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ABSTRACT: Electron transport (ETp) across bacteriorhodopsin
(bR), a natural proton pump protein, in the solid state (dry)
monolayer configuration, was studied as a function of temperature.
Transport changes from thermally activated at T > 200 K to
temperature independent at <130 K, similar to what we have observed
earlier for BSA and apo-azurin. The relatively large activation energy
and high temperature stability leads to conditions where bR transports
remarkably high current densities above room temperature. Severing
the chemical bond between the protein and the retinal polyene only
slightly affected the main electron transport via bR. Another thermally
activated transport path opens upon retinal oxime production, instead of or in addition to the natural retinal. Transport through
either or both of these paths occurs on a background of a general temperature-independent transport. These results lead us to
propose a generalized mechanism for ETp across proteins, in which tunneling and hopping coexist and dominate in different
temperature regimes.

■ INTRODUCTION
Over the past decade we have developed experimental methods
for fabricating electrically stable solid-state electronic junctions
of proteins between two electrodes.1 The proteins are prepared
in a “dry” configuration, where the macroscopic electrodes are
non-invasive and non destructive to the protein. (Only the
tightly bound structural water is retained. Also it is likely that in
all experiments there is no water monolayer on the protein
surface, but this requires further study). Consequently, we can
measure the resultant currents via these junctions with high
reproducibility over the applied bias range of ±1 V. The
currents’ amplitudes measured as a function of bias across a
given protein-based junction with a defined area and sufficient
surface coverage allow deriving the conduction properties of
the examined protein. An advantage of studying electron
transport (ETp) in the solid state compared with studies of
electron transfer, ET, in solution, is that the system is confined
in its dimensions between the electrodes. Therefore, the
contribution of the tunneling matrix element HAB (cf.
expression for ET in the Marcus ET theory2) to the transport
is constant. [HAB may be influenced by the floppiness (low-
lying vibrational states) of the system, which in turn can be
affected by temperature.9,10 However, because our measure-
ments are not time-dependent, stochastic fast fluctuations are
probably averaged out (see discussion).] In other words, the
distance separating the donor and acceptor analogues (i.e., the
electrodes) in this system is fixed. This is different from
electrochemical measurements of the rate of electron transfer

(kET), which is often measured as a function of “l”−the distance
separating donor and acceptor.3

Therefore, to study ETp in a solid state configuration, we
turned to the measurement of current in response to applied
bias as a function of temperature, using a well-defined monolayer
that contains the protein bacteriorhodopsin, bR.
The bR that is found in Halobacterium salinarum consists of

seven transmembranal α-helices. Central to its function as a
proton pump is the covalent bond between its retinal
chromophore and the Lys 216 residue through a protonated
Schiff base, LysN(H)+C(H)R.4 bR can maintain function-
ality even under acute stresses such as wide pH range and high
temperatures and, as judged by examining its photocycle, in the
solid state (where only the tightly bound water is retained) as
well.5 These characteristics led to interest in bR as an active
component in bioelectronics. Thus, bR (and other proteins as
well) have been used as part of a photovoltaic cell,6a,b as the
active part of an image sensor,7 or as an optical information
recording element.8 However, in most cases, understanding of
electronic charge transport mechanisms within and across
proteins is absent or limited.
The ability to macroscopically measure properties of an

assembly, containing a large number of molecules, i.e., measure
the behavior of many molecules simultaneously, yields relatively
large currents, i.e., signals with high Signal to Noise ratio and
with good reproducibility (error of 10%). This is important as
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we do not have a clear picture of the voltage profile across the
junction. However, our results (below) clearly show that bR is a
significant part of the junction and, thus, the voltage drop
across the protein must be significant. As shown here, the data
indeed provide significant insight into the mechanisms of ETp
across bR.

