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ABSTRACT: The role of the electron spin in chemistry and
biology has received much attention recently owing to to the
possible electromagnetic field effects on living organisms and
the prospect of using molecules in the emerging field of
spintronics. Recently the chiral-induced spin selectivity effect
was observed by electron transmission through organic
molecules. In the present study, we demonstrated the ability
to control the spin filtering of electrons by light transmitted
through purple membranes containing bacteriorhodopsin (bR)
and its D96N mutant. The spin-dependent electrochemical
cyclic voltammetry (CV) and chronoamperometric measure-
ments were performed with the membranes deposited on
nickel substrates. High spin-dependent electron transmission through the membranes was observed; however, after the samples
were illuminated by 532 nm light, the spin filtering in the D96N mutant was dramatically reduced whereas the light did not have
any effect on the wild-type bR. Beyond demonstrating spin-dependent electron transmission, this work also provides an
interesting insight into the relationship between the structure of proteins and spin filtering by conducting electrons.
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Interest in spintronics1 has been growing as a new approach
for efficient computation and data storage. This field has

been positively affected by the introduction of novel materials
and techniques. Commonly in spintronics the electrons’ spins
are manipulated by magnetic materials. Spin injectors, for
example, are composed of ferromagnets. The ability to control
the spin properties in spintronics-related structures by light has
also been demonstrated.2,3 The combination of light with
biospintronics opens up the possibility of widening the
applications and combining photonics with spintronics in
biosystems or using biosystems as the spintronics medium.4

Here we demonstrate that the purple membrane, which
contains a mutant of bacteriorhodopsin (bR), can serve as a
light-activated spin switch. This system has been previously
suggested as a candidate for bioelectronics5,6 and in a former
study wild-type bR was shown to have spin-filtering properties.7

These observations were explained by the chiral-induced spin
selectivity (CISS) effect, reported for several other chiral
molecular systems.8 However, no light-induced effect on spin
filtering was observed in wild-type bR. Here, spin-dependent
electrochemical studies were conducted on a purple membrane
containing a mutant of bacteriorhodopsin (bR) adsorbed on
nickel substrates. The bR protein is embedded in its native
membrane environment, closely resembling its natural
structure. The light dramatically affects the spin filtering.
Bacteriorhodopsin is the integral protein in the purple

membrane of Halobacterium salinarum. It is composed of seven
transmembrane helical segments enclosing the binding pocket
for the all-trans retinal chromophore. The latter is bound to
Lys216 via a protonated Schiff base (PSB) linkage. Light

absorption initiates a multistep reaction cycle with several
distinct spectroscopic intermediates: J625, K590, L550, M412,
N560, and O640. It is well established that retinal in K590 has a
13-cis configuration.9,10 Deprotonation of the protonated Schiff
base takes place during the L to M transition, which is
accompanied by protonation of Asp85, and the appearance of a
proton at the extracellular surface. The Schiff base is
reprotonated during the M to N transition from the proton
donor Asp96, which is finally reprotonated from the
cytoplasmic side during its recovery from the initial state of
bR. Because Asp96 serves as a proton donor to the Schiff base,
its replacement by a neutral residue (D96N or D96A), via site-
directed mutagenesis, prevents fast decay of the M intermediate
and leads to the accumulation of this intermediate under
steady-state illumination and especially at high pH.11,12

Formation of an M intermediate is associated with a large
scale of protein conformational changes, consisting mainly of
tilts of the cytoplasmic ends of helixes F and G. These changes
were confirmed by spectroscopic measurements as well as by
crystallographic evidence,13 and are also accompanied by
protein charge reorganization.
Light absorption by bacteriorhodopsin triggers a shift in the

electron density from the β-ionone ring of the retinal
chromophore toward the protonated Schiff base. This shift is
comparable to a 2.6 Å displacement of a single electron down
the polyene chain14 and is in the opposite direction of the initial
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photovoltage spike that is observed in bR.15 This charge shift is
a critical component of the primary event because it sets in
motion events that lead to the photoisomerization of the retinal
chromophore.16 Further charge reorganization takes place at a
slower time scale and major changes occur following the
formation of an M intermediate. Photovoltage and photo-
current signals were detected by electrical studies that were
performed on dried purple membrane samples,17,18 on bR
proteoliposomes, on bR adsorbed to Millipore filters,19 and on
bR incorporated into planar lipid membranes.20,21

