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Summary. Temporal and voltage-induced changes of reflectivity (R), the optical phase
difference in transmitted polarized light, of tension and total capacity of bilayer lipid
membrane (BLM) were studied. The membranes were mainly formed from total brain
phospholipids (TP) in n-alkanes.

1) Reflectivity of “black” regions of films made of TP in decane and hexadecane
decreases by several per cent with a time constant (zg) of about 30 min, whereas that of
membranes with hexane and heptane does not depend on time (with an accuracy up to 1-
2%). The BLM tension decreases appreciably in the course of time and reaches its
steady-state value in tens of minutes after complete blackening of the membrane.

2) Under prolonged (up to tens of minutes) action of voltage (V) no R changes of
BLMs with hexane, heptane, and hexadecane were revealed at a noise level of 0.29%.
BLMs with decane usually respond to voltage application, first by a rapid (jump-like) and
then by a slow decrease of R with a value spread from 029 to 3%.

3) With higher amplitude and temporal resolutions of the signal (signal averaging
method) it can be seen that after voltage jump R decreases down to a new steady-state
value: at V=100mV, AR/R=—(2-4)-10"* and t5,~0.1 msec for BLMs from TP in
heptane, and AR/R = ~(3-6)-10"% and t,~2 msec for BLMs from oxidized cholesterol
in decane. It is shown in the latter case that the great value of AR/R is due to the
contribution of invisible microlenses. In all the cases AR ~ V2.

4) It is concluded that at voltage jump a bilayer first becomes thinner due to volumic
compression of its hydrocarbon core; then it spreads with a time constant of the order of
0.1 msec, getting thinner until a new equilibrium state is reached. Complete change of
bilayer thickness is Ak/h~ —10"* at 100 mV.

How significant are structural changes, particularly the change of
thickness induced by electrical field in cellular and artificial membranes?
This question arose primarily with the hypothesis that these changes
possibly participate in the control of ion permeability of membranes.
Investigations carried out on cellular and artificial membranes mainly
with the use of optical methods showed (see reviews [10, 14]) that some
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potential-dependent structural changes really took place, but their values
are insignificant. Thus, in the membrane of a squid axon during exci-
tation the thickness and birefringence values change, according to our
calculations [9, 10], by no more than 0.1 and 1.59, respectively. The
change of these parameters in BLM appeared to be [9] smaller than
those mentioned even at voltages of 0.2-0.3 V. It should be noted that
even in the first work [3] dealing with the action of electrical field on
BLMs, it was reported that their thickness changes by no more than 1 %,.
Independently, it was also shown [27] that changes of membrane ca-
pacity synchronized with alternating voltage, which occur due to electro-
striction (at frequencies = 10 Hz), are substantially less than 0.1 9.

At the same time some authors [2, 5, 6, 24-26], who determined
specific capacity by measuring the total capacity and arca of black
membrane, reported that specific capacity increases by the order of
percent and even of tens of percent [6] under the action of voltage of
about 0.1-0.2 V. Does this mean that bilayer membrane becomes thinner
by an appropriate value? A number of authors [20, 25-27] question this.
Some mistakes could be expected in determination of the bilayer area
due to the inaccuracy of estimating the real BLM contour [25, 27] as
well as to the lack of information on BLM area occupied by invisible
microlenses of lipid solution [20, 26, 27]. On the other hand, substantial
difference between the optical and capacity measurements could be due
to the fact that the former (and the capacity data of [27]) reflect short-
duration (<0.1sec) changes whereas the latter reflect long-duration
(>10sec) changes occurring in the membrane. Therefore, the difference
in the results obtained by these two methods is possibly due to the fact
that, under long action of voltage, more essential changes in BLM
thickness occur which are connected with the excess of solvent from
bilayer into lenses and annulus, as supposed by Requena et al. [20]. But
if this is an excess of the solvent, it is logical to suppose that its value
depends on the “age” of BLM. With “age”, BLM parameters change,
and this is justified by the following: increase of specific capacity [9, 6,
16, 247, change of membrane content [12], and weakening of electro-
optical effects [9]. It is natural that the action of voltage on the
membrane when it is in stable (equilibrium) state is of greatest interest.

The present paper is devoted to the investigation of short- and long-
duration (tens of minutes) effect of voltage on BLMs of different content.
The dependence of rate with which black membrane reaches its equilib-
rium state on the solvent type is also presented. The equilibrium state
was judged according to stabilization of values of BLM thickness and
tension on a constant level.
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Materials and Methods

Optical Technique

The change of BLM thickness in the course of time was judged according to the
change of intensity of the light reflected by the membrane. The light is polarized
perpendicular (L) to the plane of incidence. Corresponding equations describing the
quantitative relation of membrane reflectivity with its thickness and the reflective indexes,
as well, with their small alterations have been obtained [11]. BLM is considered as a
homogeneous anisotropic film with an optical axis perpendicular to its surface and with
some effective values of thickness s and the main reflective indexes n, and n,. The
membrane divides two isotropic mediums with the refractive index n,. Taking into
account the real parameters of both BLM and water medium: A<10nm, n,xn,<1.5,
n;=1.333, for the angles of light incidence, 6, <50°, the following simple expression for
the reflectivity R of the membrane is truthful with an accuracy of 2 %:

R=r.p2, (1)

here f=4nhi™'(ni—nisinf,)}'’%, r is the Frenel’s reflection coefficient, and n, is the
refractive index of the membrane. The values r and n, depend on the plane of light wave
polarization. Figure 1 demonstrates the values of R, r? and B and their dependence on the
angle of incidence and light polarization for lecithin membrane in water solution with n,
=1.334.