■ RESULTS AND DISCUSSION
Solid-state ETp measurements have been carried out over a
wide temperature range (between 40 and 400 K), without
modifying the system, as is the case for solution measurements
(for example, adding glycerol to the solvent water so as to
enable use of lower temperatures). Because the measured
current magnitude expresses the rate of electron transport, we
can generalize the resultant current, I, as follows:11,12

∝ = +I k k kET TI TA (1)

where kTI and kTA are the electron transfer rates of a
temperature-independent and a thermally activated process,
respectively. If the two processes occur in parallel, the total
current can be expressed as follows:13

= −β + −I A l B E kTexp( ) exp( / )A (2)

where β is the distance-decay constant, EA is the activation
energy of ETp, and kB and T are the Boltzmann constant and
the system’s absolute temperature, respectively. If sufficiently
high temperatures can be reached, the second term will
dominate ETp, leading to a general Arrhenius-type relation
between current and temperature.
Wild Type Bacteriorhodopsin Junction. Experiments

were carried out using the junction preparation procedure
detailed in the Experimental Section. In brief, an oxide layer of
controllable thickness (∼1 nm) was grown on a p2+ Si wafer.
Then, a monolayer of (3-aminopropyl)trimethoxysilane
(APTMS) linker was immobilized on the surface to enable
electrostatic immobilization of the bR protein on top of the
linker. Figure 1 shows the temperature dependence of the
current density across a junction, consisting of a monolayer of
native, wild type(WT) bR, reconstituted in an OTG matrix
under +50 mV bias applied to the top electrode. The current
density (J) (current per cm2 area) was calculated from the
currents, measured across a contact area, defined by a circular
500 μm diameter Au pad. Currents were measured at +50 mV
bias so as to keep the system as close as possible to equilibrium;
at low bias, the current−voltage behavior of the junction is
approximately ohmic. The results, shown in Figure 1a, can be
divided into four main temperature regimes. At temperatures
below 130 K the current is practically temperature-independent
(EA < 5 meV). Over the 130 < T < 170 K temperature range, a
decrease in current was observed upon increasing temperature.
Raising the temperature above 170 K led to thermally activated
transport, which becomes exponentially dependent on temper-
ature above 200 K. Last, between temperatures of 350 and 360
K, a strong increase in current occurs, larger than over the
lower temperature range. The employed junctions produced
the same results regardless of whether the sample’s temperature
was increased or decreased; in other words, the results were
reproducible and reversible over the whole temperature range
(see Supporting Information, Figure S1). In addition, junctions
with an APTMS linker layer only (see Experimental Procedure
and Setup section) showed (orders of magnitude higher)
temperature independent currents over the whole temperature
range (Figure S2, Supporting Information).

The only report of temperature dependent electron transport
across bR was in a transistor configuration.14 That study, aimed
at investigating Coulomb blockade effects in a single bR
fragment, indicated a 47 meV thermal activation energy over a
4−174 K temperature range (extracted from zero bias
conductance), higher than the upper limit that we estimate
for our system between 130 and 40 K. More temperature-
dependent ETp results were reported for monolayer or single
molecule samples of organic molecules,15 polymers,16,17

peptides,18,19and DNA in a solid state configuration.20,21 The
results presented here indicate thermally activated ETp across a
well-defined WT bR monolayer at temperatures from 200 K
upward.
The lack of temperature dependence of the currents at T <

130 K is rather surprising, because temperature independent
transport is normally associated with coherent tunneling. The
occurrence of such a process across a >5 nm junction (cf. a
value based on the known 3D structure of bR,22 as well as our
own AFM results5) is unexpected. From recent studies
comparing conjugated molecules of varying length, it was
concluded that there is a transition from a tunneling to a
hopping (thermally activated) mechanism across a molecular
separation of ∼5 nm.15,23 Thus, taking into account the
observed low currents in this regime, tunneling, even if it has a
low probability, cannot be ruled out.
In view of these results, we attribute the decrease of current