To perform the present experiments, 5 nm of titanium
(adhesive layer) and 150 nm of nickel were evaporated on
silicon wafers with 300 nm of thermal oxide (University Wafer,
Inc., U.S.A.). A small beaker with a defined area of 0.78 cm2 was
sealed on the nickel surface. Both wild-type and D96N bR were
prepared in a carbonate buffer (5 μM in 50 mM sodium
carbonate buffer). Different amounts of wild-type and D96N
bR were physisorbed on the surface using the drop-casting
method and left to dry in vacuum for 48 h.
Electron conduction through purple membranes was

measured in an electrochemical cell under ambient conditions
in the dark and during illumination. The experimental setup is
shown schematically in Figure 1a. The working electrode is

made from nickel; underneath, a magnet is placed, whose
direction can be flipped. The counter electrode is platinum and
the reference electrode used is KCl-saturated calomel. The
electrolyte used in all electrochemical measurements consists of
a 10 mM tris(hydroxymethyl)aminomethane) (TRIS) buffer
with 50 mM NaCl at pH 9, with the addition of a redox couple.
The redox couple selected for the current study was
K4[Fe(CN)6]/K3[Fe(CN)6] (Fe2+/Fe3+) due to its robust
chemical properties and because of our thorough knowledge of
its thermodynamic, kinetic, and electrochemical parameters.
The relevant chemical reaction is a reversible electrochemical
equilibrium. The relevant standard potential is

= +E 0.120 V vs SCE (Saturated Calomel Electrode):0
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The chronoamperometric measurements were performed in
three concentrations of the redox couple: 1, 5, and 10 mM. The
cyclic voltammetry measurements were performed with 5 mM
Fe2+/Fe3+. All measurements were performed as a function of
the direction of the magnetization of the Ni electrode in the
dark and when illuminated at 532 nm.

Figure 1. (a) Scheme of the opto-magnetic electrochemical measurements setup. (b) The 3D scheme of the bacteriorhodopsin structure. (c) The
difference between wild-type bR and the mutant D96N; the aspartic acid is replaced by asparagine.

Figure 2. Cyclic voltammetry of (a) a sample containing the D96N mutant and (b) a sample containing the wild-type bR. Both samples contain 5.67
× 1000 μg/μm2 of bR on the surface. The dotted curves represent the results obtained while the samples are illuminated. The illumination effect is
observed only with the D96N sample.
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Figure 2 shows the cyclic voltammograms of the WT bR and
the D96N mutant. It can be clearly seen that the current
depends on the direction of the magnetization. The
illumination did not change the signal measured with the
WT, whereas a significant change was detected in the mutant
D96N. Furthermore, the current through the sample containing
the mutant is twice as high as the one measured with WT bR.
An interesting point is that the spin polarization during the
reduction and oxidation states looks nonsymmetrical. This
effect is more pronounced as the bR thickness on the surface
increases, as can be seen in Figure 3.

The spin polarization is defined as SP = ((I+ − I−)/(I+ +
I−)), where I+ and I− represent the currents measured with the
magnet pointing up or down, respectively. Figure 2 indicates
that the CV curves have very similar shapes for the mutant and
the wild-type bR; this fact supports the conclusion that the
coverage on the electrodes is similar for the two types of
samples. In both cases, the spin direction associated with the
magnet pointing up is favorable in the dark. Upon illumination
of the mutant sample, the current increases significantly;
however, the spin selectivity is clearly reduced and the current
of the “unfavorable” spin increases to the extent that within the
experimental uncertainty it is equal to the current of the

“favorable spin”. The light effect is probably due to the
accumulation of the M photochemically induced intermediate.
The increased current is consistent with previous studies
indicating increased current transport through bacteriorhodop-
sins following M intermediate accumulation.6,22,23 The proposal
that the observed effect is due to M accumulation is further
supported by the lack of any effect in the wild-type sample
because in this sample M does not accumulate.
Figure 3 shows the SP as a function of sample thickness,