In the most interesting case, when there is light wave with the electrical vector
perpendicular to the plane of incidence, the following expression for the relative change
of membrane reflectivity has been obtained [11]:

LAR,_4h, 2 4ng
2R, h 1-n¥n} n,’

&)

The coefficient before the second summand is more than 10. Thus, for lecithin BLM
(no=1.46) in the salt solution with n, =1.334, this coefficient is 11.8. From Eq. (2) it is
seen that to estimate two unknown variables Ah/h and Any/n, it is necessary to measure
AR, /R, at two values of n,, ie. in the mediums of different content. However, a rough
estimation of maximal value of Ah/h can be made by the only measurement of 4R /R .
This estimation is based on a reasonable assumption that in a common case neither
summand in the right part of Eq. (2) can compensate the other with a high degree of
accuracy. It means that [Ah/h| is of the same order as |[AR /R | or less.

To measure intensity of the light reflected from BLM, the optical scheme used did
not principally differ from that described previously [9]. The light from a source having
passed through the polarizer was focused by a condenser in the membrane plane, forming
the light spot, with the diameter several times less than that of BLM. The beam of light
reflected by BLM was directed by the objective through an analyzer to the photo-
multiplier. In the plane, where the objective gave the image of the membrane, an
additional field diaphragm was mounted which let only the light from the central
illuminated part of BLM pass through. Due to this, the light from the lipid annulus of the
membrane and the artefact optical signals connected with its change were eliminated.

To reveal a weak signal from the noises, a signal average designed on the base of
Nokia multichannel analyzer L.P-4050 was used in the experiments on the action of short
electrical impulses on BLM. As a source of light, the helium-neon laser with 1=633 nm
was used. The response of the membrane to short voltage impulses was also studied in
transmitted polarized light, using the technique described earlier [9]. The change of
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Fig. 1. (a): Theoretical dependence of reflectivity (R), reflection coefficient (r), and phase

difference () of lecithin BLM in water solution with n, =1.334 on the angle of incidence

0, and on the character of light wave polarization: parallel (]|) and transversely (L) to

the plain of incidence. BLM parameters according to [13], h=6.2nm, n,=1.46, n,=1.48.

Wave length is 633nm. Along the ordinate from 0 to 2, the scale is linear, then it is

logarithmic. (b): The scheme of light reflection and refraction by planar bilayer and
annulus

phase difference y, arising in the membrane due to birefringence and to the contribution
of the rays reflected for the second time [7], was registered. The angle of incidence was 0,
=45° The change of light transmission through the membrane was registered without
any analyzer.

While studying the slow processes (longer than 1sec), the registration of photo-
multiplier current was carried out directly by a high sensitive recorder. In these
experiments the prolonged stability of the light flux was important; that is why the source
of the light was a 90-W halogen-tungsten lamp with a green glass filter (4, =540 nm;
half-width of transmission band =90 nm). The lamp was supplied by stabilized source of
constant current. Relative threshold of the set-up sensitivity to the change of light flux
reflected by BLM was not greater than 0.1 %.

In optical experiments two types of chambers for manipulation with BLM were used.
The first chamber had a partition made of black glass with the aperture for the
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Fig. 2. (a): A glass chamber for optical experiments with BLM (top view, in section). The
inner size of the chamber is 20 x 20 mm?, the diameter of the hole in a glass partition is
6mm. (b): View of holes in Lavsan film (LF) 10pm in thickness made by a hot needle
{(Dark-field illumination). LF film with a hole for a membrane is glued to a partition of
the chamber {a) by vacuum grease. {c}: Scheme of measurement of membrane tension (o)
by pressure difference Ap=p, —p,, which is necessary for contact between membranes

membrane and its two walls constructed as optically regular semispheres. The diameter
of the aperture was 2.5 mm, the wall thickness near that—0.2 mm. This chamber allowed
us to carry out measurements on the membrane in a wide range of angles of light
incidence. A rectangular glass chamber (Fig.2a) with a glass partition was used to
measure the changes of BLM reflectivity at 6,=45° [then R;<R, (Fig 1)]. The
membrane was secured on a 0.5 to 0.9-mm diameter lavsan film (polyethylenctereph-
thalate, 10 pm thick) aperture, glued by vacuum grease to a glass partition. The aperture
in lavsan film was made by a heated needle, so that it was a regular round shape with
smooth round edges (Fig. 2B). (This is an ideal aperture for securing a bilayer from two
monolayers [5]). The apertures for the membranes in both the chambers were lubricated
by lipid solution before adding the aqueous solution.

