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Abstract

This paper describes a technique suitable for investigating the electromechanical breakdown properties of erythrocyte cells. The cells were
exposed to square wave electric pulses of precise duration and voltage. The erythrocytes were suspended in normal isotonic saline between
two opposing platinum electrodes. A red LED light source and photodiode detector system were positioned orthogonally to the electrodes to
record changes in the light transmission that occur immediately after applying an electric pulse. The light transmitted through the electrically
treated erythrocyte suspension could be monitored continuously. Experiments were conducted to explore the inter-relationship between the
critical voltage and pulse length for haemolysis. Human blood taken from “healthy”” donors underwent haemolysis at a critical field strength
of 304 kV/m for a 5 ps pulse and 292 kV/m for a 50 ps pulse. The relationship of critical pulse length and critical voltage for the blood

samples was found to be inversely linear.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

A “reversible electrical breakdown™ of cell membranes
was first observed in current—voltage sweeps using intra-
cellular electrodes [1] and the electrical breakdown phe-
nomenon in the membranes of living cells have been the
subject of extensive studies (e.g. [2—16]). Whilst these have
included the dependence of the electrical breakdown on the
pulse height, width and pulse repetition, many of these
studies were performed using exponentially decaying
pulses. This has complicated the interpretation and correla-
tion of the results reported.

The exponentially decaying pulse’ is used in many
studies primarily because of the technical difficulties of
producing pulse generators capable of generating square
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pulses with large pulse heights ( ~ 1 kV) capable of
delivering the large currents which will flow in cell suspen-
sions (tens of amperes).

A difficulty also arises in detecting the breakdown
phenomenon itself. In studies in which the electrical con-
ductance of the membrane itself can be directly measured,
for instance by using intracellular electrodes [6] or in lipid
bilayers [17], the breakdown phenomenon can be unequiv-
ocally seen in the voltage—current characteristics. The
increased electrical conductance on electrical breakdown
could also be discerned in flow cytometry studies using
variable potentials applied to the flow orifice [18].

The release of haemoglobin or uptake of substances can
also be used as an indicator of electrical breakdown. The
major disadvantages in these methods are that:

(i) there is a delay in obtaining the information after the
pulse is applied and

(i1) the environmental conditions of the erythrocytes are
changed when the sample is subsequently transferred to
the haemolysis measurement system.

Here we describe an experimental technique for charac-
terising the electrical breakdown phenomenon in erythro-
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cytes in which the process can be monitored continuously.
Experimental results are presented in which square voltage
pulses were used with red blood cells (RBC) suspended in
isotonic saline.

2. Experimental

The method developed was in essence to apply square
voltage pulses to a suspension of erythrocytes (or RBC)
and to continuously monitor haemoglobin released from
the cells by using an optical transmission method of
measurement.

2.1. The electrical breakdown test chamber

The test chamber allowed the application of voltage
pulses and the continuous measurement of optical transmit-
tance. A schematic of the test chamber is shown in Fig. 1. It
consists of three parts. The central part contains the actual
chamber holding the test solution. The chamber is made of
plexiglass and is fitted with a red LED and two photodiodes.
One of these is located in line with the LED to measure
optical transmittance through the sample whilst the other is
situated in a normal direction to measure light scattering and
measures light scattered by the plexiglass chamber itself.
The latter provided a means of normalising any variations in
the light output, although in practice it was found that this
was unnecessary. The two outer parts of the set-up have
cylindrical plexiglass protrusions on which are mounted flat
8 mm diameter platinum electrodes. The protrusions fit into
the cylindrical recesses in the central component to form the
test cavity. This modular construction allowed the chamber
to be readily dismantled to facilitate cleaning of the plati-
num electrodes and chamber.

To fill the chamber with the cell suspension, only one of
the outer sections with the platinum electrodes was inserted

1 mm Fluid outlet hole
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first, the chamber was then filled with the suspension of
RBC in saline and the second outer section then pushed
into place. Any excess solution was thereby expelled
through a small outlet fluid hole (see Fig. 1) which was
then sealed for the duration of the experiment. This proce-
dure ensured that no air bubbles were trapped in the test
chamber, which would give spurious light transmissions. At
the concentration of cells used in the present experiments
(~ 0.3% by volume), normal Brownian motion substan-
tially reduces the rate of sedimentation during the experi-
ment, although control experiments (without the application
of a voltage pulse) were performed for each blood sample
examined.

