Moscow University Vestnik Moskavskayo
FPhysics Bulletin Uatversttete. Fizika
Vol 47, No. 1, pp. 53-64, 1992 UDC 578.7:621.375.826:535.21:616~006.04

CHANGES IN THE MECHANICAL AND ELECTRIC PARAMETERS
OF BILAYER LIPID MEMBRANES IN THEIR INTERACTION
WITH HEMATOPORPHYRIN

T. Hianik®, D. Masarikova™, L. V. Zhorina, M. Yu. Poreshina. and E. B. Chernyaeva

The interaction of hematoporphyrin IX (HP) with artificial bilayer lipid mem-
branes {BLMs) has been studied. It has been found that after dark ineubation
of BLMs in a HP solution (at concentrations from 10~% to 3 x 10~% M) the
conductance of the BLMs does not change very much, the elasticity modulus
{E,) and the dynamic viscosity coefficient n diminish by 21.9-31.3%, while the
membrane potential Iy becomes negative (=50 mV). lrradiation of a modified
BLM by a He—Ne laser leads to an increase of the parameters E; aud ¢ hy 10.7
to 66.2%, to a decrease of U; to —20 mV, and also to irveversible changes in
the mechanical properties of the membl.am, Binding of HP w1r!1 BLA procceeds
noncooperatively with the constant K = 10% M1,

INTRODUCTION

The method of photodynamic therapy holds promise in the detection and treatment of malignant
tumors. The method is based on the principle of photodynamic action on malignant cells sensitized by a
dye. The main property of such dyes 1s their ability to become accumulated in tumor cells and to induce a
phototoxic reaction upon exposure to light [1]. Hematoporphyrin and its derivatives are traditional seusitizers
in the clinical practice. Though the method of photodynamic therapy is sufficiently widespread in the medical
practice, many aspects of the physical processes underlying this method remain unclear. The first step in
the interaction of the dye with the cell is the penetration of the dye into the plasma membrane. To study
processes accompanying this penetration. we have constdered the iuteracrion of hematoparphyrin [X (1P
with artificial bilayer lipid membranes { BLMs).

BLMs are made up of lipids and a hvdrocarbon solvent and are a generally recognized model of the
plasma membrane of cells [2]. We studied changes in the conductance g g. in the elasticity modulus £,
in the direction perpendicular to the plane of the membrane, in the coefficient of dynamic viscosity 5. in
the electric capacitance U, and in the membrane potential [} during the interaction of UP with BLMs at
different concentrations and under different irradiation conditions.

MATERIALS AND METHODS

The BLMs were prepared by the method of Mueller [3] from palmitoylplosplatidy! choline (POPC)
solutions and from a mixture of POPC witl cholineplasmalogen (CPG) (weiglt ratio 5 ¢ 1) in n-heprane.
The concentration of the solutions was 20 mg/ml. Phospholipids, prepared by the procedure described
in [4], were put at our disposal through the courtesy of Dr. A. Hermetter {Graz, Austria). Note that CPG
is an important component of the plasma membrane [5]. Therefore, the inclusion of CPG into the BLM
composition makes its properties closer to those of the lipid bilayer of biological menbranes.

The membranes were formed at the end of a Teflon tube about 0.8 mm in diameter, put on ofie of the
two AgCl electrodes extending into the beaker for the electrolvte. The electrolyte was 0.1 M KCI (pH 7.2).
The stock solution of HP (Serva) in NaOH (102 M) was diluted with bidistilled water to a concentration
of 1072 M and added to the electrolyte from one side of the membrane (the overall concentration was varied
from 107% to 10~% M). To study the photodynamic effect involving HP, the system was irradiated by a
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He—Ne laser {hex = 632 nm) having a power of 1 mW {the spot area was comparable with the area of the
BLM). All the measurements were carried out at the Department of Biophysics of Komenius University
(Bratislava).

Conductance was determined by the known method, based on measuring the current through the
membrane with a constant voltage of 20 mV applied to it [6].

The quantities £, and # provide information on the state of the internal hydrophobic region of the BLM.
They were measured by a special electrostriction method, based on recording the higher a-c harmonics [7].
Alternating current voltage with an amplitude of 75 mV and a frequency of 1 kHz was fed to the membrane.
The method also makes it possible to measure simuitaneously the membrane capacitance C' and the constant
component of the membrane potential {7y. The value of [/} was measured with the help of a modification of
the method of compensation of the second harmonic of the current [8] or from the ratio of the ampiitudes of
the second (42) and third (.43} harmonics of the current. The values of EL, 1, C, and I} were calculated
by the formulas

