BB

). Biochimica
-<SIArR et Biophysica Acta
ELSEVIER Biochimica et Biophysica Acta 1238 (1995) 81-85

Dimensional distribution of human erythrocytes obtained from
electropermeabilization experiments
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Abstract

Electropermeabilization of erythrocyte membrane was performed using square electric field pulses of 50 ws and 1 ms pulse length.
The electrohemolysis efficiency has a sigmoid dependence on the electric field strength given mainly by the statistical distribution of
erythrocytes radius. The normalized dimensional distribution function for a human erythrocyte population was determined from

electropermeabilization data.
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1. Introduction

In the last two decades the electropermeabilization and
the electrofusion, techniques based on high voltage pulsed
electric fields, became a very useful and efficient tool for
genetic engineering, medicine, biology, agriculture and
biotechnology [1-4]. A lot of experiments have been done
on human erythrocytes in order to obtain information
about the values of their specific electrical parameters [1],
to prepare ghosts [5] or to use them as drug carriers
[3,5-71.

The erythrocyte membrane electropermeabilization can
be induced by exponentially decaying or square pulses
with high electric field strengths (kV /cm) and short lengths
( us). The electropermeabilization phenomenon reveals two
specific mechanisms responsible for the uptake and release
of molecular material that penetrate permeabilized regions
of the cellular membrane as a consequence of the applied
electric field pulse. Ions and small molecular species pene-
trates the membrane as soon as the threshold value of the
electric field strength, needed to induce the dielectric
breakdown, is swept past.

The macromolecules having large dimensions penetrate
with difficulty the cell membrane, the permeabilization
being essentially a complex electro-osmotic phenomenon,
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the final stage corresponding to the colloid osmotic swelling
of the electroporated cells [8—10].

A specific example for this second type of process is
the electrohemolysis. Using rectangular pulses of different
lengths, the range of electric field strength values, needed
to induce the complete hemolysis of a normal erythrocyte
population was determined. The electrohemolysis effi-
ciency depends in a sigmoid manner on the applied electric
field strength. Our goal was to use this dependence in
order to obtain the dimensional distribution function of the
investigated cellular population.

2. Electropermeabilization —a cell size dependent phe-
nomenon

Usually the electropermeabilization techniques are based
on pulsed electric fields. The maximum transmembrane
potential difference induced on a cell of radius R by a
square electric pulse having a strength FE and a length 7 is
given [4,11-13] by:

U=feER(1— /") (1)

where f is a shape dependent factor (3 /2 for spheres), g a
dimensionless parameter of order of unity, controlled
mainly by the membrane electric conductivity and 7 the
polarization relaxation time.

Considering the cell membrane a pure dielectric the
product fg in Eq. (1) is taken simply 3 /2. Lower values
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of this adjustment parameter were reported recently [13]
and it was shown also that they are specie dependent. The
dimensionless parameter g is also radius dependent but the
dependence is very weak and it will be neglected in the
following. A stronger dependence has the characteristic
time constant 7 that to a good approximation is propor-
ttonal to R. Nevertheless we can obtain a negligible effect
of this dependence on the transmembrane potential by
using longer electric field pulses. In our experiments we
have used pulses of 50 us and 1 ms pulse length. As
erythrocytes have the characteristic time constant of order
of microseconds the contribution of the exponential factor
in Eq. (1) become negligible.

Taking into account all that we conclude that to a good
approximation the transmembrane potential has a linear
dependence on cell radius.

Above a threshold value of the transmembrane electric
potential U, the membrane permeability increase dramati-
cally. The change in the membrane permeability is accom-
panied by the release of the molecular material of the cell
and by the uptake of some molecular species from the
external medium.

Along the years different values have been proposed
from about 1 V by Zimmermann [8] down to 200 mV by
Teissié [13]. A possible explanation is that the adjustment
parameter g in Eq. (1) was overestimated.

In order to avoid all that we will define an effective
critical transmembrane potential;

Ut =3(r(1-¢"7) "L (2)
which incorporate all the particularities of the cell mem-
brane, internal medium and suspending medium excepting
the linear dependence of the cell radius.