Measurement of BLM Capacitance

Measurement of the total membrane capacitance (C) and its slow changes were
carried out by a bridge method at the frequency of 1 kHz and efficient voltage on the
membrane of about 15 mV. To carry out continuous recording of the capacitance change
AC(t), the bridge was used in the regime of disbalance. In this case the change of output
signal of the bridge reflects the value of AC and its sign. In this scheme an independent
supplement of a constant and low frequency voltage (up to 90 Hz) on the membrane was
carried out. A relative threshold of the scheme sensitivity to the capacitance change was
not greater than 0.2 %, Voltage was supplied to the membrane with the help of Ag— AgCl
electrodes or, in the case of asymmetrical solutions, liquid (agar) bridges.

Measurement of Membrane Tension
The method used to measure membrane tension (o) is based on the dependence of

the pressure difference 4p sagging the membrane, on the values ¢ and r,: Ap=20/r,
where r,,=radius of the membrane curvature. In the scheme used for measurement of o,
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Fig. 3. Time dependence of tension of membranes from total brain phospholipids in n-

decane (D) and n-heptane (H). The period of blackening is marked by broken lines (10 mm
NaCl, pH 5.7)

the value r,, is a constant one. r,, is determined, as it is seen from Fig. 3, by diameters of
the apertures and the distance between partitions (@=0.3-0.5 mm, d=1.0-1.5 mm). The
pressure difference Ap was obtained by microsupplement of an additional volume of the
solution to the external compartment of the chamber [15]. The procedure of measure-
ment was the following: The membranes initially plane and parallel to each other were
put in contact on a small area (in the point). The established contact was observed in
reflected white light with the help of a microscope with a low magnification. The
additional volume of the solution was measured, and the membranes were again
separated to prevent fusion during a long contact (the fusion in the solutions of mono-
monovalent salts occurs at concentration more than 10 mM [8, 15]). By establishing
periodical contacts between the membranes, the dependence o(f) was obtained.

Materials
Total bovine brain phospholipids were extracted according to the well-known
Folch’s method; egg lecithin from Merck was used. Oxidized cholesterol was obtained by
blowing oxygen through a boiling solution of recrystallized cholesterol in purified n-

octane for 8 hr. The normal alkanes (analytical grade) were used without additional
purification. Membranes were usually formed from 20 mg/ml of lipids in n-alkanes.

Results

The Change of BLM Thickness and Tension in the Course of Time

The behavior of BLM is judged according to bilayer reflectivity. For
the experiments a chamber with lavsan film was used (Fig. 2a). The
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diameter of a light spot was no more than 0.2 of that of the aperture. The
measurement began from the moment the area of the spot was com-
pletely occupied by a black membrane (that was earlier than when the
membrane became black totally); blackening usually proceeded for 10—
15 min. The experiments were carried out on the membranes from the
total phospholipids in different n-alkanes in 0.1 M NaCl solution. The
specific capacity of black membranes was 0.37-0.38 uF/cm? in the case
with heptane and 0.56-0.58 uF/cm? with hexadecane. The R, value of
hexane and heptane BLMs is constant (with accuracy of 1-2 %) from the
moment of their formation. The reflectivity of decane, hexa-, and hepta-
decane membranes decreases in the course of time approximately by 8 9/
and 4%, respectively, with the time constants in the range of 20-30 min
(working temperature for decane BLM 20 °C, for hexa- and heptadecane
BLM, 35°C). Decrease of R, can be connected with that of both the
thickness i and refractive index n, of the membrane (Eq. (2)). But n, may
decrease only when the part of the solvent in the bilayer increases, since
the refractive index of the solvent is less than that of lipids. However, the
greater mobility and compressibility (see below) of the membrane in the
early period justify greater content of the solvent at that time. Thus, due
to decrease of the solvent part, the membrane must become thinner and
the refractive index greater. Correspondingly, in Eq. (2) the summands
are of different signs. Since Ah/h has the same sign as AR /R, then
|4h/h|>]0.5-AR /R |. But it is hardly probable that this inequality is
great because it is unlikely that the summands of Eq.(2) have close
absolute values. From this it follows that black membranes become
thinner only by some percent in the course of time.

