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We prepared photoresponsive bilayer lipid membranes (BLMs) containing azobenzene derivatives (4’-octylazobenzene-4-oxybu-
tyric acid (AZ)) and observed the rapid and reversible changes in their electrical properties when irradiated with light. The
BLMs consist of AZ (8 mol%) and glyceryl monooleate. The changes in capacitance and conductance upon irradiation by light
were found to be 10 and 20%, respectively. The changes in the electrical properties of the membrane and in the structure of AZ
under light irradiation were analyzed simultaneously by in-situ spectroscopic, electrical and microscopic measurements. These
measurements showed that the electrical changes induced by exposure to light resulted from reversible changes in the membrane
structure initiated by the photoisomerization reaction of AZ. This structural change in the membrane occurred within 1 s.

Introduction

Biological membranes play an important role in
many of the physiological and biological activities of
cells, including the detection of external stimulation
and the selective transmission of molecules and ions
[1-3]. If the function of such membranes could be
mimicked, new artificial sensors and devices with bio-
logical functions would become possible. It is known
that planar bilayer lipid membranes (BLMs) provide
optimum conditions for the production of artificial
biological membranes, which are essential for this kind
of study [4-8]. One of the reasons for this is that BLMs
have the closest similarities to the structure of biologi-
cal membranes. The other is that BLMs have advan-
tages as regards physiological measurements of the
membrane characteristics, since both sides of the mem-
brane are easily accessible to electrodes. However, in
spite of their excellent characteristics, BLMs have been
studied only in a limited area due to the difficulties in
preparing and evaluating the membranes.

Of the various functions of biological membranes,
the authors focused on light conversion, which is the
first step in visual processing. An azobenzene am-
phiphilic derivative, AZ, was chosen as an artificial
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light receptor molecule. Azobenzene is a well-known
photochromic compound, which undergoes cis-trans
photoisomerization similar to the chromophore in
rhodopsin residing in the photoreceptor cell. The regu-
lation of photoisomerization reactions in azobenzene
derivatives has been studied in many membrane types
such as monolayers [9,10], Langmuir-Blodgett (LB)
films [11-14], vesicles [15-22], capsule membranes
[23,24], polymer membranes [25-28) and BLMs [29,30].
However, there has been hardly any research reported
clarifying the relation between the structure of the
chromophores and characteristics of the membranes.

In this study, we not only prepared BLM containing
AZ, but also measured the changes of the character-
istics of the membrane during the forming process, as
well as the response of the membrane to light irradia-
tion. A multi-observation method was employed, in
which spectroscopic, electrical and microscopic meas-
urements were combined. Spectroscopic measurements
of microcrystalline semiconductors deposited on BLMs
have been reported previously [31-33], but simultane-
ous spectroscopic, microscopic, and electrical measure-
ments of BLMs themselves have never been tried be-
fore.

Materials and Methods

4'-Octylazobenzene-4-oxybutyric acid ((AZ) Dojin
Kagaku), glyceryl monooleate ((GMO) Tokyo Kasei
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Fig. 1. Schematic representation of the experimental setup used for the simultaneous spectroscopic, electrical and microscopic measurements of

BLMs.

Kogyo) and n-decane (Aldrich) were used as the pho-
toreceptor, membrane-forming lipid and solvent, re-
spectively. The BLM-forming solution consisted of n-
decane - including AZ and GMO (1:11 mol/mol) -
and CHCl, (10:3 (v/v)). The solution (1 ml) contained
62 mg of AZ plus GMO.

Fig. 1 is a schematic representation of the experi-
mental setup used for the simultaneous in-situ spectro-
scopic, electrical and microscopic measurements of the
BLMs. Using this setup, simultaneous measurements
to evaluate not only the electrical characteristics but
also the molecular structure of the BLM are possible
and the morphological change in the membrane can be
observed through the microscope. BLMs were formed
across a hole, 0.7 mm in diameter, punched in a
0.05-mm-thick teflon film. The film was sandwiched
between two triangular quartz cells. The two quartz
cells were electrically separated from each other by the
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BLM and were filled with 0.10 M KCl aqueous solu-
tion. In the case of absorption spectroscopy, a thin
0.01-mm-thick metal plate teflon-coated and with a 0.6
or 0.3-mm diameter hole was used instead of the teflon
film to avoid the effects of the absorption of any AZ
residue on the film surfaces.

Electrical measurements were performed with two
Pt /Pt black electrodes immersed in the cells and con-
nected to an LCR meter (4274A, Hewlett Packard).
Operation of the LCR meter and the data processing
were performed with a personal computer (PC-
9801RA21, NEC). All electrical measurements using
the LCR meter were carried out at a frequency of 1
kHz. The AC voltage across the BLM was kept at 7
mV (rms).