In order to obviate the effect that multiple pulses might
have on the breakdown characteristics, each sample was
exposed to only a single pulse of electric field. To examine
the effect of field strength and pulse length it was therefore
necessary to repeat the procedure many times with samples
taken from the same donor stock supply. To facilitate the
data collection a number of identical chambers were con-
structed. The application of the pulses and the subsequent
measurements of optical transmission were performed using
a multiplexed analogue-to-digital converter connected to a
computer, see Fig. 2. The entire set of chambers was housed
in a light-tight box to reduce interference in the optical
measurements from ambient light.

2.2. Square pulse generator

The square pulses were obtained by an electronic
switching (on and off) of a high voltage (0—2 kV) power
supply (Pacific Photometric Instruments 228). The elec-
tronic circuit built for this purpose was capable of produc-
ing pulses between 5 ps to 5 ms duration and delivered
pulses up to 1 kV with currents of up to 25 A; see
Appendix A for details. Generally, the pulse length used
in the experiments did not exceed 50 ps. The switching

Cavity
(chamber)

Photo diode

Platinum electrodes

LED Photo diode °] I_>

2 mm gap

Fig. 1. A schematic diagram of the sample holder showing (a) a lateral view of the central plexiglass block designed to hold the photodiode—light emitting
diode system, the sample (in the cavity) and the outlet fluid hole used for expulsion of excess liquid from the cavity; (b) an end elevation with each of the
sections separated and; (c) an end elevation with each of the plexiglass sections fitted together.
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Fig. 2. Schematic diagram of the computer interfaced set-up.

circuit and technical details of the major components is
shown in Fig. 13 of Appendix A. It is based on a fast turn-
off thyristor (GTO) triggered by a MOSFET. The pulses
applied across the blood sample were monitored on a
storage oscilloscope (Hitachi model VC-6041(B)).

2.3. Optical transmission measurements

The suspended RBC in the isotonic saline solution
appear as particles that cause random light scattering and
the blood suspension (in isotonic saline) has a lower light
transmission, for light in the wavelength range 400—600
nm, than a solution of isotonic saline. On electrical break-
down of the erythrocyte plasma membrane, some of the
cells haemolyse; haemoglobin is released from the cells;
and the light scattering from the remaining empty shells
(“ghost cells™) is greatly reduced. The released haemoglo-
bin mixes with the isotonic saline to form a bright-red
solution, that has a high transmittance to light in the
wavelength range 400—600 nm. At least for dilute suspen-
sions of RBC the increase in light transmission on cell
haemolysis is directly proportional to the number of cells
that haemolyse to form ghost cells. Thus for the concen-
tration of suspended RBC in isotonic saline used in this
procedure, the Lambert—Beer law describes the light ab-
sorbance as:

a=¢,CD (1)

where a=absorbance; ¢;=molar absorption coefficient at
wavelength, 4 (due to the combined effects of light scat-
tered by the RBC and transmittance through the solute;
C=RBC and solute concentration (moles per litre); D = path
length (cm) of plexiglass cavity.

For the measurements using an LED light source and a
photodiode detector, we can define an absorbance as:

e tog (LT B A TS )
A A Ay 2

where /= photocurrent that would result from light incident
to blood sample; /=photocurrent due to light transmitted to
the photodiode; 7;, I{ =photocurrent produced by stray
scattered light; 7, I3 =additional offsets produced by the
pre-amplifiers; /5, 75 =the diode dark current.