Dependence of membrane tension on the course of time was mea-
sured for the membranes from common phospholipids of brain with n-
heptane and n-decane. The measurement began when the membrane was
colored. Characteristic dependences o (t) are given in Fig. 3. Initial values
of ¢ and the relaxation time vary greatly from one membrane to another,
but final values of ¢ (6 dyne/cm) repeat well. Usually tension for heptane
membrane gets its steady state in 20-30 min, and for decane, in 30—
60 min. Since BLM tension is determined by surface tension of two lipid
monolayers on the annulus (on boundaries of oil/water), then the surface
tension of monolayers decreases as well. The latter is connected with
those facts, that density of the monolayer formed by absorption of lipid
molecules from the solution increases with time, and tension, respec-
tively, decreases. The process of absorption seems to occur as slow, as
high as the viscosity of the solvent, and as low as the diffusion coefficient
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of lipid molecules in the solution. That is why tension of decane
membrane is set slower than that of heptane.

Usually when the membrane becomes completely black, the change
of the annulus width goes on in the course of time. The case of complete
disappearance of the annulus is of particular interest. Fettiplace et al.
[16] observed that BLM from lecithin +n-hexadecane in the course of
time reaches an area not only equal to that of the aperture, but much
larger. In our experiments with the aperture in lavsan film, the BLM
from total phospholipids +n-hexadecane had not gone over the edges of
the aperture, but the annulus disappeared completely in half an hour. In
this case BLM was in the mid-plane of the hole and its capacitance C
was not changing any longer. Probably, existence of a thickened smooth
edge of the aperture provides the stable position of BLM. Heptane and
decane BLM usually have an annulus 50-80 um wide in such an aper-
ture.

BLM Reaction to Voltage. Slow Processes

In optical experiments on observation of BLM reaction to voltage
impulses, it has been revealed that a long-duration effect of a constant
voltage on the membrane leads to its structural asymmetry: it becomes
sensitive to the sign of voltage impulse. Therefore, to observe the effects
of long duration of voltage an alternating voltage was supplied to BLM
at a frequency of 90 Hz. In a number of experiments a constant voltage
equal to the effective value of the alternating one (V_) was supplied for
comparison. There was no difference (according to the change of total
capacitance) in BLM reaction. The frequency of alternating voltage
(90 Hz) was chosen for two reasons. First, at this frequency annulus as
well as lenses stop “to breathe” [22, 27], and, second, this voltage has no
effect yet on the result of membrane capacitance measurement made at
the frequency of 1000 Hz. The experiments were carried out on mem-
branes from total phospholipids with different solvents. The changes of
BLM reflectivity and total capacitance were registered.

Our system for optical measurement allowed us to register slow
changes of reflectivity =0.2 %. However, even at such a high sensitivity
one failed to discover the change of R for hexane and heptane mem-
branes at V.. =0.2-0.25V; and for those of hexadecane (within 1 hr after
blackening) at 0.1 V. An example of R, (t) record is given in Fig. 4c.
From the results obtained, it follows that in the case of hexane, heptane,
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4 min

Fig. 4. Effect of long-duration action of alternating voltage (200 mV, 90 Hz) on reflectivity
of BLM from total brain phospholipids in n-decane (a) and n-heptane (b). Voltage was
applied within 20 min after complete blackening of the membranes (0.1 Mm NaCl, 20°C)

and hexadecane the BLM thickness changes, if really it is so, under the
action of 0.1-0.2 V by no more than some tens of percent.

But decane BLM behavior is different in character. In response to a
switch of V_, at first R, usually decreases quickly (by jump), and then it
decreases slowly (Fig. 4a). When V_ is switched off, on the contrary, R
increases by jump by the same value, and incline of the curve R (1)
changes into positive direction. The values of jump-shaped and slow
changes of R, vary greatly from one membrane to another, and even in
the same membrane, in the course of time. Jump-shaped changes of R
(at V. =0.2V) were about 0.1 to 1.59%; slow ones (during 5-10 min) were
cither absent at the level of 0.2-0.3 9 or reached 2-3 9;. Greater changes
usually are connected with the presence of more lenses in BLM and even
with the appearance of new ones under the action of electrical field, as it
was also stated by Requena et al. [20].

Measurement of total capacitance C was carried out simultaneously
with optical ones on the same membranes. A typical example of C
change in due course is given in Fig. 5. From the curves it is seen that
there are processes, at least, with three characteristic times: <1 sec
(jump), ~0.5 min, and ~ 35 min. Usually the value of AC at V_ switched
on is higher than at switched off. But when V/_ is switched on for many
times this difference decreases. The value of C changes is significantly
dependent on the type of lipid solvent. Thus, at V_=0.2V a quick jump
of C of heptane BLM does not exceed 1% and of decane BLM reaches
1.5-10 % (the width of annulus in both cases is 10-159; of the aperture
diameter). Slow changes of C (during 5 min) have the values 1-1.5% and
5-109%, respectively. Capacitance of hexadecane BLM without annulus
on the response of V_=0.1V increases only by 0.2% with the time
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Fig. 5. Relative change of a total capacitance (C) of the membrane from total brain

phospholipids in n-decane under the action of alternating voltage (200 mV, 90 Hz). The

voltage was supplied from 20 until 25min and from 35 until 46min after complete

blackening of the membrane. Capacitance jumps, shorter than 1sec, are marked by a
broken line (0.1 m NaCl, 20°C)

constant ~ 1 min. The character and value of the change of C are greatly
affected by size and geometry of the aperture and other reasons. Thus,
the value 4C of membranes placed on the aperture in glass 2.5 mm in
diameter (see Methods) was essentially higher, and the changes of C
lasted longer. Different values were obtained by other authors [5, 6, 21].
Increase of C under the action of potential difference occurs due to
spreading of a bilayer, since the thickness of the latter, as it is shown
above, hardly changes.

