observed effect of the result of a single electric field vector with an amplitude, E. It
is known that the resulting field vector, E, for identical electric field vectors with amplitude E,
but randomly varying field directions is given as [38]:

E=N"E, (17)

This is treated in detail in Appendix A. It is basically the random-walk problem. After
summarizing the classical two-dimensional result, several canonical three-dimensional results are
derived. All give the N”* dependence on the number of pulses. In addition, there is a geometric
factor, not too different from unity times the N”*. This factor is summarized in Appendix A.5.

Summary

Empirical results of bioelectric studies with single square wave electrical pulses of nanosecond
and subnanosecond duration indicate a scaling law of the type:

S = S(Et) (1)

where E is the electrical field intensity, t is the pulse duration, and S denotes the intensity of
some observable effect, such as membrane permeabilization: identical results can be expected for
experiments where the product of E and t is kept constant. This empirical equation can be
derived from first principles, with the hypothesis that the intensity of bioelectric effects is
determined by the total charge, transported across the membrane per unit area. It is further
assumed that this charge is much higher than the critical charge required for the onset of a
bioelectric effect, e.g., electroporation.

This scaling law is valid for pulse durations in excess of the dielectric relaxation time of the
medium in which the cells are embedded or that of the cytoplasm, whichever is larger, and less
than the characteristic charging time constant of cell membranes. For pulse durations around the
characteristic charging time constant, the intensity of observable bioelectric events follows a
similarity law which resembles that of dose effects. This might explain the dose dependence of
the conductivity of the plasma membrane measured with 60-ns and 600-ns single pulses [39].

For multiple exposures to the electric field pulses, the intensity of observable bioelectric effects
in a well defined cell suspension (one cell type, no variation in the properties of the surrounding
medium) follows the scaling law:

S=S(EtN”) for 1, < 1 < 0.57,
(18)

If we include the characteristic charging time (which includes information on the cell type and

medium through the capacitance of the plasma membrane per unit area), Cp, the resistivity of the
cytoplasm, p,, and the resistivity of the surrounding medium, p;, as variable parameters:
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1. = [{(1+2V)/(1-V)} p1/2+ p2] CD/2 (6)
the scaling law reads:
S=S(EN"1/1.) for 1, < T < 0.57, (19)

Varying the surrounding medium allows us to modify not only the validity range (i.e., by
increasing the resistivity of the surrounding medium, we are able to expand this range by shifting
the upper limit to longer times), but also the intensity of the effect for a given cell type: media
with larger resistivity will cause a reduction in the intensity, S, of the observable effect with all
other parameters kept constant.

The square root of N dependence, where N is the number of pulses, can be explained by
assuming that the position of cells with respect to the direction of the applied electric field
changes randomly between pulses. As shown in the appendix, this “random walk” law does not
only hold for spherically shaped cells, but also for disk-like cells, such as platelets, and rod-
shaped cells, such as certain bacteria.

The validity of the “random walk” law requires that the recovery time of the cell membrane is
long compared to the time between pulses. It also requires that the motion of the cells between
shots (rotation with respect to the electric field direction) is completely random. If there is only
minor cell rotation between pulses, the effect of multiple pulses will approach a scaling law with
a linear dependence on N. Consequently, for high repetition rate pulsing where the cell position
won’t change much between pulses, the observed effects are expected to scale with N*, where x
is a value exceeding 0.5, and might even reach values larger than one, in case of nonlinear
membrane effects. First indications for this were obtained when the time between pulses was
reduced from 1 s to 10 ms. The effect on the membrane of B16 cells, measured by using trypan
blue, increased slightly with reduced time between pulses [9].

Other effects which would affect random motion of cells are induced dipole moments, e.g., in
rod-shaped bacteria, which will try to align the cell-axis in the direction of the electric field.
Their relaxation into a random distribution is determined by the viscosity of the medium. In
experiments with Escherichia coli, it has been shown that reducing the time between pulses into
the microsecond range increased the lethality of the pulses by more than a factor of two [40].