Absorption measurements were performed by using
a multi-channel photodetecting system (MCPD-1000,
Otsuka Electronics). Light from a 150 W D, lamp was
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Fig. 2. Changes in membrane capacitance (a) and absorption spectrum (b) in the course of the AZ/GMO BLM formation. The numbers of the
spectra correspond to those on the capacitance curve where each spectroscopic measurement was taken. Spectrum 8 was obtained after electrical
breakdown of the BLM. The substrate is a thin metal plate with a 0.6-mm diameter hole.



introduced via an optical fiber and focused on the hole.
Then, the light transmitted through the hole was intro-
duced into the photodetecting system through another
optical fiber. A 300 W xenon lamp was used as an
excitation source for the photoreaction. The light was
focused on the BLM through a monochromator and an
optical fiber. The intensity of light at the membrane
was 1-3 mW /cm?.

Besides electrical and spectroscopic measurements,
observations were carried out simultaneously through a
microscope (BHMJ-MB, Olympus). The BLM was illu-
minated by a 50 W halogen lamp through an optical
fiber using a 550 nm cutoff filter and a water filter. The
cutoff filter prevents AZ photoisomerization in the
membrane. The light passed through an objective
(ULWD MSPlan 20 X, Olympus) with a working dis-
tance of 11 mm, and through a 0.44 X projection lens.
The image was picked up by a CCD color camera
(EC-20211, ELMO). The video signal was displayed on
a video monitor (FCM-140A, Ikegami Tsushinki) via a
video timer (VTG-33, For-A) and a video tape recorder
(A-L72, Toshiba). All measurements were performed
at 25 + 2°C.

Results and Discussion

The formation of AZ/GMO BLMs was monitored
simultaneously using three different techniques, spec-
troscopic, electrical and microscopic measurements.
Fig. 2 shows the results of the capacitance measure-
ments together with the change in the spectra as a
function of time after smearing the BLM-forming solu-
tion across the hole. Microscope observations showed
that the thinned region increased as the membrane
capacitance rose (3 to 5 in Fig. 2a). Fig. 2b shows the
change in absorption spectra. In this figure absorption
at 355 nm, which is attributed to AZ, is seen, indicating
the presence of AZ in the membrane. This fact is also
supported from the disappearance of the absorption
when the BLM suffers electrical breakdown (spectrum
8). The spectrum at 355 nm is the same as that of AZ
in solution, suggesting that AZ is dispersed in the BLM
on the molecular scale {34]. In the course of time (1 to
6 in the figure), absorption decreased, while the ab-
sorption maximum and the spectral shape did not
change. The changes in capacitance paralleled those of
the optical and spectroscopic measurements (Fig. 2b).
As the peak absorbance decreased, the capacitance
increased to a maximum and the absorption remained
unchanged when the capacitance reached a plateau.
The constant high value of the capacitance and the
constant absorption spectrum indicates that the mem-
brane is fully thinned at this stage. The specific capaci-
tance of the BLM was determined to be 0.42 uF/cm?.
The BLMs prepared under these conditions were sta-
ble, and measurements had excellent reproducibility.
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Fig. 3. Changes in capacitance and conductance of the AZ /GMO

BLM upon alternating irradiation by 360 nm and 450 nm light. The

arrows indicate the change from 360 nm to 450 nm and vice versa.
The substrate is a teflon film with a 0.7-mm diameter hole.

Fig. 3 shows the changes in the BLM’s electrical
properties with time when irradiated at two different
wavelengths, 360 nm and 450 nm. It is clear that the
360 nm irradiation increases the capacitance and the
conductance, and that both of the properties are re-
stored to the original level in dark conditions upon
irradiation by 450 nm light. Such changes in capaci-
tance and conductance dependent on the wavelength
were not seen in the BLM formed from GMO alone.
Therefore, the results indicate that the change in elec-
trical properties can be attributed to the structural
change of AZ in the BLM.

Fig. 4 shows the results of capacitance measure-
ments during alternating irradiation by 360 nm and 450
nm light. A very rapid, reversible photoresponse is
observed and it has good reproducibility. In the case
shown in Fig. 4, each wavelength of light was used for
irradiation up to 20 times over an interval of 90 min,
and the capacitance changed alternated values
throughout.