Decane membrane, as it follows from our and other data [4, 6, 12, 24,
26], possesses an extremely variable and labile structure. If we use as a
solvent n-alkans with essentially a smaller or, on the contrary, greater
number of hydrogen atoms than that of decane, then BLM obtained are
more free from heterogeneity (lenses and microlenses) and respond more
weakly to the electric field.

BLM Reaction to Voltage. Quick Processes

The change of BLM reflectivity was studied when rectangular and
saw-toothed voltage impulses were supplied. The latter were used to
obtain the dependences of 4R/R on the voltage V. 4R/R was measured
at two different light polarizations with the aim of revealing the contri-
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Table 1. Change of reflectivity (4R) of BLM of different content under the action of a
short (<0.1 sec) voltage impulse —100 mV ?

Content of lipid solution Aqueous AR/R Tx

medium (msec)
Total phospholipids + n-heptane 0.1 M NaCl ~(2-3.5)10"* 0.15-0.2

4mNaCl, —(1.8-2.5)107# 0.2

n, =1.368 —(8.1-83)10"* 0.2°
Total phospholipids + oxidized 0.1 M NaCl —(2-3)107#4 0.1
cholesterol (1:1)+n-heptane 0.1 m NaCl —-Q.5~4)10"* 0.5¢

+ glycerine

n; =1.400
Egg lecithin +n-heptane 0.1 mNaCl — (2.5' -3.510* 0.1-0.15
Egg lecithin +n-decane 3mMKCI ~2-41073 2-54

—(2-510"* 1-2

Oxidized cholesterol +n-decane 0.1 M NaCl —(3-6)1072 2

* AR/R=value of relative reflectivity change, 1, =time of relaxation, n, =refractive index
of aqueous solution, pH~7, 19-20°C.

> At 200mV.

¢ The process of relaxation is of complicated character (Fig. 6d).

4 During first 1020 min after a complete blackening of the membrane.

bution of optical anizotropy of the membranes [11]. However, due to the
dispersion of the results, we failed to establish a difference between
AR /R, and AR,/R,. That is why, in a corresponding column of
Table 1, the averaged values of AR/R are given. Examples of optical
signals obtained from different BLMs in various mediums are given in
Fig. 6. In response to rectangular impulse of voltage, the reflectivity of
BLM in some time (relaxation period) gets its steady state. This change
of reflectivity (AR/R) is shown in Table 1.

Reflectivity of all the membranes, as seen from Table 1, decreases
under the action of electrical field. However, this decrease (except for a
peculiar case of BLM from oxidized cholesterol with n-decane) (see
Tables 1 and 2 and Fig. 6b—c), is insignificant: AR/R=—(2—-5)- 1074
Thus, the change of BLM thickness is also insignificant. The time of
relaxation, determined by the beginning of the optical signal impulse
when decane is used, is higher by an order of magnitude or more than in
the case of heptane (1-3 msec and 0.1-0.2 msec, respectively). Also, it is
found that, during the first 20-30 min after complete blackening and by
the time of relaxation, the optical signals from decane membranes are
higher in value. The dependency AR(V) is of parabolic character for all
the membranes studied (Fig. 4a-b), i.e, AR~ V2.
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Fig. 6. Examples of reflectivity (a, b, d) and light transmission changes {c} of different

BLMs under the action of voltage impulses with amplitude of 100 mV. Voltage impulses

are seen above the corresponding curves of optical signals. Membranes from total brain

phospholipids in n-heptane (a), from oxidized cholesterol in n-decane (b, ¢) and from the

mixture of both lipids (1:1; w/w) in n-heptane (d). Water solution: 0.1 NaCl, pH7. To

increase the refractive index of the medium (d, two bottom curves), glycerine was added
to the solution

Table 2. Change of optical phase difference (4y) and BLM light transmission under the
action of rectangular voltage impulse (V)

Content of Aqueous 14 Ay T, Change of light
lipid solution medium (mV) (seconds of arc) (msec) transmission
Total phospholipids 0.1 MNaCl 200 <0, >—-01 02 is absent at

+ n-heptane the level 1077
Oxidized cholesterol ~ 0.2m NaCl 100  is absent at the is absent at
+n-heptane level 0.1 the level 107°
Egg lecithin + n-decane 2M K.Cl 100 0.03--0.08 2-3 —(1-2)10"¢
Oxidized cholesterol  0.2M NaCl g0 09-1.6 2 —(1-3)10"°