with increasing temperature between 130 < T < 170 K to a

Figure 1. (a) ln(current density)−temperature dependence via WT
bR monolayer junctions at +50 mV bias to the top electrode. (b)
Arrhenius plot, for higher temperature data, yielding the calculated
activation energy of 500 meV.
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transition from a temperature independent to a thermally
activated ETp mechanism. As the temperature over this range
decreases, the efficiency of thermally activated hopping
transport becomes lower than that via the alternative tunneling
path. This transition can be explained by a change in the
protein to a more rigid conformation as the thermal energy
decreases. While tunneling is, to a first approximation,
temperature independent, currents across 1−2 nm long
nonconjugated alkyl chains showed, down to T = 120 K, an
inverse metallic-like (negative) temperature dependence; that
is, currents increased with decreasing temperature.24 This is
explained in part by the decrease in defects with decreasing
temperature. Assuming a similar tunneling behavior here, we
can rationalize the observed increasing current with decreasing
temperature in the 170−130 K temperature range by a
transition to a less defective structure of the monolayer.
Figure 1a and the zoom-in on high temperatures between

260 < T < 340 K in Figure 1b show that at physiological
temperatures ETp via WT bR is thermally activated. At high
temperatures (T > 200 K), ln(J) is found to be inversely
proportional to temperature (Figure 1b), and any contribution
from a temperature independent mechanism is negligible. In
other words, the second term in eq 2 dominates, and a 500 ±
20 meV activation energy for ETp is calculated from the data.
Our previous studies of azurin and bovine serum albumin

showed that temperature dependent currents are sensitive to
the protein’s native structure.25 Hence, it is reasonable to
assume structural changes of bR as the cause of the transition
seen in Figure 1a. The jump to higher currents around 350−
360 K fits well with results of studies on the structural stability
of bR. bR undergoes a reversible premelting conformational
transition at these temperatures,26,27 and indeed, we find the
350−360 K transition to be fully reversible. The stability of bR
at high temperatures and the significant 0.5 eV activation
energy yielded current densities at ∼400 K that exceed mA/cm2

at a bias of 50 mV; that is, bacteriorhodopsin is definitely not an
insulator!28

To shed further light on the origin of the currents’ stability at
high temperatures, we have also conducted a set of experiments
at higher relative humidity, rather than the low vacuum, low
humidity conditions employed in all other measurements
described here (see Experimental Procedure and Setup). This
required a change in the experimental setup to one that is used
regularly29 where a hanging Hg top contact is employed, and
the addition of a heating plate. At low relative humidity (RH)
of 20%, the activation energy calculated from the temperature
dependence measurements was similar to that observed in low
vacuum in the range 290−370 K (see Supporting Information,
Figure S3). However, as indicated in Figure 2, at RH = 85%, the
activation energy increased to ∼1 eV. In addition, a sharp
irreversible decrease in current was observed at 360 K, which
we ascribe to protein denaturation, in keeping with the
reported denaturation temperature of bacteriorhodopsin in
water suspension.30 These results highlight the crucial role that
bR’s tertiary structure plays in ETp. We attribute the increase in
activation energy (EA) to a higher barrier, possibly caused at
higher RH by a water layer formed on top of the sample. This
explanation is consistent with the finding that bR contains a
water layer on its surface at RH higher than ca. 60%.31

Another important observation, emerging from the temper-
ature dependence studies is that, at lower RH, high temper-
atures do not cause the sharp decrease in the current, which we
interpret to show that under these conditions WT bR is not

denatured up to the highest temperatures at which we can
measure. This result agrees with the known32 high thermal
stability of bR films in vacuum up to 140 °C (413 K), relative to
hydrated films. It appears that increased bR thermal stability
under relatively dry conditions occurs also in the monolayer
and not only, as reported earlier, in multilayer films.

Modified Bacteriorhodopsin Junctions. Results of
studies of the temperature and separation length dependence
of ET and of ETp (in molecular electronics) generally enable
resolving between hopping and tunneling. Additional support
for the operation of either mechanism can be derived by
introducing a structural change of a specific site in the protein
monolayer junction, where the charge might reside transiently
(for hopping).33 In the case of protein-based junctions,
mutations or chemical modifications can be introduced, and
the latter approach has been taken here in order to examine the
role of retinal as a possible electron resident site.