E| =3C, Ui A1 /4hAs, (1)
n={EL.singp)/27f, (2)
[ = U Ao /4y, (3
C = A4,/27fUy, (4)

where C, 15 the specific capacity of the membrane {about 3x 1073 F m1=2), & is the thickness of its hydraphobic
region {about 5 nm). £’y is the a-c voltage amplitude, f is the frequency, 4, is the amplitwde of the Hest
harmonic of the current,  is the phase shift between 43 and A; arising as a result of the deformation time
lag relative to the applied electrostriction pressure because of the BLAI viscosity. The values of Ay sl 5
and ¢ were determined with the help of standard electronic equipment comprising resonance amplifiers for
separating the barmonics 4, and Agz. The results of the experiments were processed on a personal computer
coupled to the experimental setup. '

RESULTS AND DISCUSSION

Addition of HP to the elecrrolyte washing the BLM may briug about its adsorption on the mentbrane
surface, penetration into the lipid bilayer, and passing through the membrane. In all the cases a structural
transition may be induced in the membrane, as a result of which the bilaver will become permeable 1o fons
and, consequently, its conductance will change considerably.

1. The Effect of HP on the BLM Conductance

The conductance of a nonmodified membrane is 23.4 = 2.9 pS. Addition of P to the electrolyvte to
concentrations of 107° to 3 x 107% M led to a slight growth of the BLM conductance: ¢ reached 25-350 pS.
Laser irradiation of the membrane for 30 min led to growth of the BLM conductance to 75100 pS. When the
laser was switched off, the conductance diminished to 25-75 pS. Thus, HP does change the BLM conductance
both in the case of building-in in the dark and in the-case of laser irradiation. However. these changes are
appreciably smaller than those iaduced by other hiologically active substances [ and are comparable by
the order of magnitude to the conductance of a single ion channel formed by gramicidin [6].

The results obtained in this experiment indicate that HP predominantly adsorbs on the membrane and
does not practically form any through ion channels.

2. The Effect of HP on the Parameters E., 7, C, and U;

All the experiments described below started approximately 30 min after the formation of the BLM: the
time required for equilibriumn to be established. Figure 1 shows the kinetics of the F, | n, and ¢ parameters
of the nonmodified membrane made of POPC ({i.e., not stained with HP} in the dark and during laser
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Fig. 1

Kinetics of changes of the parameters £, {a), n (b), and C {¢) in a nonmodified bilayver
lipid membrane made of POPC during irradiation by a He-Ne laser {the arrow directed
upward corresponds to switching on of the laser; the arrow directed downward corresponds
to switching off of the laser).

irradiation. It is seen that these parameters do not change either in the dark or during irradiation. The
value of [J1, which for a nonmodified membrane is about a few millivolts, also remains unchanged.

Addition of HP to the electrolyte from one side of the BLM led to the diminution of £, and n within
21.9 to 31.3% of their initial value and to the growth of the absolute value of {/; to ~ 30 mV. The stained
side of the membrane became negatively charged, because in the particular experimental conditions the HP
molecule was mainly in the form of an anion and a dianion [10].

In most experiments the capacitance of the membrane did not change. An msignificant reduction
(Fig. 2 ¢) or growth of ¢ was observed in some cases, which probably was due to deformations of the
membrane produced by the osmosic pressure when HP of high concentrations was added. [t has been shown
in [11] that deformation of the membrane does not affect the parameters E; and #: consequently, their
changes are associated with the interaction with HP molequles.

[rradiation of a modified membrane led to the growth of £) and n from 40.7 to 66.27% and to a reduction
of the capacitance (Fig. 2 ¢). The absolute value of ; diminished to about 20 mV.

Switching off of the laser did not cause marked changes in E; and 5 (Fig. 2 a and b), but in six
(out of 11) expertments about 15-30 min after the laser was switched off the membranes became destroved.
Immediately before the instant of the BLM destruction the value of E'| increased while the capacitance
rematiied unchanged.

The changes in £, and n resulting from the exposure of the membranes to laser radiation were ir-
reversible. This was demonstrated in our experiments on replacing the HP-containing electrolyte by the
HP-free electrolyte. Perfusion carried out prior to the irradiation of the modified membrane restored the
parameters £, n and C to their values in the nonmodified membrane. This is an indication of the fact
that in this case HP, in general, is not very strongly bound with the membrane, yet a small part of the HP
molecules that remained in the membrane after the perfusion, ensures the growth of £| and C on further
irradiation (Fig. 3}. Perfusion carried out after the irradiation did not affect the values of £, n. This means
that HP incorporated inte the membrane during irradiation becomes strongly bound with it. Note that the
time required for the perfusion was about 0 min.
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Fig. 2

Kinetics of changes of the parameters E. {a}, n (b), and C (¢} during the additicn o
the electrolyte of HP in concentrations: 10°% M (1), 3 x 107% M (23, 1077 M {31 and
3x 107° M (4) upon switching on (5} and switching off (6) of the laser and upon replaceruens
of the electroiyte by perfusion {7). with a 0.1 M solution of K{ that contained no HP
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Fig. 3

Kinetics of changes of the parameters £, (a} and C (b) after adding HP to the electrolyte
in concentrations: 107% M (1), 3 x 10~% M (2), 10~% M (3), and 3 x 10=% M (4) upon
replacement of the electrolyte by perfusion (5) with a 0.1 M solution of KCI that contained
no HP, and upon laser irradiation: laser switched on (6), laser switched off (7).

