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Studying electron transport (ET) through proteins is hampered by
achieving reproducible experimental configurations, particularly
electronic contacts to the proteins. The transmembrane protein
bacteriorhodopsin (bR), a natural light-activated proton pump in
purple membranes of Halobacterium salinarum, is well studied for
biomolecular electronics because of its sturdiness over a wide
range of conditions. To date, related studies of dry bR systems
focused on photovoltage generation and photoconduction with
multilayers, rather than on the ET ability of bR, which is under-
standable because ET across 5-nm-thick, apparently insulating
membranes is not obvious. Here we show that electronic current
passes through bR-containing artificial lipid bilayers in solid ‘‘elec-
trode–bilayer–electrode’’ structures and that the current through
the protein is more than four orders of magnitude higher than
would be estimated for direct tunneling through 5-nm, water-free
peptides. We find that ET occurs only if retinal or a close analogue
is present in the protein. As long as the retinal can isomerize after
light absorption, there is a photo-ET effect. The contribution of
light-driven proton pumping to the steady-state photocurrents is
negligible. Possible implications in view of the suggested early
evolutionary origin of halobacteria are noted.

molecular electronics � vesicles � bioelectronics

Bacteriorhodopsin (bR) is a protein–chromophore complex that
serves as a light-driven proton pump in the purple membrane

(PM) of Halobacterium salinarum (1). It has been shown that the
protein is composed of seven transmembrane helices with a retinal
chromophore covalently bound in the central region via a proton-
ated Schiff base to a lysine residue (Fig. 1A). The PM is organized
in a 2D hexagonal crystal lattice with a unit cell dimension of �6.2
nm. Electron crystallography has indicated that bR is organized
into trimers in which lipids mediate intertrimer contact (2). Light
absorption by bR initiates a multistep reaction cycle with several
distinct spectroscopic intermediates: J625, K590, L550, M412, N560, and
O640. More details on the molecular alterations that occur during
the photocycle were recently obtained from x-ray diffraction studies
(see ref. 3 for a recent review). The light-adapted form of bR
contains only all-trans retinal, whereas the dark-adapted form
contains a 1:1 mixture of 13-cis and all-trans (4). Because of its
long-term stability against thermal, chemical, and photochemical
degradation and its desirable photoelectric and photochromic
properties, bR has attracted much interest as a material for bioop-
tics and bioelectronics (5). Most of these efforts focused on
multilayers and their photovoltage�photocurrent generation (6–8)
and photoconduction (9).

In principle, PM patches (�5 nm thick, a few �m in size; see Fig.
1B) can serve as a model protein material that is important for both
planar junction fabrication and current transport measurements,
because the 5-nm membrane is well beyond the thickness over
which tunneling through this kind of medium can be expected to be
efficient. However, systematic studies of the electron transport
characteristics of bR-containing monolayers (or, for that matter, of
single bR or PM units) were hampered by the difficulty to find a
reliable, reproducible experimental system that allows such mea-

surements. Monolayers of PM patches are problematic because of
the practical difficulty in capturing and holding such patches
between two electrodes and to prepare monolayers with sufficiently
high coverage. Conducting probe atomic force microscopy (AFM)
of a single PM patch is complicated because of the small contact
area (leading to very low currents; see below) and the problem of
making contact reproducibly. To date, only a few reports about
current flow through PM in dry systems, namely for PM multilayers
(9) and as patches (10), have appeared. The underlying origins or
mechanisms have not been addressed.

We find that reconstituting bR in lipid bilayers on a solid,
electrically conducting support provides a reliable basis for repro-
ducible electronic transport measurements. We prepared such
samples by vesicle formation and subsequent fusion. To form planar
metal–protein–metal junctions we used the ‘‘lift-off, float-on’’
(LOFO) technique (11) as a ‘‘soft,’’ nondestructive way to deposit
gold contacts (60 nm thick, 2.10�3 cm2) on the monolayer. The
resulting structures are sufficiently robust to allow repeated and
reproducible electron transport studies at ambient condition and
room temperature. We used monolayers of native, apo-membranes
as well as membranes with artificial bR pigments derived from
synthetic retinal analogs. Structures of native all-trans retinal and
the ‘‘locked’’ analogues used in this study are shown in Scheme 1.
Based on our results with the modified bR samples, we conclude
that transmembrane electron transport occurs essentially only via
bR and not via the lipid bilayer and requires the presence of retinal
or a similar �-electron system in the protein.