+ n-decane

* 7,=time of relaxation of phase difference. Angle of light incidence to the membrane 6,
=45°. pH~7; 19-20°C.
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With the aim of finding out from Eq. (2) the values Ah/h and An,/n,,
the measurement of AR /R, was carried out in the solutions with
different reflective indexes n,. In order to increase n,, glycerine was
usually added to the solution. A characteristic set of curves AR () for
heptane BLMs is given in Fig. 6d. Transitional processes at switch on
and off of the voltage are of complicated multicomponent character.
The curve of transitional process when V is switched off is a mirror
image of that at switched on. The shape of the curve indicates that there
are two processes: a quick and a slow one in BLM which cause AR of
opposite signs. The slowing down of the second process with the increase
of n, is connected, probably, with the increase of viscosity of the
glycerine solution. As for true kinetics of a quick process which follows
the voltage jumps, it is not revealed here due to scheme limits; the time
constant of capacitance overcharge was 30 —50 usec. Steady-state value
of 4R /R, in the range of experimental error is independent of n,. It
means, in correspondence with Eq. (2), that after a transitional period the
refractive index of the membrane (n,) returns to its initial value. An
attempt to use sucrose instead of glycerine was unsuccessful: BLMs
formed in concentrated sucrose solutions (n; < 1.415) are covered by pale
spots. That is why, probably, the fronts of optical signals were delayed up
to tens of milliseconds, amplitude of AR /R, increased by 1-3 9, and
optical responses on voltage impulses of different signs appeared to be
asymmetrical.

Even earlier [9], the effect of lenses (bright points) on the optical
signal (in transmitted light) from BLM under the action of electrical
impulse was especially studied. It was found that when there were ten or
more lenses in lightened BLM area it led to a significant increase in
amplitude of the optical signal, and the relaxation time t, increased by
some milliseconds and more. The larger the lenses, the greater the 7.
That is why in order to obtain the optical signal from a real bilayer, we
carried out the experiments only on BLM without visible lenses.

In heptane BLMs, mechanical damped oscillations excited by electri-
cal impulses appear which cause corresponding oscillations in the in-
tensity of both BLM light transmission [9] and reflectivity (Figs. 6a and
7a). In the case of reflectivity, they are expressed more clearly. The
oscillations begin with some delay after the voltage jump (Fig. 7a). The
time of delay of oscillations begins to decrease and the amplitude
increases when light spot is shifted from the center of the membrane to its
periphery. This points to the fact that an elastic wave caused by a sharp
shift of the annulus edge due to the tension change of bilayer propagates
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10 msec

+ \/k*‘

b
Fig. 7. Reflectivity change of BLMs from total phospholipids in n-heptane () and from
oxidized cholesterol in n-decane (b). (¢): Example of mechanical oscillations in BLM. The
curves are obtained at two light polarizations. (b): Example of optical signals from
asymmetric membrane; asymmetry is obtained by pH difference on both sides of the

membrane (pH 3 and 9, 2mm NaCl). Optical signals for voltage impulses are of different
signs

:

10 msec

along BLM from the edge to the center [17, 19, 22]. In order to clarify
whether this wave is longitudinal or transversal, the measurements were
carried out at two different light polarizations. In the case of transversal
wave, the definite membrane sites would change their position from an
averaged one leading to a corresponding change of light incidence angle
(6,) (on this site). Then, at 6, =30°, as it is shown in Fig. 1, the change of
0, would cause the increments of R, and R of different signs. However,
in the experiments (Fig.7), oscillations of R, and R, in phase were
observed. From this it is inferred that the main contribution is made by
the change of h and n, but not by 6,, as we have supposed earlier [9].
This feature is characteristic of a longitudinal wave. When the membrane
is not a plane, a transversed wave arises, as well

As mentioned above, the value of AR is proportional to that of V>
and, therefore, does not depend on a voltage sign. But this fact concerns
only structurally symmetrical BLMs. Asymmetrical membranes are ob-
tained in some cases and the magnitude of their optical signal depends
on a sign of the voltage impulse supplied. In particular, appreciable
structural asymmetry in BLM is caused by a long-duration action of a
constant voltage and pH difference on each side of the membrane. Thus,
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small constant voltage, if it is switched steadily, but not only for the time
of a test impulse, leads to more appreciable asymmetry of optical signals.
At different pH on each side of BLM the optical signals on voltage
impulses of different polarity change as if some constant voltage is
supplied to BLM. A characteristic example is given in Fig. 7b. It is seen
that the top of the parabola (middle curve) is shifted by ~70 mV.
Structural asymmetry of BLMs in both cases must be somehow con-
nected with the density difference of surface charges of both monolayers.
The tension of each monolayer [8] and, probably, lipid composition
depend on the density of these charges.