expressed by the concentration of the purple membrane
containing D96N in the deposition solution with a fixed
electrode area. The values are obtained from the cyclic
voltammetry measurements at the oxidation and reduction
peaks. Clearly the SP during reduction is higher than that
obtained during oxidation. It is important to realize that in
principle which spin is transmitted depends on the handedness
of the molecule and on the electron’s velocity. Hence, the
direction of the spin of the electrons that are favored when
electrons are moving from Ni to the solution is opposite to that
of the electrons moving toward Ni. Therefore, in the reduction
process the results are sensitive to the ratio of the density of
states of the majority spin and the minority spins (R±) in the Ni
below the Fermi level, whereas in the oxidation process the
system is sensitive to the ratio of the minority and the majority
spins (R∓) above the Fermi level. Because R± ≠ R∓, the
reduction and oxidation spin selectivity are not expected to be
the same. Another reason for the difference may arise from the
asymmetric structure of the protein, which may induce different
spin selectivity for electrons transferred in two opposite
directions.
Because the CV curves reflect a steady-state situation when a

double layer is formed near the electrode, we also performed
chronoamperometric measurements to evaluate the SP
efficiency at short times, namely, before and during the
formation of the double layer. Figure 4 shows the current
versus time measured for WT and for D96N bR in the dark and
when illuminated when the magnetic field is pointing up or
down. The results indicate large current (as expected) as well as
a large spin selectivity during the first seconds. We noted that
the ratio between the current through D96N bR and the WT in
dark is only 1.2:1, smaller than the ratio obtained in the CV

Figure 3. Spin polarization versus the amount of bR (D96N) on the
electrode. The SP during the reduction process is higher than during
oxidation.

Figure 4. Chronoamperometric measurements with the magnetic field pointing up (red line) or down (black line) in TRIS buffer containing 1 mM
K4[Fe(CN)6]/K3[Fe(CN)6] at pH 9 (a) of mutant D96N bR on nickel substrates and (b) for the WT bR on nickel substrates. The dashed curves
were obtained when the sample was illuminated with a 532 nm laser. Note that the current in the case of the mutant (b), when illuminated, is larger
by more than a factor of 3 than that obtained with the wild-type bR (a) in the dark. Measurements were performed at the reduction potential, that is,
73 mV for wild-type and 64 mV for D96N vs the KCl-saturated calomel electrode.
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measurements (Figure 2). This difference may result from the
differences in the rate of formation of the double layer.
The chronoamperometric curve shape can be explained by

Conttrell’s equation24,25

π
=i t

nFAC D
t

( )
0

where i is the current A, n is the number of electrons (to
reduce/oxidize one molecule of analyte), F is the Faraday
constant, A is the area of the (planar) electrode, c0 is the initial
concentration of the reducible analyte, D is the diffusion
coefficient for the reduced/oxidized species, and t is the time in
seconds.
The difference in the magnitude of the spin polarization

observed in the chronoamperometric measurements as
compared to the smaller values obtained in the CV experiments
is due to the effect of the double layer. In the CV studies, the
double layer is constant, therefore the electrons have to
penetrate through this layer when passing between the surface
and the redox couple. In the case of the time-dependent
measurements, however, the double layer is not yet fully
formed and therefore the electrons have to cross on average
shorter distance between the redox couple and the surface.
Hence, the spin orientation is better maintained.
Figure 5 shows both the spin polarization (left “y”-axis) and

the current enhancement (right “y”-axis) of the mutant taken

from Figure 4. The current enhancement was calculated as
Ilight/Idark. The spin polarization is shown both for dark and
illuminated measurements. The spin selectivity of the
membrane containing the mutant is reduced when the
membrane is illuminated, which is accompanied by an increase
in the total current. Namely, the illumination reduces the
barrier for the conduction of the unfavorable spin, thereby
enhancing the total current and reducing the spin polarization,
SP. The current increase upon illumination was observed
before, as mentioned before.
The present finding that the enhanced current is associated

with loss of spin selectivity in the conduction, provides an
interesting insight into the conduction mechanism through bR.
We know that the spin filtering is enhanced by a helical

secondary structure and that it depends on the length of the
helix.26 It is also well established that the formation of an M
intermediate is associated with a large scale of protein
conformational changes, including mainly tilts of the protein
cytoplasmic ends of helixes F and G. These changes were
confirmed by spectroscopic measurements as well as by
crystallographic evidence.5 This is accompanied by a protein
hydrogen bonding network and charge reorganization, as well
as proton movement to the protein surface. This structural
change probably affects the path of the electrons through the
helical part of the protein and shortens it. However, this
explanation should be validated by calculations.
The present work clearly demonstrates the ability to control

spin selectivity by light. Despite that only part of the membrane
consists of bR, the spin selectivity approaches 40%. Beyond the
potential for future applications, the results also provide an
interesting insight into the relationship between the structure of
proteins and spin filtering when conducting through these
systems.
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