Results and Discussion
A suspension of PM fragments containing wild-type bR was
prepared (12) and reconstituted with exogenous egg phosphatidyl-
choline (PC) into vesicles by a modification of the method of Racker
(13). To further check protein-amount-dependent current–voltage
(I–V) characteristics, another vesicular bR suspension was prepared
by using octylthioglucoside (OTG) as a detergent (14). Monolayers
of the native bR-containing membranes were then prepared by
adsorbing the vesicles on an Al substrate (an �50-nm-thick film of
Al evaporated on quartz) with a layer of natural aluminum oxide
on its surface (represented here as AlOx). The attached vesicles
then open and fuse, forming solid-supported lipid bilayers. To
promote electrostatic adsorption of the vesicles, we first silanized
the substrate surface with (3-aminopropyl)trimethoxysilane
(APTMS) (15), followed by treatment with 0.1 M HCl, to obtain a
positively charged surface. Both bR�PC or bR�OTG vesicle sus-
pensions showed light-induced inward proton pumping as was
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found previously (13, 16). Based on this observation, we postulate
a preferential orientation of bR with the cytoplasmic side facing the
substrate surface after vesicle fusion to form bR monolayer mem-
branes, consistent with orientation-dependent transmembrane pro-
ton translocation (17).

Fig. 2A shows a representative AFM image of a substrate,
covered by bR-containing fused vesicle membranes, prepared by
10-min adsorption on the substrate. Because it is difficult to get
an ideal monolayer (100% coverage), there are always some
sample-free cracks or pinholes (typically tens of nanometers),
between fused vesicle membranes. These cracks and pinholes are
small enough for the Au pad (0.5-mm diameter) to bridge them
(for transport measurement) but large enough for our AFM
measurements to make thickness measurements possible. Sec-

tion analysis shows the highest average height feature to be �5.2
nm, which agrees well with the thickness of a single PM patch,
indicating the formation of a bR monolayer. The few white dots
in Fig. 2 A are left-over flattened vesicles on top of the film.
Denser bR monolayer-containing membranes (Fig. 2B) result
after �20-min adsorption of the vesicles on the substrate. Fig. 2B
also allows a fortuitous measurement of the membrane�
monolayer thickness (5.1 nm between markers) because of a
crack in the membrane as a result of excessive drying. Longer
adsorption times (�30 min) led to multilayer formation. Mono-
layers of membranes with modified bR were prepared by using
the same procedures. All samples for electrical transport mea-
surements were prepared by 20 min of adsorption and checked
by AFM to assure monolayer quality. It is worth mentioning that,
unlike surface-supported pure lipid bilayers, which are unstable
and will disintegrate upon drying (let alone drying under N2
flow) due to loss of hydrophobic interactions between lipids in
dry state, the as-prepared PC�bR membranes are rather stable
(even after mild N2-drying), as revealed by AFM images. We
ascribe this phenomenon to the high negative charges on bR
surfaces, which can interact strongly with the positively charged
substrate surface and act as a scaffold to stiffen the lipid bilayers.
This interaction makes the bilayers sufficiently robust to allow
repeated and reproducible electron transport studies in monolayer
fashion under ambient conditions and at room temperature.