Discussion

Let us consider the successive events developing in BLM caused by a
voltage jump. Simultaneously with a voltage jump, compressive force
increases (~ V?) and tension of a bilayer decreases (5,—0g,~V?) [17, 19,
22, 27]. Compressive force acts only transversely to the bilayer and does
not prevent its elastic spreading. As a result, the bilayer must become not
only thinner, but spread as well. Since bilayer spreading is connected
with its sliding in viscous liquid, this process proceeds slower than
thinning. Thus it is logical to conclude that at first a bilayer must
undergo a volumetric compression (due to Ah) which decreases during
spreading.

Now, in order to see how these events are elucidated by the results of
optical experiments, let us analyze the sets of curves (Fig. 6d) obtained
on the bilayers practically without microlenses. Analyzing the signal
AR /R, according to Eq. (2), we use, as reported earlier [11], the relation
of n, to h. The change of refractive index (n,) is composed by two
constituents: One is connected with the change of density of membrane
substance, and the other with the change of optical polarizability of the
molecules. Between these two components there is a certain relation
which follows from the equation of Lorentz-Lorenz: (n*—1)/(n®+2)
=47n Na/3, where N=a number of molecules in the volume unit and a
=effective optical polarizability of the molecules. Under the action of
external force (electrical field), an elementary volume of the membrane
may change the thickness as well as the occupied area S, but NhS
remains constant. Therefore, (n*> —1)/(n* +2)~ a/hS, from where we shall
obtain for our case:
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In particular, for BLM with n,=1.46 the coefficient in the left part of
Eq.(3) is equal to 2.7. Taking into account this coefficient for the
mediums with n, =1.333 +-1.4, we obtain from Egs. (2) and (3)

AR,

L

)

~(82+15). [Aaa A8 Ah]’

———(0.76 - 0.87) ——
S (0.76 87)h

a,

where the first figures in brackets correspond to n; =1.333.

Change of g, is connected with Kerr’s effect. To estimate the value
An,/n, connected with Aa,, let us assume that the electrical field is
concentrated in the hydrocarbonic part of a bilayer (h, in thickness) and,
therefore, it has a small effect on the polar regions of a bilayer. More-
over, they make up a small part of the total thickness. That is why we
use Kerr’s constant value (B) for normal hydrocarbons [23]. For hy-
drocarbons n—C,H, +n—C gH,s B=(8.5—18)x 10" !4 that is of the
order —10" 3 cm™* (V/cm) 2. From two equations for Kerr’s effect [23]
(which do not concern the effect of electrostriction) we find An,/n,=
(n,,—n,)/n,=—ABV?*/3n,h;. For V=01V, at n,=146, 1=550 nm, h,
=5nm, and B=10""cm™! (V/cm) ™2, we obtain that An /n,~5x 1078,
Such a change of n, causes AR, /R, ~ —1079; that is less, at least by an
order, than the noise level in the recordings of Fig. 6d. Thus, 4a /a, does
not make any appreciable contribution to the signal AR /R .

Now let us consider the contribution of electrostriction. The value of
the force (pressure) pressing the bilayer Ap=C,, V?*/h,. For V=01V and

C,,=0.35 pF/cm? we obtain 4p=0.07 atm. Compressibility factor (K =

—% 2—;) for hydrocarbons is ~10~*atm ™!, From this we obtain relative
change of bilayer volume Av/v=7x10"°, At the first moment after the
jump, as mentioned above, a bilayer becomes thinner; this means that
Ah/h=Av/v. In this case from Eq. (4) we find that AR /R, depending on
n, must have values approximately from 0.5x107* to 107% From the
curves (Fig. 6) it is seen that estimated values of AR /R, are close in
magnitude and sign with those measured. It should be noted that in a
given case R increases (as it follows from Eq. (3)) at the cost of A4n,>0.

After initial increase, R, falls down to some steady-state value which
does not depend on n, in the range of error of measurements. So on the
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basis of Eq. (2) we have drawn the conclusion that the refractive index n,
of a bilayer increased by a jump in the beginning of a transitional period
then returns back to its initial value (at ¥'=0). Since 4q,/a, is negligibly
small it means that Av/v=4h/h+A45/S=0. From Eq.(2) for a steady-
state value AR, /R, =2x10"%, taking into account that 4n,=0 we find
Ah/h=—10"* and, respectively, 4S/S=10"* Thus, while passing to
steady state after the jump of V (=0.1 V), the bilayer becomes thinner by
0.01% and spreads to the diameter by 0.005%. As a result, specific
capacity must increase by 0.029; that is in good agreement with the
data of Wobschall [27] on the capacity changes at frequencies =10 Hz
It should be noted that the process of bilayer spreading, as seen from the
curves R(1) (Fig. 6), are of quick-damping oscillating character (near the
steady state).