That means that U have the same value for any cell,
in a given cellular population, so that the electropermeabi-
lization phenomenon becomes only dimensional depen-
dent. Increasing the electric field strength, the critical
condition:

Ut = 2ER (3)

is first accomplished for cells with great radius their
membrane being electropermeabilized. Increasing again
the field strength for more and more cells the critical
condition (Eq. (3)) is accomplished so that in a certain
range of the field strength values all the cells are permeabi-
lized. For a normally distributed cellular population the
electropermeabilization curve have a sigmoid dependence.

We will further describe the way of obtaining the
dimensional distribution of a cellular population from elec-
tropermeabilization data.

Let suppose that we have experimentally determined the
electropermeabilization efficiency m(E), at a given value
of the electric field strength, as the ratio between the
number of permeabilized cells and the total number of
cells. As the critical value of the effective transmembrane
potential is supposed to be the same for all the cells, the

membrane of any cell having a radius greater than the
value R(E) (given by Eq. (3)) is permeabilized.
Following this reasoning, the connection between the
normalized dimensional distribution function and the elec-
tropermeabilization efficiency is given by the equation:

m(»=1-[ () (4)

where f(x) is the normalized dimensional distribution
function, x and y being the following dimensionless
variables:

x=R/R,,); y=E/E, ) (5)

The quantities E,,, and R,,, are the values of the
electric field strength at 1 /2 efficiency and the middle cell
radius:

f F(x)dx=1 (6)

respectively. It must be emphasized that the middle radius
defined in Eq. (6) and the mean radius of a given erythro-
cyte population have in general different values. The criti-
cal condition given by Eq. (3) becomes in the new dimen-
sionless variables:

x=1/y (7)
By differentiating the equality (4) in respect with x the
dimensional distribution function is given by:

1 dn
(=24, (8)

This formula is the main result of this work and it will
be used to numerically compute the normalized dimen-
stonal distribution function.

It is a remarkable fact that using normalized variable
Eq. (8) has a universal validity, being independent on the
specific values of the membrane conductivity, cell size and
also on the electric properties of the internal and external
media.

3. Materials and methods

Human blood was collected from apparently healthy
donors preserved with sodium citrate and used on the same
day. The red blood cells were centrifuged and washed
three times with an isosmotic solution (NaCl/mannitol,
2% /98%). The experiments were performed with a 1%
erythrocytes suspension in the same medium.

The cell suspension was subjected to a rectangular
electric field pulse with fixed length and variable ampli-
tude. At each pulse length the amplitude was increased
until a threshold value of the electric field strength was
attained and the lysis of the first cell was observed. The
erythrocytes lysis was detected by the drastic change in the
refractive index. Increasing further the strength of the field
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Fig. 1. The sigmoid dependence of the electrohemolysis efficiency on the
pulsed electric field strength. The length of the used square pulses was:
(A) 1 ms; (B) 50 us.

the number of lysed cells increases until all of them are
lysed.

The electrohemolysis efficiency was determined by two
methods:

(a) Using a very dilute suspension (0.01%) we were
able to bring between electrodes only one cell. For each
singular cell the threshold value of the electric field strength
that induces hemolysis was determined.

(b) Using an aliquot of 1% cellular suspension we had
about 60-80 cells between electrodes. The efficiency of
the electrohemolysis phenomenon, was calculated for each
value of the field by dividing the number of lysed cells to
the number of all cells.

The electric field was obtained between two metallic
electrodes, made from gold, deposited on a microscope
glass slide by a microphotolithographic technique. The
metallic film was about 5 wm thick and the gap between
electrodes has 100 um. The electric field strength was
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estimated as the ratio of the voltage pulse amplitude versus
the gap distance. The pulses were generated by a complex
apparatus (SPEC-1) build in our laboratory and monitored
on line by a Hameg 205 oscilloscope. The decay for the
longer pulses was no more than 5%.

The electrohemolysis was observed directly at a re-
search microscope MC-5A.

4. Results

The dependence of the electrohemolysis efficiency on
the electric field strength is shown in Fig. 1, for two values
of the pulse length: 50 ps and | ms, respectively.

The curves A and B obtained using the multicellular
and unicellular method respectively, have both a sigmoid
shape. It can be seen that the electric field strength needed
to induce hemolysis is almost double for the shorter pulse.
The range of the values of the electric field strength,
starting at the first lysed cell and ending at the complete
lysis is roughly speaking 2 kV/cm-5 kV/cm for the
longer pulse and 4 kV/cm-7.5 kV /cm for the shorter
one.

