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Photosynthesis is a process by which nature converts solar energy
into the chemical energy that is required for fueling different living
processes. There are two main different photosynthetic systems in
nature: chlorophyll (using electron pump system) and bacteriorho-
dopsin (using proton pump system). Bacteriorhodopsin (bR) is
found in the purple membrane of Halobacterium salinarum.1 The
absorption of light by its retinal in the ground state (bR570) initiates
a photocycle involving a number of intermediates and drives protons
across the membrane from the internal cytoplasm to the external
medium, resulting in proton gradients that are used for ATP
synthesis in the cell.2 The protons are ejected from the cell at a
rate comparable to that of the M412 intermediate formation.3 By
CW illumination, bR can transform light energy into electrochemical
energy stored in a proton gradient across the membrane and exhibit
a stationary photocurrent amplitude. This unique characteristic of
bR could make it promising for applications in alternative energy.
However, the photocurrent density values reported so far are
approximately 0.2-40 pA cm-2 monolayer-1 in thin film systems.4

Recently, our group was able to build a solution-based electro-
chemical cell that did not require bR film preparation and external
bias.5 In this communication, plasmonic field enhancement of the
stationary photocurrent, orders of magnitude higher than previous
reports, was observed and the mechanism involved was revealed.4,5

Surface plasmon resonance (SPR) is an interesting optical
phenomenon induced by the coupling of the incident electromag-
netic wave of light with the conduction band electrons in the metal.
This induces a coherent electronic oscillation of the free electrons
of the metal.6 There is a rich variety of applications utilizing the
SPR property of metallic nanoparticles (NPs),7-9 and our group
has previously reported that retinal photoisomerization in the
primary step and the proton pump process of the bacteriorhodopsin
were both perturbed by plasmonic fields of gold nanoparticles.10,11

During the photocycle of bR, there are two important forms: the
ground state of bacteriorhodopsin, bR570, with a protonated Schiff
base (λmax ) 570 nm) and the long-lived intermediate, M412, with
a deprotonated Schiff base (λmax ) 412 nm).12 The M412 can be
generated following the retinal isomerization (in 70 µs) and revert
to the ground bR570 either thermally through a number of other
intermediates (M412fNfOfbR570) in 15 ms or rapidly through
the photochemical process upon excitation with blue light in
hundreds of nanoseconds (the known blue light effect).13-15 The
results of our experiments suggest that the surface plasmon
enhancement of the M412 absorption (i.e., of the blue light effect)
results in increasing the rate of proton release and forcing the
photocycle to follow the short time bypassed path rather than the
conventional thermal photocycle path of bR. The stationary
photocurrent upon cw excitation of bR could be associated with
the steady-state concentration of M412 in the bR570fM412fbR570

photocycle.15-17

In this work, we synthesized Ag, Ag-Au alloy (Ag/Au ) 1/1),
and Au NPs with similar sizes (∼30 nm) whose SPR absorption
have maxima located at 425, 465, and 530 nm, respectively (Figure
1A). The spectral overlap between the SPR band of NPs and that
of the M412 absorption band decreased as the gold amounts added
to the NPs was increased. The photocurrent measurements were
carried out by our recently developed techniques summarized in
the Supporting Information.

Figure 1 shows the photocurrent generation from a solution of
bR and of bR/NPs mixtures. CW broad band irradiation (λincident >
380 nm) was used to ensure that we can excite bR at 570 nm to
produce M412 and simultaneously excite Ag NPs at 420 nm to
enhance the blue light intensity. During the light-on period, the
photocurrent initially showed a sharp rise followed by decay to a
near stationary photocurrent. During the light-off period, the
observed inverted photocurrent was attributed to the net proton
uptake of bR photocycle.