Now we shall consider the behavior of lenses and annulus and their
effect on the results of optical and capacitance measurements. Decrease
of bilayer tension at voltage jump causes the change of a contact angle 0
between bilayer and liquid phase —lenses and annulus —that in its turn
leads to the change of the shape of these elements [17, 19, 227. Some time
after V jump, the lenses pass into a new equilibrium state becoming more
convex but less in diameter [22]. The time of lens relaxation depends on
its size. For small lenses (<10 um in diameter) this time, (according to
optical measurements) does not exceed 10 msec. But lenses with diameter
about 100 pm do not follow the voltage even at a frequency of 10 Hz
[22]. As for the time of relaxation —1-2 msec (Tables 1 and 2)—seen in
optical signals obtained from BLM without visible lenses, it may be due
to invisible microlenses ( <1 pm) revealed in BLMs by electron micros-
copy [1]. Existence of microlenses is justified by the following facts:

a) Decrease of BLM light transmission simultaneously with a fall of
reflectivity (Table 2, Fig. 6¢). Such inconsistence can be explained only
by increase of light scattering of a bilayer and, therefore, by the existence
of some microheterogeneity in BLMs or its appearance under the action
of electrical field. Especially, there is a great number of microlenses in the
membranes from oxidized cholesterol +n-decane. That is why they have
a specific silver glitter in reflected light, and the change of their re-
flectivity is two orders of magnitude higher than that of heptane BLM
(Table 1), since it is completely due to the change of light-scattering by
microlenses.

b) In a region of contact, two decane BLM begin to fuse at a
separate point at the distance between the bilayers of about 3040 nm
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[15]. The facts prove that at first two microlenses from opposite bilayers
fuse [&]. It should be noted that the thickness of the microlense (1 um in
diameter, with a contact angle of 2°) is about 25 nm.

Unlike the lenses where relaxation processes are finished in 10 msec,
in an annulus they occur for 10 min as shown by the dependence C(f),
(Fig. 5, [5, 21, 25, 27]). The reason for this may be explained by the large
surface of the annulus, which is also on the surface of the partition
outside of the aperture. A sharp decrease of bilayer tension under the
action of voltage and increase of the contact angle lead to displacement
of the liquid phase, not only in the visible annulus part in the aperture
but in its “wings” on the partition as well. The process of annulus change
as a whole can be divided into three stages. In the first stage, lasting for
tens of milliseconds, the thinnest part of an annulus sharply decreases.
This edge becomes thicker. Change of annulus geometry occurs more
slowly. Since the contact angle has increased and the thickness of a
partition edge near the aperture is constant, then the volume of an
annulus in the aperture must decrease. The process of an output of
solvent excess from the annulus itself into its “wings” leads to a gradual
increase of BLM area. Increase of C with a characteristic time
(~0.5 min) corresponds, probably, to this process (see above and [4, 6,
217). At last, the increase of liquid phase volume in the “wings” leads to
their spreading over the partition. That is why C does not return to its
initial value, but remains more than that when the voltage is switched off
(Fig. 5 and [21]).

So, optical measurements yielding information on local changes in
the bilayer parameters showed that BLM thickness (except for decane
BLM) decreases (if at all) by no more than fractions of a percent even at
prolonged voltage action (~ 10 min).

Thus, this result confirmed validity of the doubts expressed by some
authors [20, 25-27] concerning correctness of determining the real
bilayer area when obtaining potential dependence C,(V) yielding
AC,,/C,, of about several percent. As already mentioned, two possible
sources of errors are considered in the literature: (i) uncontrolled contri-
bution of the invisible microlenses to the changed bilayer area and (ii)
inadequate accuracy in determining the bilayer-annulus boundary and
(or) its shape. To estimate the contribution of microlenses, Wobschall
[27] calculated that with V=0.1V the bilayer area would increase by 1%
if the lenses constitute from 10 to 50% of the total BLM area. Such a
situation, as shown above, could take place only in membranes from
oxidized cholesterol +n-decane. The quantity of microlenses is ap-
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preciably less in BLM from other lipids, even with decane. Therefore, we
agree with Requena et al. [20] who think that the lenses do not in-
troduce any remarkable error to the value of the bilayer area measured.

As to accuracy in determining the bilayer-annulus boundary position,
observation (photographing) in reflected light' allows us to reach suf-
ficient accuracy up to 1 um [20]. It is different from the definition of the
true form of this boundary, which substantially differs from a circle even
in the case of a membrane horizontally placed in a round aperture
(private report of Yu.G. Rovin, photograph in [20]), and all the more so
in the case of a vertically arranged membrane. The form of this contour
seems to depend on the annulus width and the value of the contact angle
and thus on voltage: the narrower the annulus and the greater the
contact angle, the more the boundary contour approaches a circle. The
basic error in determining S, is apparently due to the fact that the
boundary contour change is not taken into account. This explanation is
rather probable since the voltage-induced S,, changes are observed only
with membranes having an annulus. With membranes obtained by
monolayer technique, such a phenomenon was not observed [5] even at
0.3V, and the hexadecane BLM without visible annulus discussed above
changes its capacity only by 0.29; at 0.1 V.
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