The scaling law, as shown in the example with platelet aggregation (Fig. 6), not only holds for
primary effects on the membrane, such as electroporation, but also for secondary effects, and as
long as they are intensity-related, not necessarily linearly, to membrane charging, that means
they are stimulated through membrane charging effects. With platelet aggregation for example,
this connection between effect and cause is as follows: Nanosecond pulses cause release of
calcium from the ER through charging of the ER membrane. The increase in intracellular
calcium causes an influx of extracellular calcium which serves as an agent for aggregation.
Consequently, aggregation has its cause in the charging of the ER membrane.
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Appendix A — N” Scaling Factor

A.1 Application to Induced Electric Polarization (Two-dimensional disk particles with
plane parallel to electric-field vector)

The value of the resulting electric field value can be calculated using the random walk approach.
Following Sommerfeld [38], we can consider the random-walk problem in two dimensions, as in
Fig. A.1.

y
A

O

» X

Fig. A.1 Random walk in two dimensions

Starting from the origin we can use complex notation and specify the movement of a particle at
step n as

e’ =cos(4,) + jsin(¢,) (A1)

with the real part giving the x motion and the imaginary part giving the y motion. The position of
the particle after N steps (each of the same length, but random ¢,) is

N
Iy =Y ™ (A2)
n=1

with each ¢ distributed uniformly over 2n radians. The step length is here taken as 1, but this
scales to any length.

Then we have
2 . N ) N ) N N .
|1N| =10, = {Zem }{Ze—m } = [Zln }{Zln} (A3)
n=1 n=1 n=1 n=1
avg|ln|2 = Ez (overbar meaning average, rms sense)
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Integrating terms like
1>, (A4)
over ¢, is zero due to uniform distribution at /; ing, . Integrating
N N
m=2 m=2
over ¢, , these being independent of ¢, , gives 2. So we have

I =1+ (27[1)1“ [ f”[gzm Lﬁzl; }a’qﬁz...dgﬁN (A6)

This is exactly like the first form except there are N-1 integrals over terms with the sum starting
at 2. By induction then

Ez =1+1+..+1 (Nterms) = N (A7)
and
E: Nl/Z (A8)

The application of N randomly distributed vectors of the same amplitude (in this calculation we
used unit vectors) is equivalent to the application of one vector with an amplitude of the square
root of N times the amplitude of the single vector. This means for the case of multiple applied
pulses of equal field amplitude to biological cells (which change their position with respect to the
electric field direction randomly) the effect on the cell membrane can be described as due to a
single electric field pulse, with an amplitude of N'’? times that of the applied field amplitude:

E=N"E, (A9).
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This result was derived for disk-shaped cells (two-dimensional approach), but also holds for
disk-shaped cells, such as platelets and for rod-shaped cells, such as certain bacteria, in a slightly
modified form, as will be shown. The N dependence is well known for statistical effects in
physics. Such an effect was first reported by Robert Brown in 1826, the so-called Brownian
motion of colloidal particles. Replacing E in (16) with this expression provides us scaling law,
identical to the empirical expression (4) for nanosecond pulse effects on biological cells.

S=S(EytN""?) (A10)

Applied to electric polarization a pulse of electric field, say in the ¢ direction, induced a
polarization p, in the ¢, direction. The particle rotates to ¢, and the same additional
polarization p, , now in the ¢, direction, etc. This gives the same result, i.e.,

p=p,N"? (A11)
where p,is the magnitude of the polarization induced by a single pulse.

The above assumes that the second pulse comes sufficiently later in time, such that its orientation
is uniformly randomly distributed when the second pulse arrives.

This derivation is based on two dimensions for the particle orientation and an electric field that is
parallel to this plane. What about other dimensionalities (one to three) for the electric-field and
particle orientation?