I–V measurements were carried out on planar junction structures
in a class-10000 clean room at 293K and 40% relative humidity, with
the sample sandwiched between the Al�AlOx substrate and the Au
contacts. On each sample, several small, 0.5-mm-diameter Au pads
were deposited on the monolayer by the LOFO technique. The
circuit is completed by gently placing a tungsten electrode on the
gold electrode (11). The main advantage of using the LOFO
technique to prepare top contact, as compared with metal evapo-
ration deposition or mercury contacts, is that the preformed metal
patches can float on and span some small pinholes and cracks
(typically in tens of nanometers), making electrical measurements
successful. Fig. 3A shows typical I–V characteristics of a resulting

Fig. 1. Scheme of bR chemical tailoring and of the metal–protein–metal junction preparation. (A) Schematic representation of the 3D structure of bR. The seven
�-helical domains form a transmembrane pore. The retinylidene residue is linked to the protein moiety via a protonated Schiff base linkage to Lys-216. (B)
Representative AFM image (12 � 12 �m) of native bR patches prepared by 5 min of adsorption on an Al�AlOx substrate derivatized with APTMS. (C) Schematic
of bR-containing vesicle. (D) Schematic of a Au�(single-bR-layer)�(APTMS-on-AlOx)�Al junction and measuring scheme.

Scheme 1. Structures of all-trans retinal (native) (1), all-trans-locked (2), and
13-cis-locked (3) analogues.
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metal�(bR monolayer-in-lipid bilayer)�metal junction over a �1-V
bias range. The I–V curves were recorded after dark equilibration
followed by irradiation with green (� � 550 nm, 20 mW�cm2) light.
In the dark, 0.75 nA flows at a 1-V applied bias was detected. After
steady-state illumination with green light, the current increases
from 0.75 to 1.7 nA at a 1-V applied bias. Once the green light was
blocked, the current decayed over 2–3 min to its original dark value.
Possibly, the light effect is associated with the formation of the
photochemically induced M intermediate that may well have a
slower thermal decay under dry monolayer conditions than in
membranes in solution (18). The system can be cycled between
these two states by alternating green light and dark adaptation,
indicating that the bR preparation retains its photoactivity. Control
devices with only an APTMS monolayer incorporated between

Al�AlOx and Au contacts were always shorted with typical junction
resistances �50 �, indicating that the AlOx layers are thin enough
for reliable electrical measurements.

The crucial role that bR plays in producing the measured
transmembrane currents is illustrated by using another mono-
layer membrane with higher bR content, which was prepared as
reported in ref. 14 by using OTG as a detergent for bR vesicle
formation. These two kinds of bR monolayer (containing mem-
branes with different bR contents prepared from bR�PC or
bR�OTG vesicles) will be noted as membrane A or B and
junction A or B for corresponding junctions. The typical absor-
bances (in OD) at �560 nm are �0.15 � 10�3 and �1.0 � 10�3

for membrane A and B, respectively. The bR content of mem-
brane B (�6-fold higher than that of membrane A) is similar to

Fig. 2. AFM images of bR-containing fused membranes. (A
Left) Representative AFM images (2 � 2 �m) of monolayers of
fused membranes of bR-containing vesicles, prepared by 10-
min adsorption on Al�AlOx substrate, derivatized with
APTMS. (A Right and B Right) Line scans showing an average
height of the strongest features of �5.2 nm. The height bar
covers 20 nm. (B Left) A more densely packed bR containing a
monolayer, prepared by 20-min adsorption of vesicles on the
substrate (1.25- � 1.25-�m image). The crack in the mem-
brane, induced by excessive drying (something that was care-
fully avoided in the preparation of the samples used for
electrical transport measurements) shows the monolayer to
be 5.1 nm thick (between markers).

Fig. 3. I–V characteristics of metal–(bR monolayer)–metal junctions. (A) I–V curves of a Au�(wild-type bR)�(APTMS–AlOx–Al) junction containing oriented bR
monolayer, prepared by vesicle fusion and measured at ambient conditions in the dark, upon illumination at � � 550 nm, and dark adaptation. The arrows show
that the I–V responses can be cycled between the two states. The Au pad area was 2.10�3 cm2. (B) Plot of dark currents at a �1.0-V bias voltage for eight
independent junctions prepared from bR�PC vesicles and from bR�OTG vesicles, respectively.
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that of bR in a dry PM monolayer, based on both the experi-
mental absorbance (18) and the value, calculated for an ideal PM
monolayer (�1 � 10�3 OD at �560 nm). Averaged dark currents
at a given applied bias of junctions B are nearly eight times those
found with junctions A, i.e., very closely proportional to the bR
content in the membranes (Fig. 3B). This finding suggests that
electrons pass mainly via bR through the membrane rather than
through the lipid bilayers. Both junctions A and B are photo-
active and, when normalized to bR content, show similar I–V
characteristics.