Similar results were obtained in the investigation of the parameters £, , 7, C, and [/} for BLMs prepared

from a mixture of POPC + CPG.

To determine the specific features of the HP binding with the membrane, we plotted, in Scutchard’s
coordinates, curves of relative changes of the membrane potential AU, for different HP concentrations in the
electrolyte, i.e., the AU, /c versus AU, dependence curves (AU, = (U; — Uy)/Uy, where Iy is the potential
of the nonmodified BLM). The data for the membranes of POPC (curve 1} and of the POPC 4 CPG mixture
{curve 2) are presented in Fig. 4. In both cases the straight lines fit well the experimental points. Let us
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AUc™8 x 105, M~

Fig. 4

Dependence of the relative change of the membrane potential Al for different HP concen-
trations in the electrolyte (¢) in Scutchard’s coordinates for BLMs prepared of POPC (1)
and of the POPC + CPG mixture (2).

analyze the above dependences with the help of Hill’s equation. In our case we can write down

PO .

v = e (N — ALY o

where K is the binding constant. NV is the number of HP binding sites on the mewbeane. i is Hilb'< roeflicieur.
[n Sentchard’s coordinates we shall obtain

AU.Je = K™ YN — AUL). (6)

In our case the linear approximation makes it possible to put m = 1. This means that the process of HP
binding with the membrane proceeds noncooperatively, i.e.. the binding of one HP molecule does not depend
on the binding of other molecules:

Al fe = KN — RAU,. (7)

As s seen from Fq. (7). the constant of binding of HP with the membrane can be determiued from thé
slopes of curves 1, 2 (Fig. 4) for both tvpes of BLMs: Apope = (2.97£2.33) x 10* M~! (5 wembranes; aud
Kpopcyopg = (4.79+1.16)% 10* M~! (6 membranes). The difference between these values s not statistically
significant {according to the Student test). Thus the constants of binding of HP with the BLAI are similar for
lipid compositions used by us and are comparable with the constants of binding for hydrophobic fluorescent
probes [12]. This is one more proof of the high affinity of HP for lipids.

The data obtained suggest that the majority of the HP miolecules apparentiy do not pass through the
BLM or do not induce major structural changes in it, as it would have caused formaticn of pores in the
membrane and its conductance would have increased sharply. It is most probable that in the dark HP is
adsorbed on the membrane surface and/or becomes bound with the lipid “heads” on the membrane surface
{within 10-15 min)}.

The results of spectral measurements [13] confirm that HP molecules become incorporated into the
membrane. The size of an HP molecule is comparable with that of the lipid ~heads”; therefore. building-in
of the HP molecule between the lipid heads disturbs the ordered structure of the membrane surface. and
this may affect the ordered structure of its hydrophobic region. This suggestion is supported by a reduction
of £ after the addition of HP. The more loose structure of the hydrophobic resion of the membrane leads
tc a more free motion of the hvdrocarbon “tails” of the lipid molecules. Consequently. the viscosity of the
BLMs drops, which was actually observed in the experiment.

The increase of the £, and 5 values after the commencement of laser irradiation is, most likely,
assoclated with a deeper penetration of the HP molecules into the membrane {into the region of tails of the
lipids}. The behavior of the membrane potential does not contradict the assumptions made above.
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The HP molecule carries a distributed negative charge. The membrane surface is charged positively.
As HP is adsorbed on the membrane, the negative charge of the HP molecule compensates for the positive
charge of the membrane. As the HP molecules advance into the region of positively charged lipid heads, the
membrane potential drops more and more. Further movement of the molecule into the region of neutral lipid
tails causes a certain increase of the membrane potential. A stabilization by that time of such parameters
as %, and n suggests thag in the case of dark incubation HP is localized in the boundary region between
the tails and the heads of the lipids.

The increase of the membrane potential upon irradiation points to a deeper penetr'ltlon of the HP
molecule. The fact that the membrane potential reaches (within 20-23 min) a stationary level is apparently
mdicative of the HP localization in the region of the lipid tails.

The results obtained represent only one aspect of the interaction of HP with the cell; the interaction of
HP with its lipid bilayer. As we have shown above, no substantial change in the BLM conductance occurs
in this case. It is well known, however, that HP accumulates in cells {1, 2]. In the case of the cell plasma
membrane, it is most likely that HP penetrates into the cell through heterogeneities present at the boundary
between the proteins and the lipid bilayer.
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