A.2. Three-dimensional particles taken as spheres in electric-field pulses

A &

m
N

from pravious pulaea
due to paricle rotation

Fig. A.2 Spherical particle

Here 6, is the spherical polar angle between the old net polarization vector (N-1 step) and the

new added p, with
|ﬁn| = p, (all additions of same magnitude) (Al2)

Now we have
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- |2 - -
Pn| =Py Py (A13)

=[p+szp2p}

with average value given by repeated integrals of the form

4L f” [ (- )sin(6) cos(6)dadg (A14)
r
Let
Py = N -fold average over 4 steradians over ¢, and ¢, (A15)

Relate step N to step N-1

P :@ FrIT [pN +§anﬁN +§ﬁn}in(a 16,d..sin(6, )0,

(N double integrals) (A16)

g P TL f{z. peSne

n

" 5 }in( \d6,d,...sin(8, )d6, dp,

N-1
The integrals over 2-p,, {Z P, sin(, )d@nd@} vanish for a n#1 since the p, are uniformly

n=2
distributed, each over 4r steradians. This leaves

Pt [T T8

The integrand, no longer being a function of 6, except for the sin(6,) term, reduces by an

sin(6, )d6,d¢,...sin(6,, )d6,ds, (A17)

integral over 6, and ¢,, to an N-1 fold double integral as

2
Py =

27T

sin(6, )d6,dg, ...sin(6,, )d6,dg, (A18)

}’I

This N-1-fold double integral looks just like the original N-fold double integral. For convenience
now rotate the coordinate system so that p, , lines up with the z axis, say the z, , axis

(similarly redefining x, , and y, ). This gives

18



Pr=|py[ +[Bya|* +... (N-2 fold integral)

By induction this gives

—, N
PN:Z

n=1

N
B[ =Bl = N-|p3| =N B
n=l1

I_JN _ pONl/z

A.3 Needle in three dimensions

my
>
N

(&%)

Figure A.3 Rod-like particle

p,= induced electric dipole moment if Tl = TZ

(A19)

(A20)

(A21)

(A22)
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Again, we average by repeated integrals of the form

L,, [ [()sin(0)aadg

So we have, pulling out the PN -f’N term

ﬁ?vzavgﬁN-ﬁN:ﬁf”f...f”f{gﬁn} [i }sm )i0dg,...sin(0, )d,ds,

=1

_Po—f” chS )sin(8,, )d8, dg, + ;)N E” ff” f{QﬁN .g‘i};n

N-1
Zﬁn

n=1

+

}m( )d6,d¢,...sin(0,, )d6,,dg,,

N
The integrals over 2p, z p, all vanish as before. We also have

n=2

f fcos )sin(0,, )d6,dg, = fcos (0, )sin(8, )d6,
/2
= f cos’ (0, )sin(8, )d8,
Let v = cos(HN), dv = —sin(@,\, )dHN
1

1, = ﬁvzdv =3
This gives
=2 1 , 1 o7 o Nl N-
Py =2p; +—(47[)N_1 j; fJ; f[z;p } {Z; }sm )d6,dg,

which is now an N-1 fold double integral. Proceeding as before we find

Py = %[pg +..(N terms)] = %pé

(A23)

(A24)

(A25)

(A26)

(A27)

(A28)
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A.4 Circular disk in three dimensions

Figure A.4 Disk-like particle

Now take our unit vector Tn as perpendicular to the plane of the disk. This makes
B, = psin(6,)I;

P, B, =pssin’(6,)

Proceeding as in Section 3, now we need to integrate

Py Dy =Ds sinz(é’N)

as

2 1 opr . 3
Po ir f fsm (QN )d'gNd¢N
- pgé [[sin*(6y)a0,

= p? % J:[ [sin(@N )—cos?(8,, )sin(8,, )]d&N

We have these two integrals before, giving

(A29)

(A30)
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P} [ sin(0,)—cos* (8, Jsin(6, 0, (A31)

1 2
=p3ll——|=2p?
po|: 3:| 3]90

By the previous inductive procedure
o 2N 1/2
Py = [T} Do (A32)

A.5 General form of results for 3-dimensional random cell rotation

We find that the above results take the form

Py =[gN]"Po (A33)
So, in every case, Py is proportional to N'*Pg, but with a geometric coefficient where

g =1 for spherical geometry (A34)
g = 2/3 for circular-disk geometry
g = 1/3 for rod geometry

In each case, P represents the induced polarization for a single-pulse electric field oriented in a
direction to give maximum polarization. The surface electric field (and field across the cell
membrane) is proportional to this polarization by additional factors dependent on the geometry
and cell constitutive parameters.
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