The average light effects on the current flow of junctions A
and B are typically �1 and �3 nA at a 1-V applied bias,
respectively. The light-induced change in junction B current is
somewhat lower than expected, based on the bR contents of the
two types of samples. The difference might be due to differences
in the fractions of the M intermediate that can accumulate in
samples A and B and�or with differences between the two
samples in the photo-induced protein conformation change,
imposed by M formation.

Measurable current flow through the 5-nm-thick protein is
remarkable, as compared with other similar systems with same
gap. For instance, we note that a typical 1-nm-long peptide will
pass �12 nA at 0.5 V (19), similar to that passed by a single
1.2-nm-long octane dithiol (20). All other factors being equal
and assuming an exponential decrease in (tunnel) current with
increasing molecule length, yields a current of �10�23 A for an
�35-nm2 area (equivalent to the area of one bR trimer plus
lipids), using the Simmons model for direct tunneling (compare
section 2 and figure 2 in ref. 21). Based on our optical absorption
data, we estimate the density of bR in our membranes to be �109

bR trimer per 0.002-cm2 junction. This value translates into an
experimentally measured current of 3 � 10�19 A per bR trimer,
i.e., at least four orders of magnitude more than what is
estimated for direct tunneling through 5-nm peptides, alkyls, or
a dielectric medium with similar dielectric constant. It is there-
fore likely that the process of current transport is more complex
than straightforward tunneling through a single barrier. Indeed,
natural proteins whose function involves electron transfer often
need to transfer electrons with high directional specificity over
large distances. Such transfer over longer distances always
involves a chain of cofactors, such as redox centers (22). In
analogy to these redox centers, we can consider retinal, the
�-electron system that is in the center of bR, as an intermediate
on the path of the electrons through the protein. If, instead of
tunneling through one long molecule, the process occurs in (at
least) two steps, with a delocalized electron way-station 2.3 nm

from each side, estimates similar to those used above give
currents of �10�20 A per 35 nm2 (21).

To check this last idea experimentally, we prepared and
examined junctions of retinal-free bR membranes. To prepare
these membranes, we first illuminated the protein mixed with
hydroxylamine. This reaction leads to breaking the protonated
Schiff base bond, yielding the apo-protein bacterioopsin (BO)
and retinaloxime, which remains attached to the membrane (12).
The retinaloxime was then removed by resuspending the apo-
membranes in a solution of BSA, followed by incubation and
centrifugation. BSA competitively solubilizes the retinaloxime
that is embedded within the membrane. Repeated centrifuge
washes remove BSA once the protein has been purified of all
chromophore contaminants (5). Current flow through the (ret-
inal-free) apo-membrane is approximately three orders of mag-
nitude lower than was observed with native bR membranes
(compare Figs. 4A and 3A). The current was very noisy and
unstable. This result supports the idea that current flows dom-
inantly through the bR proteins and that the retinal serves as a
current transport mediator. Furthermore, the photo-effect ob-
served with the native bR-containing membranes can be as-
cribed to the retinal.

To check whether the retinal–protein covalent bond is a
prerequisite for electron transport, we measured apo-membrane
samples containing retinaloxime. At least part of the reti-
naloxime will still occupy the retinal-binding site as deduced
from CD spectroscopy (23). I–V curves of such samples showed
behavior similar to that of native bR in terms of current
magnitude, but they did not show any response to green light as
expected in samples lacking absorption in this region (Fig. 4B).
The I–V characteristics are closer to linear than what we find for
wild-type samples, which may indicate a change of tunneling gap
between retinal and retinaloxime.