A. Apo bR and Reduced bR. To examine the role of the
retinal moiety in ETp across bR, samples of bR were prepared
in a way in which the retinal−protein linkage was modified as
follows:

(1) Reduced bR: The retinal−protein protonated Schiff base
double bond was reduced to yield a C−N single bond
(LysN(H)+C(H)R → LysN(H)(H)C-
(H)R), thus eliminating the chromophore’s positive
charge.

(2) Apo bR: bR treatment with hydroxyl amine eliminates
the retinal−protein covalent bond, and the retinal is
converted to a noncovalently bound retinal oxime
(LysN(H)+C(H)R → Lys//HONC(H)
R). It was suggested that a fraction of the formed retinal
oxime resides in the native retinal binding site while
another fraction is partially distributed in another, as yet
unknown, region of the membrane−protein com-
plex.34,35

As can be seen from Figure 3, currents via junctions with
reduced bR (triangles) exhibited temperature dependence,
similar to that of WT bR. In contrast, eliminating the retinal−

Figure 2. Temperature dependence of ln(current density) across the
WT bR monolayer junction with Hg as top electrode at +50 mV bias
to the top electrode in RH = 85%. An irreversible decrease in current
occurs at T ∼ 368 K, which corresponds to denaturation of the
protein. There are two points at the same temperature because
denaturation takes ∼15 min to be completed.
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protein covalent bond (Apo bR, circles) considerably changed
the ETp temperature dependence. The activation energy
calculated for ETp across apo bR was 180 ± 20 meV, much
lower than that for WT bR. The result with reduced bR implies
that the nitrogen positive charge and type of retinal linkage to
the protein do not significantly affect the ETp process. The
result with apo bR indicates that removal of the retinal−protein
covalent bond and/or the formation of retinal oxime and/or its
removal from the binding site leads either to a new ETp
pathway or to a lower ETp barrier for the part that is operative
in WT bR.
B. Reconstituted bR (from apo bR) and WT bR, Incubated

with Retinal Oxime. To resolve the origin of the behavior of
apo bR, we reconstituted bR by incubating apo bR with retinal.
The reconstituted protein is known to contain both a
covalently bound retinal and retinal oxime.34,35 To examine if
retinal oxime plays a specific role, we prepared samples of WT
bR to which an equivalent amount of retinal oxime was added,
leading to a product, similar to that of reconstituted bR (from
apo bR). The results (Figure 4a triangles, green circles) show
very similar behavior and activation energies for both these
products.
Figure 4a clearly indicates that the ln(current density) as a

function of 1000/T plot at +50 mV bias yields two different
activation energies for the junction made with bR, reconstituted
from apo bR (green circles) with an inflection around 260 K.
The activation energies calculated from the linear regime are
180 and 490 meV (Figure 4b), matching those of apo bR and of
WT bR, respectively.
It is possible to describe these observations in terms of two

distinct processes having different activation energies, namely:
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Over the low temperature regime, the “jump” in the currents,
observed around 130 < T < 170 K in WT bR, is absent in apo
bR and in bR, reconstituted from apo bR. In other words, in
bR, reconstituted from apo bR, ETp can occur via two

pathways, one with a high thermal activation energy, as in WT
bR, and one with a lower activation energy at temperatures
<260 K, as in apo bR. From this behavior we deduce that ETp
follows Kirchhoff’s law, where the electrons flow via the most
conductive thoroughfare. In addition, the sensitivity to retinal
oxime modification suggests the importance of the presence of
retinal, rather than to its covalent binding to the protein’s
epsilon lysine residue. Both results (reconstituted bR from apo
bR and WT bR + retinal oxime) support the idea that
relocation of the retinal (as retinal oxime) to a different region
in the protein opens a new pathway for ETp, in addition to that
provided by the retinal in its natural binding site.