To investigate the mechanism of this change in
electrical properties, simultaneous spectroscopic, elec-
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Fig. 4. Changes in capacitance of the AZ/GMO BLM upon alternat-
ing irradiation by 360 nm and 450 nm light. The arrows indicate the

change from 360 nm to 450 nm and vice versa. The substrate is a
teflon film with a 0.7-mm diameter hole.
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Fig. 5. Changes in capacitance (a) and absorption spectrum (b) of the AZ/GMO BLM upon alternating irradiation by 360 nm and 450 nm light.
The numbers of the spectra correspond to those on the capacitance curve where each spectroscopic measurement was taken. The substrate is a
thin metal plate with a 0.3-mm diameter hole.

trical and microscopic measurements were carried out.
The results are shown in Fig. 5. The changes in mem-
brane capacitance and absorption spectra with irradia-
tion are shown in Fig. 5a and b, respectively. During
the experiments, the bilayer area was cautiously moni-
tored using an optical microscope to ascertain that the
BLM area did not change morphologically. Valleys in
the spectra near 360 nm and 450 nm are attributed to
the excitation light. AZ in the BLM takes a trans form
before the irradiation, showing a -7 * band near 355
nm (spectrum 1). As shown in Fig. 5b, the intensity of
the 355 nm band decreases with the 360 nm irradia-
tion, indicating a decrease of the trans form. Interest-
ingly, Fig. 5a shows that the increase in membrane
capacitance clearly corresponds to the change in the
spectrum. When the spectrum stops changing, that is,
when the reaction from trans-to-cis photoisomerization
is completed, the membrane capacitance also reaches a
constant value. The decrease in the 355 nm absorption
band and the increase in capacitance are completely
and synchronously restored by 450 nm irradiation.
These results clearly indicate that the cis—trans photo-
isomerization of AZ can be controlled in the BLM. To
investigate the relation between the structural changes

of AZ and those of the membrane in detail, the mem-
brane was irradiated with pulse-like light. The results
are shown in Fig. 6. The irradiation period is 1 s. As
shown in this figure, the capacitance changes stepwise,
within 1 s after irradiation. Consequently, the electrical
properties of the AZ/GMO BLM change synchro-
nously with respect to the photoisomerization reaction
of AZ.
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Fig. 6. Changes in capacitance of AZ/GMO BLM upon irradiation
by 360 nm light. The arrows indicate light irradiation for 1 s. The
substrate is a teflon film with a 0.7-mm diameter hole.
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Fig. 7. Schematic illustration of the proposed mechanism by which
the electrical properties of the AZ/GMO BLM change upon light
irradiation.

The mechanism which gives these results can be
explained using the schematic illustration shown in Fig.
7. In the dark, AZ takes a trans form in the mem-
brane. When 360 nm irradiation occurs, the cis—trans
photoisomerization reaction of AZ is triggered in the
membrane. The induced change in the AZ structure
disorders the arrangement of matrix molecules (GMO)
around AZ, leading to a substantial change in the
membrane structure. This phenomenon gives rise to
the changes in capacitance and conductance. The rea-
son for the conductance change is thought to be that
the structural change makes it easier for ions in the
solution to get through the membrane. The change in
capacitance is thought to derive from a change in
dielectric constant or the thickness of the membrane,
although the actual mechanism at work cannot be
clarified at this stage. It is noteworthy that the changes
in electrical properties of the BLM occurred within 1 s,
as soon as photoisomerization of AZ occurs (Fig. 6).
Furthermore, the conversion to the cis isomer in the
photostationary state is nearly perfect and the photoi-
somerization is completely reversible (Fig. 5). In other
types of membranes containing azobenzene derivatives,
such as monolayers {9,10], Langmuir-Blodgett (LB)
films [11-13] and polymer membranes [25-28], changes
in electrical properties are rather slow and the conver-
sion ratio between two isomers is not so high. This
indicates that the structural change of AZ in the BLM
seems to be transmitted directly and swiftly to the
neighboring molecules because of the fluid and ulti-
mate thin structure of the membrane. This study shows
that BLM research has possibility of leading to sensors
or devices with the ability to convert light signals to
electrical ones as rapidly as a biological system.

In this paper, we described the successful prepara-
tion of the BLMs containing azobenzene derivatives (8
mol%). The formative process was monitored by simul-
taneous spectroscopic, electrical and microscopic pro-
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cedures. The electrical properties, capacitance and
conductance, of the BLM changed reversibly and very
rapidly upon irradiation by light. It was clarified, using
simultaneous multi-measurement techniques, that these
changes induced by light were caused by the reversible
changes in the membrane structure initiated by the
photoisomerization reaction of azobenzene derivatives.
The structural changes in the membrane occurred
within 1 s. The system developed here offers advan-
tages in the dynamic characterization of BLMs in gen-
eral, since it allows simultaneous evaluation of the
molecules and corresponding electrical measurements.
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