To shed further light on the effect of retinal isomerization and
the photocycle on the light effect, we studied artificial pigments
derived from 13-cis (3)-locked [or all-trans (2)-locked] retinals
(Scheme 1), where the critical C13AC14 isomerization is blocked
by a 5-membered ring structure (24, 25). I–V characteristics
similar to those obtained with apo-membranes with retinal
oxime are found for those artificial pigments. The lack of
photoeffect in junctions made with apo-membranes is in keeping
with the absence of a photocycle in these samples (24, 26),
supporting the hypothesis that occurrence of retinal isomeriza-
tion is a prerequisite for the light effect. We assume that no
pronounced, electric-field-induced, bR conformational change
occurs (i.e., bR will remain native-like) in the �106 V�cm fields

Fig. 4. I–V characteristics of metal–apo-membrane–metal junctions. (A) Typical I–V characteristic of a Au�apo-membrane (retinal-free)�(APTMS–AlOx–Al)
junction prepared by vesicle fusion and measured at ambient conditions. (B) I–V curves of Au�apo-membrane (apo-protein bR plus retinaloxime)�(APTMS–
AlOx–Al) junction prepared by vesicle fusion and measured at ambient conditions in the dark and upon illumination at � � 550 nm. No photoeffect on the junction
current was observed.
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across the protein that are reached in our experiments. We note
that the Au top electrode is semitransparent for green light. For
example, a 55-nm Au film transmits �70% at �550 nm (27). A
possible physical origin of the photoeffect from the nanogap,
planar, metal nanostructure itself, for example by surface plas-
mon excitation, can be safely ruled out (28). On the basis of these
and the above described results, we ascribe the photoeffect on
the junction currents to the 13-cis�all-trans retinal photoisomer-
ization (4) and the protein conformational changes that result
from it. We note that in our experiments the electrons originate
from metal electrodes and pass through bR from electrode to
electrode under applied voltage, with bR acting as an electronic
conduction medium. In this respect, bR differs from systems like
the photosynthetic reaction centers, in which electron transfer
between cofactors is photoinduced.

It is clear from the calculations and from, for example, the
negative result of Fig. 4A that the mechanism is not (only) one
of direct tunneling. It is also unlikely to be (solely) one of
hopping in view of the (single molecule) results of the work of
Selzer et al. (29). How then can the electrons cross the protein?
Our experimental results clearly indicate that the retinal chro-
mophore is a necessary component for the conduction process.
It is well known that the retinal is connected to the extracellular
side via a H-bonded network, which probably provides an
electrostatically screened path for charge transport. Because
there also is good coupling between the retinal and extracellular
side in the dark, this path must be present irrespective of
illumination. Its presence can explain the higher-than-expected
currents that we measure. The connection of the retinal to the
cytoplasmic surface is known to be light-activated, which may
explain the light effect that we observe. Both of these suggestions
need further investigation.

The importance of charge transfer between the retinal chro-
mophore and the protein environment for bR in its ground state
was suggested, based on theory, by Sakai et al. (30). These authors
hypothesized that the chromophore is stabilized in bR by an
interaction of its highest occupied and lowest unoccupied molecular
orbitals with the protein environment. If sufficient charge is trans-
ferred between two sites, due to the strong highest occupied–lowest
unoccupied molecular orbital interaction, the (�-conjugated) chro-
mophore can be viewed as a one-electron-reduced�-oxidized spe-
cies (if it behaves as an electron acceptor�donor). The most
probable chromophore–protein interaction was calculated to be via
the H-bonded network along the presumed proton pathway.

It is also tempting to suggest that proton-coupled electron
transport (22, 31) plays a role because there are quasi one-
dimensional protonated water chains in the proton channel of
bR (32, 33) embedded in solid supported lipid bilayers, which
will be normal to the two electrodes in our set-up (17). This
suggestion may explain part of the difference between electron
transport through bR and through supposedly water-free pep-
tides. In view of such a situation several questions arise.

1. How much, if at all, can electron transport through bR benefit
from a built-in proton channel?

2. How will the chromophore and the intervening protein
structure affect the rate of long-range electron transport?

3. To what extent can bound water molecules inside bR con-
tribute to the electronic current?

Possibly, temperature-dependent I–V measurements, although
these are far from trivial with this system, can shed light on these
issues.