C. Washed apo bR, Washed Reconstituted bR, and Amino
Acids Contribution. To further resolve the contribution of the
retinal moiety to ETp, retinal oxime was completely removed
from apo-membrane (washed apo bR). Arrhenius plots shown
in Figure 5, (circles) indicate a calculated ETp activation energy
of 410 ± 25 meV.
As can be seen from Figure 5b, the currents across washed

apo bR junctions (circles) are lower by more than 1 order of
magnitude than those across WT bR junctions (150 nA/cm2

for washed apo bR and 3 μA/cm2 for WT bR at 293 K). The 90

Figure 3. ln(current density)−temperature dependence via junctions
with modified bR monolayer forms at +50 mV bias to the top
electrode.

Figure 4. (a) Temperature dependence of ln(current density) via
junctions with modified bR monolayer forms at +50 mV bias to the
top electrode. (b) Arrhenius plot, for higher temperature of
reconstituted bR (from apo bR), produced two calculated activation
energies from the ln(J)−T plot. A transition from low to high
activation energy is observed around T = 260 K. This change may
indicate a change from one ETp pathway via the retinal oxime at low
temperature to another ETp pathway, involving retinal.
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meV decrease in activation energies for the proteins without
retinal could suggest that the ETp mechanism is indeed
dependent on the presence of retinal. However, in view of the
severe chemical treatments that were required to prepare the
washed apo bR samples prior to immobilization, we cannot
exclude the possibility that the decrease in the total current
magnitude is due in part or fully to a treatment-induced change
in the protein or in its bound lipids.
To try and resolve between these possibilities, we carried out

an additional set of experiments, using reconstituted bR in
which retinal oxime and excess retinal were removed from the
protein (washed reconstituted bR). We find that the shape of
the temperature dependence of ETp across retinal oxime free
reconstituted bR (Figure 5a,b (orange squares)) and the
activation energy are both similar to those of WT bR, while the
current amplitudes are intermediate between those of WT bR
and washed apo bR (500 nA/cm2 at 293 K). Therefore, we
conclude that the observed decrease in currents via the washed
samples is in part a result of the rather harsh washing
conditions prior to immobilization. This explanation is
reinforced by the appearance of an irreversible sharp decrease
of the currents for the junctions with the washed samples at
high temperatures, probably due to denaturation, suggesting
the formation of a protein that is less stable than that of WT bR
at high temperature. It is plausible that the employed hexane
treatment also removes part of the associated lipids, which leads

to a loose packing of the protein−membrane complex. This
observation can be attributed to a decrease in the pre-
exponential factor of the current expression in eq 2. A possible
cause for this is that the electronic coupling to the electrodes
has been lowered due to these modifications.
Washed apo bR samples show a decrease not only in the

currents but also in the activation energy. As noted above,
though, the activation energy of ETp across the washed
reconstituted bR sample is similar to that for the WT bR
samples (within the experimental error range). Therefore,
comparing the results obtained with these three types of
samples, we suggest that the decrease in currents and activation
energies is a direct result of elimination of the covalent bond
between the retinal and the protein. However, we cannot
exclude the possibility that this bond breakage also affects the
protein’s conformation, which causes the above changes.
Taken together, the above results lead us to the conclusion

that there should be additional protein elements that contribute
to the thermally activated transport, for example that of specific
amino acids. This conclusion is further reinforced by comparing
the temperature dependence of the current through proteins
having a prosthetic group and those that do not. Figure 6

demonstrates that the transition from temperature-independent
to thermally activated ETp is observed for all proteins that we
examined so far, except for holo azurin.25 The different
temperatures at which thermally activated ETp is observed
might evolve from the different conditions under which the
thermal protein fluctuations enable the activated ETp. In the
case of azurin, it is the copper ion, which enables the coherent
tunneling (or two-step coherent tunneling36) over the whole
temperature regime up to its denaturation. Possibly, if Az were
stable until higher temperatures, incoherent hopping would
start to dominate, as in all other cases.