The experimentally obtained values for the E, , elec-
tric field strength are 3.2 kV /cm for 1 ms pulse length and
5.5 kV/cm for 50 ws pulse length. By direct observation
at the microscope we have obtained, for a population of
about 200 cells, the middle radius R, ,, equal to 3.2 pm.
The effective critical values of the transmembrane poten-
tial obtained from the given E, ,, and R, ,, are 1.5 V and
2.6, V respectively.

The error bars in Fig. 1 reveal a rather large dispersion
of experimental data. Having in mind that the correspond-
ing curves must be differentiated to obtain the dimensional
distribution function we will present the electrohemolysis
data by histograms. Each value was obtained by averaging
on at least three experimental measurements.

Fig. 2 presents the efficiency of electrohemolytic pro-
cess versus the dimensionless parameter y as histograms
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Fig. 2. The histograms describing the dependence of the electrohemolysis efficiency on the electric field strength.
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Fig. 3. The normalized dimensional distribution function obtained by numerical differentiation of the electric field dependent electrohemolysis efficiency

histograms.

for the two pulse lengths. Using Eq. (8), by numerical
differentiation of the two histograms, we obtained the
normalized dimensional distribution function correspond-
ing to the two sets of experimental data (Fig. 3).

Although the width of the y increment in Fig. 2 is
constant, the width of the x increment in Fig. 3 increase,
the parameters x and y being related by Eq. (7).

5. Discussion and conclusions

The electrohemolysis experiments reveal some unex-
pected facts, apparently in contradiction with the known
data on the electric parameters of human erythrocytes
membrane. The typical accepted value for the electric field
potential that produces the biomembrane dielectric break-
down are generally of 0.2—1 V [1,13]. Our results give
values that are several times higher. On the other side the
pulses that we have used are much more longer than the
erythrocyte membrane electric polarization time therefore
we expect a very small difference between the curves A
and B corresponding to the two pulses. The experimental
values (1.5 V and 2.6 V) obtained from the 50%
haemoglobin release electric field strengths E, ,, are in
disagreement with the previous hypothesis.

All these disagreements can be solved if the electrohe-
molysis is understood as an colloid-osmotic phenomenon
[2,7.9,10], the dielectric breakdown being only the pro-
moter of the process. The values obtained in our experi-
ments are smaller than those obtained by Zimmermann and
al. [8] in a set of alike experiments on bovine and human
erythrocytes. A possible source of this discrepancy can be
found in the two major differences between our works: a
saline external medium and an exponentially decaying
electric pulse on one side, a nonelectrolytic medium and a
square electric pulse on the other side.

Let return now to our main goal in this paper and make
some comments on the normalized dimensional distribu-
tion functions represented as histograms in Fig. 3. By
comparing the two distribution one remarks that they have
both a single relatively narrow peak, centered on the

middle radius R,,, and a similar shape. The second
histogram, obtained for a 50 us pulse length by the
unicellular method, is a little higher and tighter. The width
of both distribution is about 0.3R, ,, that means 1 um. A
normally distributed human erythrocyte population width
is in general smaller that our value. This means that
besides the dimension there are other parameters that
enlarge the width by their statistically distributed values. A
possible candidate that can be suspected is the nonuniform-
ity of the electric field. What we know precisely is the
potential applied on electrodes but the position of each cell
is dictated by chance, the local electric field being influ-
enced by the proximity of an other cell or of the elec-
trodes. However, the importance of this aspect is ruled out
by our results that show almost identical widths for both
unicellular and multicellular types of experiments.

The single parameter that can be suspected to enlarge
the width of the dimensional distribution is the effective
critical transmembrane potential which values seems to
vary a little bit from cell to cell. A possible explanation
can be find in the dependence of the g value (Eq. (1)) on
the physiology of each cell of the population. It is a well
known fact that the erythrocyte membrane composition
and functions changes during maturation and aging [14]. In
general it is accepted that with increasing age there are
decreases in the total lipid, cholestero} and phospholipid of
the red cell. During the aging process there is also a
significant shift in the fatty acid patterns related to the
increase in some short-chain acids compensated by a de-
crease in other long-chain acids. It was demonstrated also
that the membrane fluidity decreases during in vivo aging.
Consequently, small differences in the critical transmem-
brane potential during erythrocytes maturation and aging
are to be expected.
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