We note that, unlike the case for a bR monolayer in solution, the
Faradaic photocurrent of a dry bR monolayer originating from
transmembrane proton translocation is negligible compared to the
observed junction currents because the proton source is limited.
Our finding that all observed junction currents (in dark or under

green light) are zero, within experimental error [�10 pA (compare
Fig. 4A)], supports the absence of steady-state proton translocation.
There is, therefore, no measurable photoresponse between approx-
imately �30 mV at �0 V (cf. ref. 34; any �15- to 20-mV photo-
voltage is in the noise of our measurement), indicating that light-
driven proton translocation across the bR monolayer held between
the electrodes contributes negligibly to the steady-state light cur-
rents. This conclusion was confirmed by the proton-translocation-
induced bR photocurrents in similar solid-supported lipid bilayers
(typically 4–8 nA�cm2) (18) that are two to three orders of
magnitude lower than the junction currents that we measure here
(�0.5–5 �A�cm2). Still, even without any direct connection be-
tween proton and electron transport, we note that a protein that,
from the point of electrostatics (screening), is suitable for proton
transfer, may well be able to use the same mechanism of screening
to facilitate electron transport.

We can also compare our results with the previously reported
photocurrents through the �500-nm (8) and �100-�m (9) dry
multilayers by calculating values per PM monolayer (5 nm). Such
normalization yields values of �0.01 nA per single PM layer per
cm2, i.e., some four to five orders of magnitude less than the
junction currents that we measure here (�0.5–5 �A�cm2). This
dramatic difference illustrates the difficulty in interpreting the
earlier, pioneering measurements (9) and stresses the importance
of using as well defined a configuration as possible for electron
transport measurements of biological systems. With such configu-
rations, it then also becomes possible to make measurements as a
function of controlled variations of the system.

Conclusion
We have shown that reconstituting bR in lipid bilayers on an
electrically conducting solid support via vesicle fusion tactics,
followed by top contact realized by using the LOFO technique,
is a reliable basis for reproducible electronic transport measure-
ments. I–V measurements and theoretical calculations together
reveal that electrons transfer through the protein more than four
orders of magnitude faster than would be estimated for direct
tunneling through 5-nm, water-free peptides. Based on our
results with the modified bR samples, we conclude that trans-
membrane electron transport occurs essentially only via bR and
not via the lipid bilayer and requires the presence of retinal or
a similar �-electron system in the protein. The junctions show
photoconductivity as long as the retinal can isomerize, as a result
of light absorption. The contribution of light-driven proton
ejection to the steady-state photocurrents is negligible.

Apart from the fact that we succeeded in building a sturdy planar
metal–protein–metal junction that presents a relatively straightfor-
ward, dry experimental system for systematic current-transport
measurements, our results pose a fascinating question: If bR can
transport (and transfer) electrons, why don’t we find such a function
in nature? Is it because electron transfer was too inefficient and,
thus, was eliminated by evolution, or is our finding a strictly
nonbiological one? Even without biological relevance (or if any
biological processes are hidden so well that we have not found
them), we have shown here that bR presents a relatively simple and
stable biological system to explore electronic transport with a
biological material that can be manipulated with all of the tools
know to modern chemistry and biology.

Materials and Methods
Preparation of PM and Artificial Pigments. A suspension of PM
fragments containing wild-type bR was prepared by a standard
method (12). The apo-membrane was prepared from bR by
reaction with hydroxylamine according to a previously described
method (35). This chemical reaction results in the breakage of
the Schiff base bond and yields the apo-protein BO and reti-
naloxime, which remains attached to the membrane (12). Re-
moval of the retinaloxime was thereafter accomplished by
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resuspending the apo-membranes in a solution of BSA, followed
by incubation and centrifugation. The process was repeated five
times.

Artificial pigments were prepared by reconstituting the apo-
membrane (suspension in water) with trans-locked and 13-cis-
locked retinal analogs (24, 25), respectively. Briefly, reconstitu-
tion was performed by the addition of 25–28 nmol of the retinal
analogs and dissolved in 5–10 �l of 2-propanol, to yield a 1-ml
aqueous suspension of 32 nmol of apo-membrane.