The light emitted from the LED on one side of the
plexiglass block (see Fig. 1) passes through a 1 mm aperture
to the photodiode on the other side. The small aperture
ensures that the photodiode measuring the transmitted light
through the sample is not exposed to any extent to light
scattered from the plexiglass walls. The photodiode dark
current produces an output signal of ~ 0.7 mV and, for the
purposes of the study, was negligible. Eq. (2) with Eq. (1)
therefore simplifies to the form:

I

log,o <—) = —¢,CD (3)
Iy

Thus,

log,olo — logol x C (4)

Ideally, the path length, D, and the molar absorption
coefficient, ¢;, should be constant so that the logarithmic
ratio of the incident light to the transmitted light is propor-
tional to the solute concentration or, in this case, the number
of RBC scattering the transmitted light signal. In practice,
this may not be correct for all cases. For example, if the size
or shape of the RBC changes, then the scattering would
change even when no haemolysis occurred.

The change in light intensity (Eq. (4)) measured as a
function of RBC concentration is shown in Fig. 3. It is clear
that the system gave a good linear relationship between cell
concentration and light intensity. In a separate experiment,
the transmitted light intensity was measured for 15 different
blood samples ranging from 0.05% to 1.0% concentration
for each of the eight experimental chambers. The maximum
percent error (to two standard errors) for each of the blood
sample holders over the range of sample concentrations
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Fig. 3. The light intensity measured in the sample holder for a range of
erythrocyte/isotonic saline concentrations from 0.05% to 1.0%. The slope
of the line of best fit for each of the holders was similar with an overall
mean of — 1.653 +0.172.

used in the present study varied from 0.02% for the lowest
blood concentration to 0.26% for the highest blood concen-
tration. Since a maximum blood concentration of 0.3% was
used for this work, the percent variation of the light
transmission was expected to be better than 0.1%.

2.4. Erythrocyte preparations

Erythrocytes were obtained from fresh blood (less than
1 h after collection) and stored in lithium heparin sample
tubes. The erythrocytes were separated from the plasma by
centrifugation for 10 min at 1000 X g. The buffy coat
(Iymphocytes) were first removed using a Pasteur pipette.
The erythrocytes were then washed three times by resus-
pension in isotonic saline followed by further centrifugation.
Packed RBC (150 pl) were then dispensed into 50 ml of
isotonic saline (to give an ~ 0.3% volume concentration
cell suspension) for the experiments.

2.5. Thermal effects

The volume of the cell suspension was 100 ul and hence
the maximum temperature rise expected as a result of an 800
V pulse would be 0.2 °C fora 5 ps pulse and 2 °C fora 50 us

pulse. It has been shown that such temperature jumps do not
in themselves cause haemolysis of erythrocytes [§].

3. Results
3.1. General

In the experiments, variables such as temperature, time
after collection, plasma and protein content in the blood

were, wherever possible, either excluded or kept constant
for all the investigations. The 0.3% RBC suspension under
investigation were kept at a room temperature of 21 to 24
°C during the experiments.

After a series of 8 to 10 experiments, it was noted that a
carbon-like material was deposited on the surface of the
plexiglass chamber. These deposits appear to provide a
conductive path for the current to flow around, rather than
through, the suspended RBC solution. To avoid this, the
chambers were thoroughly cleaned at frequent intervals.

3.2. Sedimentation of erythrocytes

Even when no pulse is applied to the sample, the
transmitted red light signal gradually changes due to sedi-
mentation under gravity. Over the 20-min interval for which
measurements were generally performed the change in light
transmission due to sedimentation was considered insignif-
icant compared to the changes in light transmission due to
haemolysis. The effect of sedimentation can be seen in the
control experiments presented in Fig. 4. In these experi-
ments no voltage pulses were applied to the electrodes.

It is worthwhile noting at this stage, that subtle differ-
ences in the shape of these sedimentation curves when no
pulse is applied, occurred, probably due to changes in the
morphology of the erythrocytes from their initial biconcave
ellipsoidal shape.

In each experimental run, one of the chambers was used
as a control (no pulse applied).

3.3. Data presentation

The experimental data on changes that occur over time
when voltage pulses are applied to the sample will be
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Fig. 4. A measurement of erythrocyte sedimentation recorded over a 20-min
period with no voltage applied to each of the seven blood samples.
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presented in terms of differences between the logarithm
of the light intensity at a time =0, and the logarithm of
the light intensity at time ¢ (that is, log;o(/,) — log;o(lo)=
logyo(Z/1y)). With reference to Eq. (4), this measure
should be directly proportional to the number of intact
RBC scattering the red light that is passing through the
sample. The measured light intensity could also vary due
to a number of factors other than haemolysis, and so the
results are expressed as the logarithm of light intensity
relative to time zero rather than a percentage haemolysis.