■ CONCLUSIONS

Temperature-dependent current via WT bR and its different
derivatives shows that both temperature-independent and
dependent pathways can coexist. It is unlikely that the

Figure 5. (a) ln(current density)−temperature plots for junctions with
modified bR monolayer forms at +50 mV bias to the top electrode. (b)
Arrhenius plots for the currents at higher temperatures across
(modified) bR and calculated activation energies.

Figure 6. ln(current density)−temperature plots of junctions with
(modified)bR, (modified)azurin, and bovine serum albumin mono-
layers, at +50 mV bias to the top electrode. Except for azurin, all the
examined proteins behave similarly, with thermally activated ETp
dominating at temperatures >200 K and virtually temperature-
independent behavior below ∼120 K.
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electrode/protein contact barriers are the cause for the
temperature dependence as

- both types are observed in the same sample (but each
one dominates over a different temperature range); and

- all measured temperature dependences remain un-
changed under applied voltages of up to 1 V (see Figure
S4, Supporting Information), the maximal applied bias
between electrodes in this study.

The power of the present approach lies in the sensitivity of
the measuring system to the ETp mechanism, which, in turn,
depends on structural changes in the protein as well. Our
results indicate that the retinal chromophore is involved in the
strong thermally activated ETp across a WT bR monolayer.
This pathway remains active up to above 400 K (the maximum
temperature that can be reached with the used measuring
system) and allows high current densities (>mA/cm2) across
WT bR, already at a low bias of 50 mV. Such current densities
at very low bias are inconsistent with the view that proteins are
electronic insulators. Thus, electronic signals via a protein based
junction might become feasible for, for example, sensing
applications.
Retinal oxime adsorbed by the apo bR acts as electron

mediator with lower activation energy than that of the retinal,
which is covalently bound to its binding site. This lower
activation energy makes the retinal oxime pathway the
dominant one below 260 K in reconstituted bR, where both
retinal oxime and bound retinal are present. The observation of
different current magnitudes at a given temperature for
different bR variants allows comparison between them. For
example, at 200 K, currents of 8.5, 90, and 60 nA/cm2 are
observed for WT bR, apo bR, and reconstituted bR (from apo
bR), respectively (Figure 4a). Therefore, we conclude that a
distinct ETp pathway is formed in apo bR that has not been
caused by eliminating the retinal−protein covalent bond, but
rather by the presence of retinal oxime.
Reconstitution of bR (from apo bR) produces a two-state

system (with two pathways), each of which dominates over a
different temperature range, because current passes through the
path of the least resistance. At low temperatures (T < 130 K)
tunneling is most efficient, while at higher temperature current
flows via a thermally activated process involving the retinal
oxime. At T > 260 K, the pathway via retinal has the lowest
resistance; hence, it is the most efficient one. This switch is a
result of the higher activation energy via the retinal pathway.
While dual ETp pathways exist naturally in proteins, e.g., in the
photosystem I reaction center,37 we are not aware of
observations of dual ETp pathways caused by protein
modification as in this case.
The results of this report show similarity to observations in

optical spectroscopy ET measurements through the photo-
synthetic bacterium Chromatium.38 In that study, a transition
from coherent quantum mechanical tunneling to thermally
activated electron transfer was observed. The probability for
tunneling remains constant until vibrational states are excited,
allowing access to an activated process (which, for Chromatium,
occurs at T > 100 K). Recent neutron scattering of bR39,40 and
myoglobin41 and theoretical work as well42 indicate a transition
to a “glassy” state in these proteins upon cooling below 200 K.
In this glassy state, there is a constant temperature-independent
low mean square displacement of the atoms inside the protein.
In other words, below 200 K, the proteins act more as a rigid,
“lattice-like” material than as a fluctuating system.