Preparation of bR-Containing Vesicles and Fused Membranes. Re-
constitution of PM fragments or various artificial pigments with
exogenous egg PC into vesicles was carried out by a modification
of the method of Racker (13). Briefly, 10 mg of egg PC was
dispersed in 2 ml of 150 mM KCl solution (pH 9.2) with 0.5 mg
wild-type bR or various artificial pigments by vortex shaking. The
multilayered liposomes were transferred to a sonication vessel
and sonicated with a tip 30 times for 10 sec, with 50-sec intervals
in an ice bath to get unilamellar vesicles. The vesicles with high
bR content were prepared by following the procedure of
Kouyama et al. (14). Briefly, after washing with 0.17% Tween 20
in the presence of 0.16 M NaCl and 10 mM Hepes (pH 8.0) for
30 min, the PM (5 mg�ml) was vesicularized by incubating at
32°C for 5–7 days with 6.7 mM OTG in the presence of 1 M
ammonium sulfate (AS) and 0.4 M NaCl at pH 6.4 (maintained
by phosphate buffer). After the incubation period, the samples
were centrifuged at 1,000 � g for 40 min to remove the formed
precipitate of irregularly stacked membranes. To remove the
excess OTG and electrolytes from the vesicular bR suspensions,
the suspensions were dialyzed in two stages against electrolyte
solutions of lower concentrations: (i) 0.5 M AS and 0.05 M
phosphate buffer, pH 6.4, and (ii) 0.1 M AS and 0.01 M
phosphate buffer, pH 6.4. The suspension was kept on a shelf
before use. The inside-out orientation of the vesicles was con-
firmed by checking the proton pump activity (measured by the
pH change (alkalinization) of the outside medium on green-light
illumination).

For preparing bR (or artificial bR pigment) monolayer-
containing membrane, an APTMS-monolayer-modified (15)
aluminum substrate (an �50-nm-thick Al film evaporated on
quartz with an Al2O3 surface layer) was immersed into 0.1 M
HCl for 30 sec to get a positively charged surface. The modified

substrate was then immersed into vesicular suspension for
�10–30 min, then transferred into Tris buffer solution, pH 9.2,
and was incubated for �3 h to ensure vesicle fusion. After
sonicleaning in a bath for �2 min, the sample was dried by
nitrogen and ready for characterizations.

Junction Preparation. The planar junction structures were com-
pleted by applying a second electrode onto the membrane
adsorbed on the Al surface. Therein gold top contacts were
deposited on the membrane surface in a very soft manner using
the LOFO technique (11). Au dots (60 nm thick and 0.5 mm in
diameter) were evaporated onto clean glass slides, from which
they were allowed to peel by dipping the slide at an angle in 2%
(vol�vol) solution of HF in water. The slide was then dipped into
pure water containing the modified Al substrates to allow the Au
leaves to float. The bR-modified Al substrates were then lifted
with Au pads on top, and the samples were dried at room
temperature under a very mild N2 stream.

Instruments. I–V characteristics were measured with a W needle
connected to a micromanipulator to contact the Au pad [an
InGa drop on the Au minimizes mechanical (pressure) damage
to the film], and an Hewlett–Packard 4155 semiconductor
parameter analyzer in the voltage scan mode; these measure-
ments were made at ambient conditions.

AFM topographic images were acquired in tapping mode
under ambient conditions (Nanoscope IIIa; Digital Instruments,
Santa Barbara, CA) using a standard silicon nitride cantilever.
The UV�visual light absorption spectra of bR monolayer mem-
brane on quartz glass were recorded in the dark or under
green-light illumination with a 8540 diode-array spectrophotom-
eter (Hewlett–Packard). In this work, the green and blue lights
were obtained with a tungsten–halogen light source and the
combination of a cut-off filter (� � 550 nm for green light and
380 nm � � � 440 nm for blue light) and a heat filter.
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