3.4. Electrolysis effects

Before investigating the effects of an electrical pulse
on the suspended RBC, the effects of hydrolysis needs be
examined. When a large current flows through the sodium
chloride solution, hydroxyl and hydrogen ions will be
discharged at the electrodes and gas bubbles will collect
on the electrodes. The red light from the LED reflected
off the surface of the gas bubbles attached to the electro-
des causing a reduction in the photodiode output. Figs. 5
and 6 illustrate the magnitude of electrolysis observed
using 5 and 50 ps pulses of various pulse heights. The
results presented in Fig. 5 shows that there was a
threshold for electrolysis between 580 and 600 V for a
5 us pulse. Residual effects of the electrolysis disappeared
after about 10 min.

With pulse lengths of 50 ps, the hydrolysis effect was
initially much more marked when the pulse height was in
the range of 480—640 V. The reduced light intensity was a
significant factor during approximately the first 2 min when
the pulse was less than 600 V, 5 min for 600 V and 10 to 15
min for 640 V. It is concluded from this that if the
haemolytic effects were studied at 20 min after the pulse
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Fig. 5. Electrolysis caused by the application of 5 us pulses with various

pulse heights in the range of 460—640 V applied across the electrodes in an
isotonic saline solution.
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Fig. 6. Electrolysis caused by application of 50 ps pulses of various pulse
heights in the range of 480—640 V in an isotonic saline solution.

was applied, the direct interference in the optical measure-
ments due to electrolysis would be minimal.

Haemolysis causes an increase in optical transmittance,
rather than a decrease, as is the case with electrolysis. Hence,
the rapid increase in transmittance observed on electrical
breakdown is not an artifact of the formation of bubbles.

3.5. Effect of pulse height on haemolysis

The form of the time curve of haemolysis depended in a
complicated way on the pulse length and pulse height.

Fig. 7 illustrates the results obtained using 5 ps pulses of
0, 480, 500, 530, 560, 600 and 640 V applied to separate

ov

480 V
500 vV
530V

» 0O ®m O B ¢ B8

10 20 30
Time (minutes)

Fig. 7. The haemolytic curves obtained during a 30-min period using a 5 ps
pulse and pulse heights of 0, 480, 500, 530, 560, 600 and 640 V.
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samples of RBC suspensions. The control sample (results
shown in Fig. 4) had an almost constant light transmission
intensity but, at the lowest pulse voltage of 440 V applied,
the light intensity following the pulse in this case, fell
below the control curve, indicating an initial increase in
light scattering (decrease in light transmission). On increas-
ing the pulse height applied to the cell suspension to 480 V,
a small peak in the light transmittance occurred in the early
period of the curve followed by a decrease to less than the
initial pre-pulse light transmission. The height of this initial
peak progressively increased as the pulse voltage was
increased up to 600 V. A distinct change in the curve then
appeared at 640 V. At this pulse height there appeared a
short initial decrease followed by a rapid, almost linear,
increase in the light intensity before eventually leveling off
to a plateau.

3.6. Critical voltage for haemolysis

The haemolytic curves for the same blood sample,
recorded at 2, 4 and 12 h after collection, produced similar
results (not shown). All of the haemolysis curves showed
the distinct increase in the light transmission for pulses
greater than 600 V. However, the detailed form of the
haemolysis time courses were very varied and it was not
possible to categorize these curves.

On the other hand, if the relative light intensity at a
fixed time post-pulse is plotted as a function of the pulse
height applied (or pulse length for a given constant pulse
height), a consistent picture emerged. Fig. 8a is such a
plot of light transmittance at 20 min post-pulse as a
function of pulse height, taken from the haemolysis
curves shown in Fig. 7. These results show the combi-
nation of data from two experiments obtained for 5 us
pulses at 2 and 4 h after blood collection. A sharp rise in
haemolysis can be seen when the pulse height increased
beyond ~ 570 V for a single pulse applied to the
sample. By separating the data into two groups represent-
ing the cell pre-breakdown and post-breakdown phase, a
line of best fit could be computed for each of the two
data series. The intercept between these two lines can
now be used to define the “critical voltage”, V..