On the basis of the results of the above studies and of ours
on bR, azurin, and BSA, we propose a schematic picture for
electron transport across proteins. In Scheme 1, we present a

3D structure of a single bacteriorhodopsin unit and the
proposed simplified electron transport mechanisms. Our
suggestion is that tunneling and hopping mechanisms operate
in parallel (see Scheme 1, dotted line = tunneling, line =
hopping). At low temperatures, T < 200 K, thermally activated
hopping currents become negligible, and (low) tunneling
currents are detected. At higher (T > 200 K) temperatures,
those low currents (low tunneling probability) are masked
completely by the currents originated from the hopping
mechanism.
This picture may be relevant to electron transport as well as

to electron transfer. Differences between the employed
experimental conditions (solution vs dry) may dictate the
flexibility of the system (fluctuations, vibrations, etc), which is
important for tunneling to be dominant, but will not change the
general behavior. We stress that the shorter the distance over
which electron transfer is measured, the higher the probability
for tunneling. This is important, because, for a given protein,
the distance over which ET is measured is mostly less than that
for the ETp measurement, which is dictated by the electrodes.
Consequently, efficient tunneling can mask any thermally
activated mechanism over the temperature range that is
accessible in ET studies.
For bR from which both retinal and retinal oxime have been

removed (washed apo bR), we find a thermal activation energy
of ∼410 meV, suggesting that also the polypeptide matrix of the
protein provides a thermally activated ETp pathway. Such a
process may be hopping via individual amino acids residues.43

The latter process is currently studied in our laboratory by
measuring ETp across different oligopeptides.

Scheme 1. Proposed Model for a General Electron
Transport Process across Proteinsa

aThe scheme shows a single bR protein; pdb file 1R2N, cartoon
presentation + retinal in sphere), showing tunneling and hopping
mechanisms, operating in parallel. At low temperatures, tunneling
dominates, while, at higher temperatures (>200 K), the tunneling
currents, which are temperature-independent, remain low and hopping
becomes the more efficient ETp path. For reconstituted bR (from apo
bR), we interpret our data in terms of three different pathways: two
thermally activated ones, one at T > 260 K and one at 200 < T < 260
K (only one of which is shown), together with tunneling ETp that
dominates at low temperatures.
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In our experiments all the measured currents at a specific
voltage are averaged and the integration time is ∼30 ms. Time-
dependent current−voltage measurements as a function of
temperature that are underway may help to improve on and
refine the present schematic picture.

■ EXPERIMENTAL PROCEDURE AND SETUP
The sampling method, which has been employed here, is a standard I−
V (T) measurement. The materials that were used are detailed fully
elsewhere.1 In brief, a heavily doped (highly conducting) p-Si wafer (ρ
< 0.0009 [Ω·m]) was cut into small pieces of 1 cm × 1 cm. The pieces
were cleaned by a standard procedure and etched with 2% HF to
remove the native oxide. Immediately after the etching, a 10 Å thick
oxide layer was grown controllably, by immersion in piranha solution.
The resulting surface was incubated overnight in a solution of (3-
aminopropyl)trimethoxysilane (3-APTMS, Aldrich, 10% in methanol)
to form an NH2 terminated, positive headgroup linker to connect the
proteins to the surface with minimal additional electrical resistance.
Purple membrane fragments from Halobacterium salinarum were

purified by a standard method.44 Membrane vesicles were prepared
following the procedure of Kouyama et al.45 Briefly, the native
membrane fragments were partially delipidated using tween-20
detergent, followed by incubation with octylthioglucoside (OTG) at
55 °C for 5 days, leading to formation of bR vesicles. Therefore, all bR
forms are with OTG detergent.
Reduced-bR OTG: bR-OTG in phosphate buffer (0.01 M, pH 6.4)

and ammonium sulfate (0.1 M) (10−5 M, 1 mL) was reduced by
illumination in the presence of NaBH4 (ca. 20 mg). Following
completion of the reduction process (3 h), the suspension was
dialyzed against a solution of phosphate buffer (0.01 M, pH 6.4) and
ammonium sulfate (0.1 M).
Apo-bR OTG: bR-OTG was bleached by illumination in the

presence of NH2OH (2 M, pH 7.2) and dialyzed against a solution of
phosphate buffer (0.01 M, pH 6.4) and ammonium sulfate (0.1 M).
Reconstituted bR-OTG: Apo-bR OTG in phosphate buffer (0.01M,

pH 6.4) and ammonium sulfate (0.1M) (10−5 M, 1 mL) was incubated
with a retinal dissolved in EtOH (1.2 × 10−3 M, 10 μL). The
reconstitution process was completed in 30 min.
bR OTG + Retinal Oxime: Retinal oxime solution in EtOH (10−