Using this method to determine the critical breakdown
voltage had an uncertainty of + 5 V. In another experiment
(not shown) the results obtained on a blood sample 12 h after
collection, the average critical haemolysis voltage for break-
down using 5 ps pulses was then 565 V (Fig. 8b). The
critical voltage of 570 V obtained from the first two experi-
ments equates to a field strength of ~ 304 kV/m (for the
particular electrode separation used).

Similarly, the critical voltage for haemolysis using 50 pus
pulse on the same blood sample was found to be 550 + 5V
or a critical field strength of 292 kV/m.

A determination of the critical haemolysis voltage could
also be deduced from the haemolysis data at various other
times after the application of the pulses. In the sample blood
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Fig. 8. (a) A plot of the logarithmic light intensity measured at 20 min after
the 5 ps pulse subtracted by the logarithmic light intensity at time zero (log
Lo/ly) and plotted against the voltage applied to each blood sample. A
critical voltage (V) of 570 £ 5 V (304 kV/m) was defined at the intercept
between the two lines of best fit. The data from two experiments, obtained
at 2 and 4 h after blood collection, were combined for this 7 result. (b) A
critical voltage of 565 + 5 V (300 kV/m) was obtained by combining a third
set of 5 ps pulse data (to that shown in (a)) measured at 12 h after the initial
blood collection from the donor.

shown in Table 1, the results so obtained at 5, 10 and 20 min
after the application of pulses were very similar and were in
the range 590 to 605 V. However, the fitting of the straight-
line segments was more definitive for the data obtained 20
min after the application of the pulses.

3.7. Pulse length

For very short pulse lengths (nanoseconds), it has been
reported [19] that the critical voltage for electrical break-
down of cell membranes is dependent on pulse length; the
critical voltage decreases with increasing pulse length.
However, the degree of haemolysis did not appear to be
pulse length dependent in those studies.
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Table 1
The critical voltage (7,) determined at 5, 10 and 20 min after applying the
50 ps pulse are very similar

Exp. no.  Critical voltage (V.) Slope of haemolytic rise after
critical RBC rupture
Smin 10 min 20 min 5 min 10 min 20 min
1 590 595 590 0.003 0.005 0.007
2 590 595 605 0.003 0.008 0.010
3 - 595 590 0.003 0.004

Average 590 595 595+5  0.003 0.005 0.007

The average V. in this example is 595 £ 5 V.

The electrical breakdown occurs at a fairly well defined
electric potential difference, for a given pulse length. Using
square pulses (that are of constant voltage) we investigated
the effect of pulse length on the haemolysis.

At a fixed pulse height of 600 V, pulses of 10, 20, 40, 60,
80 and 100 ps duration were applied to the samples. Fig. 9
shows the resultant haemolysis curves so obtained. As the
pulse length was increased in these experiments, the peak that
appeared during the initial relative light transmission was
reduced. The effect was masked by the increased incidence of
electrolysis. An increase in the incidence of haemolysis for
the longest pulse length also became apparent.

The relative light transmittance 20 min after the applica-
tion of the pulses provides, as before, a clearer definition of
the critical breakdown phenomenon. This is shown in Fig. 10
from which it follows that for a pulse height of 600 V, the
critical pulse length for haemolysis, was 60 ps.

Repeats of these experiments for various pulse heights
showed that the critical pulse length for haemolysis progres-
sively increased with decreasing pulse height (Fig. 11). The
relationship between the critical pulse length required for
different pulse heights appeared to be linear; see Fig. 12.
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Fig. 9. The haemolytic curves obtained with a pulse of 600 V and pulse
lengths of 10, 20, 40, 60, 80 and 100 ps.
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Fig. 10. A plot of the logarithmic light intensity measured at 20 min after
600 V pulses are applied subtracted by the logarithmic light intensity at
time zero (log Ir/ly) for a range of square wave pulse lengths. A sharp
increase in this light intensity at 60 ps indicates the critical pulse length at
which haemolysis occurs for a 600 V pulse.

3.8. Correlation of critical voltage with cholesterol levels in
the blood

It is known that cholesterol has effects on the stability
(increased [20,21]) and electrical conductance (decreased
[22]) and capacitance (decreased [22]) of lipid bilayer
membranes. We obtained cholesterol levels in the plasma
of the blood samples used in the experiments to deter-
mine if there was any correlation between the critical
breakdown parameters (pulse height and length) and the
concentration of cholesterol in the plasma. No correlation
between the critical voltage and the blood plasma cho-
lesterol levels was found in these experiments. Similarly,
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Fig. 11. The critical pulse length progressively decreased as the sample
voltage was increased (data taken from a 5-min post-pulse haemolytic
curve).
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Fig. 12. A plot of the critical pulse length against pulse height applied to the
RBC sample for a particular donor.

no correlation was found between the critical breakdown
for haemolysis and the blood (cell) count for the samples
from the various donors.

4. Discussion

The technique described for monitoring haemolytic
events following the application of pulsed electric fields
provides a reproducible method for determining the critical
electric field strength for breakdown of erythrocytes. The
critical field strength for haemolysis is dependent on pulse
length, decreasing from 304 kV/m for 5 us to 292 kV/m for
50 us pulses (for one of the specific donors reported in this

Table 2

paper). The values for the critical field strengths reported in
the literature for erythrocytes are in the range 100 to 900
kV/m, obtained using various methods and various pulse
waveforms—see Table 2.

Experiments on single cells with intracellular electro-
des [6,23] and also on lipid bilayer membranes [17],
suggest that the breakdown occurs at a critical, well
defined, membrane potential difference. If the mechanism
for electrical breakdown in erythrocytes occurs by a
similar mechanism, then in experiments such as the one
presented here, using a suspension of cells, the break-
down of the cell membrane would occur after the
transmembrane potential of the erythrocytes had reached
some critical value. The potential difference across the
cell membrane, however, changes on application of the
external field with a time constant, 7t that is determined
by the membrane capacitance and the conductivities of
the cytoplasm and external solution. Typically, this time
constant is of the order of 1 ps. For short pulses, of this
duration therefore it would be expected that the pulsed
field strengths required to take the membrane potential to
the critical breakdown potential would decrease with
increasing pulse lengths. For longer pulses of 10 ps or
more, however, this would not be expected to be the case
since there would then be sufficient time for the mem-
brane to charge.

In the present study, even for pulses much longer than the
time constant for charging the membrane capacitance, the
critical field strength to induce haemolysis decreased with
increasing pulse length. This would suggest that the hae-
molysis process, in which the cell becomes permeable to
very large molecules, involves additional electromechanical
processes following the initial electrical breakdown itself of
the membrane.

The formation of pores in lipid bilayers is also thought
to be associated with the stability of the membrane. Thus

Some examples of experiments used to measure the erythrocyte (RBC) electrical membrane breakdown characteristics, using either exponentially decaying

pulses (*) or square wave pulses (**)

Reference Medium

Measurement
of Hb release

Electrode
separation (mm)

Field strength Pulse length

Pilwat and Zimmermann [29]
Kinosita and Tsong [8]
Riemann et al. [30]

RBC, NaCl, buffer and sucrose
RBC, NaCl, buffer and sucrose
RBC, acid citrate and dextrose
buffer

Vieken et al. [31] RBC, buffers I and 11

Coulter Counter

for electron microscope

Saleemuddin et al. [32]
Zimmermann et al. [18]

RBC, buffers I and II
RBC, buffers I and II

Mishra et al. [33]
Akerson and Mel [34]
Smith and Cleary [35]

Bliss et al. [12]

RBC, buffers T and 1T
RBC and buffer
Mouse lymphocytes and buffer

RBC and buffer

Spectrophotometer (540 nm)
Resistive pulse spectroscopy
Potassium content by flame
photometry