3M, 10 μL) was mixed with bR-OTG in phosphate buffer (0.01M, pH
6.4) and ammonium sulfate (0.1M) (10−5 M, 1 mL). Retinal oxime
was obtained by incubating retinal solution in EtOH (10−5 M, 1 mL)
with hydroxyl amine solution in water (0.1M, 10 μL).
Washed protein: a suspension of apo-OTG or reconstituted bR-

OTG (10−5 M, 1 mL) was mixed with n-hexane (1.3 mL) and was
sonicated (sonicator bath, 2 min). The mixture was spun down, and
the organic layer was discarded. The same procedure was repeated 3−
4 additional times, until no retinal oxime was detected by absorbance
measurement.
The APTMS-terminated samples were incubated in a suspension of

bR-OTG, or modified bR-OTG (10−5 M, 2 mL, 20 min), followed by
incubation in a water bath (3 h) where vesicle fusion took place. The
substrates were gently rinsed in water and dried under a stream of N2.
At each stage, the samples were characterized by ellipsometry, AFM,
and XPS.
To close the electrical circuit that includes the protein, we used a

nondestructive method for top contact deposition. In all cases except
for the 85% RH measurements, we used Au pads as top contacts.46 In
this method Au pads, 500 μm, corresponding to an effective contact
area of 0.2 mm2) were evaporated on cleaned glass slides. The Au pads
were then Lifted Off and Floated On (LOFO) by immersing the glass
slides quickly in 2% HF solution to separate the Au from the glass; the
pads were transferred into a large volume of water (18 MΩ), a liquid
on which they float. The protein-covered surfaces were inserted with
tweezers beneath the floating pads and lifted so that they were
removed from the liquid with the Au pad on top. The full junction was
dried under a gentle flow of pure N2 and transferred into a low vacuum
(0.1 mbar) chamber for at least 0.5 h to remove any water between the
pads and the proteins. In the case of measurements not in vacuum (see

Figure 2), we used a Hg drop with the same effective contact area as

top contact. The junctions with Au and Hg were compared by

measuring both under ambient conditions, resulting in similar current

densities and I−V curves (see Supporting Information Figure S3).

After formation of the full protein based junction (Scheme 2), the
sample was connected via a 17.5 μm thick gold wire to macroscopic
probes, connected to an I−V measurement system (Keithley). Prior to
connection of the wire to the Au LOFO electrode, a small bias of 10
mV was applied, so that current could be used as a criterion for
establishing stable contact. Measurements were initiated only after
stable currents were achieved. All our results were obtained on
macroscopic areas (0.2 mm2 contact area, containing 109−1010 protein
molecules). The sample was placed in a low vacuum (0.1 mbar)
chamber in a TTPX cryogenic system (Lakeshore), and both the
sample holder and the probes were cooled. Temperature was
monitored and controlled with an accuracy of 0.2 K. Between each
change in temperature, the sample was not measured, so as to allow it
to reach thermal equilibrium. The deviations from the average
observed currents were 10% for all measurements. Therefore, all
results reported here correspond to the averaged observed current,
with upper and lower limits deviating by up to 10% from the averaged
currents. For all measurements, short circuit currents (2−3 Ω) were
measured before and after the temperature-dependent measurement
series to ensure proper connections were maintained during the whole
experimental process.

■ ASSOCIATED CONTENT

*S Supporting Information
ln(current density)−temperature dependence upon cooling
and heating (reversibility); ln(current density)−temperature
dependence via ATPMS (linker); I−V curves of WT bR
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contacts; ln(current density) as a function of applied bias, via
WT bR monolayer junctions at different temperatures. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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