- 10 kV/em 40 pS*
Absorptiometry (410 nm) 2-10 up to 2.2 kV 50 nS—10 mS
Spectrophotometer (398 nm) 10 12-14 kV/em  5—-10 pS*
Fixed and stained - 12 kV/em 40 pS*
Absorptiometry (415 nm) - 12—-16 kV/iem 40 pS*
Coulter Counter - 1.6-9 kV/em -

(equivalent)

10 - 80 pS*

- 1-1.8 kV/em -

5 3 kV/ecm 2 pS**

- 8.8 kV/em 50 pS**

Flow cytometer (488 nm)
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it is theoretically predicted that when pores reach a
critical size, the energy of forming the pores decreases
with further increases in the pore radius [17,24,25]. This
leads to an unstable condition in which the pores grow
uncontrollably. Further, the critical pore size for mem-
brane rupture, at least for pores smaller than a Debye
length, decreases with increasing membrane potential
[20]. Steroids such as cholesterol increase the energy
cost of forming a pore and are found experimentally to
increase the stability of lipid bilayers and decrease their
electrical conductance [22]. If electrical breakdown in
erythrocytes occurs via the formation of critical-sized
pores in the lipid matrix of the cell membrane, it might
be expected that cholesterol would affect the breakdown
potential, as indeed has been demonstrated in studies on
lipid bilayers containing cholesterol [26]. The present
study found that the plasma cholesterol level did not
affect the critical breakdown potential. This is in contrast
to an earlier study, which found that the critical break-
down voltage for RBC incubated in the presence of
cholesterol-rich liposomes increased [27]. It should be
noted here that changes in the blood cholesterol level do
not necessarily determine directly the cholesterol/phos-
pholipid ratios in the plasma membrane of RBC, al-
though they are correlated. Interestingly, it has been
found that cation transport in human erythrocytes also
do not correlate with total cholesterol [28]. Our present
observation of a lack of effect of plasma cholesterol on

the critical breakdown potential would support the notion
that electrical breakdown in these cells occurs via some
mechanism other than the formation of voltage dependent
pores in the lipid bilayer of the RBC. One such mech-
anism is run-away electrostrictive processes in proteins
(see for instance Ref. [7]).
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Appendix A. High voltage switching circuit

A circuit diagram of the switching circuit constructed for
the experiments described is shown in Fig. 13.

CRO 1 CRO 2 ) |
R
GTO
R1 ¢ 6k8 BTWS58
0-1000V ¢ AN
Power Supply Blood Sample
R3 e
18k
R6
/P M
Cc1 .
Trigger
18 uF Pulse R
L N1 220k
c3 I C2 MM74C00
18 uF 1 uF
= |C6
0.01 uF

L

Fig. 13. The high voltage switching circuit. The input trigger pulse activates the MOSFET and GTO on and off, discharges the capacitors and applies an electric
field across the erythrocyte suspension. The capacitors are not substantially discharged during the time that the switch is “on” so that the pulse height is
essentially constant in time. The circuit is capable of providing pulses in the range between 5 ps to 5 ms in pulse length and up to 1 kV in height. By setting the
desired voltage and pulse length, the circuit can deliver pulses with current flows of 25 A during the time the input trigger pulse is applied.
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The positive output of the high voltage supply (Pacific
Instruments, model 228) was connected in series with the
GTO (thyrister BTW58-1500R)*. This acts as a normally
open switch until a positive pulse is applied to the
MOSFET (BUZ14)* transistor. The positive pulse closes
the GTO gate allowing current to flow through the RBC
suspension to earth until the trigger pulse falls to zero
potential. This then turns off the MOSFET transistor and
opens the gate on the GTO. The output of the high
voltage supply was adjustable between 0 and 2 kV. The
supply itself is current limited to 4 mA. For the present
experiments, currents as high as 25 A were required and
this was achieved by adding the capacitors across the
high voltage supply as shown. During the time that the
GTO is turned on, these capacitors discharge through the
sample, which had a resistance of 27.6 (). The time
constant for discharging these capacitors is therefore
much longer than the maximum pulse length used in
the present study and the pulse shape was determined
entirely by the on and of switch circuit described above.
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