Upon excitation of pure bR, the maximum of the instantaneous
rise of photocurrent density was 19.8 nA/cm3 followed by a
stationary offset of 1.6 nA/cm3 (Figure 1B). When the bR solution

Figure 1. (A) Normalized SPR spectra of Ag NPs, Ag-Au alloy NPs
(Ag/Au ) 1/1), and Au NPs were at 425 nm (green), 465 nm (orange), and
530 nm (red), respectively. The absorption contours of M state and bR
state were represented by gray and violet shadows with corresponding
maxima at 412 and 570 nm, respectively. The photocurrent density of bR
observed by mixing different nanoparticles (B) Ag NPs, (C) Ag-Au alloy
NPs (Ag/Au ) 1/1), and (D) Au NPs upon cw white light irradiation.
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was mixed with Ag NPs whose SPR band overlapped strongly with
the M412 absorption band, the initial photocurrent density was
increased to 45 nA/cm3 (Figure 1B). The value of the stationary
photocurrent density was 25 nA/cm3 when bR was mixed with 1.2
nM of Ag NPs, and it was 15 times higher than that of pure bR.
The notable increase of photocurrent is due to the enhanced flux
of blue photons by the plasmonic field of Ag NPs.

When Ag-Au alloy NPs with similar sizes and concentrations
as those of the Ag NPs were used (Figure 1C), the stationary
photocurrents were 11.3 nA/cm3 and increased by 6 times compared
with the value of pure bR. This smaller enhancement was probably
due to the smaller spectral overlap between the plasmonic absorption
of Ag-Au NPs and the M412 intermediates compared that of Ag
NPs. By shifting the plasmon band more toward bR570 absorption
by using Au NPs, a negative plasmonic field effect was observed
(Figure 1D). There were two strong bands of Au NPs, the SPR
band at a long wavelength that overlapped with the bR570 absorption
and another d-d nonplasmonic band in the blue region of the
spectrum (Figure 1A). The bR570 absorption of the white light should
increase as a result of its overlap with the SPR band from the Au
NPs in this region; however the blue light intensity was absorbed
by the strong nonplasmonic d-d absorption of the Au NPs, thus
decreasing the blue light effect and the photocurrent.

It is found that the plasmonic enhancement effect of Ag NPs on
the absorption of the intermediate (M412) is much more pronounced
than that of the Au NPs on the ground state (bR570). This might be
due to two reasons. One is the filter effect of the blue light by the
d-d absorption of Au NPs which eliminates the enhancement of
the bR570 absorption. The second reason may be the different time
scale of the photocycle path; bR follows the full conventional
photocycle when exciting the bR570, but the blue light effect causes
the bR to follow the much shorter bypass photocycle.15-17 Both
factors might explain the importance of the plasmonic field
enhancement of the blue light effect to the bR photocurrent.

The above conclusion can be supported by the results of the
following two experiments. The first experiment showed that there
was no observed photocurrent enhancement of bR when 30 nm
Ag NPs were used under the same intensity of cw illumination but
the blue light was filtered out (λincident > 500 nm), resulting in the
absence of a plasmonic field (Figure 2A). This suggests that the
enhancement of photocurrent density was due to the exciting
plasmonic effect of NPs in the blue light region, and not due to the
chemical environment or the ionic concentration change by the

addition of NPs. The other experiment showed that the larger the
overlap between the SPR band of Ag NPs and M412 absorption
band, the greater the photocurrent enhancement (Figure 2B). Ag
NPs of smaller particle sizes (8 nm) were prepared whose SPR
band was much narrower than the SPR band of the larger Ag NPs
(30 nm) (Figure S1). The difference in photocurrent amplitude and
photoelectric profile between the two different sizes of Ag NPs
can be explained by the difference in the width of the absorption
band of the Ag NPs. The absorption band of 30 nm Ag NPs
overlapped better with the absorption contour of M412 than that of
the 8 nm Ag NPs (Figure S1), and the plasmonic-energy transfer
was more efficient to the M412 under the same amount of light flux.
The results of these above experiments strongly support the
conclusion that the plasmonic effect of nanoparticles with an
extinction spectrum that overlaps with the M412 absorption can
excite M412 to rapidly form bR570 by bypassing the normal
photocycle. This increases the duty cycles of the proton release
and thus the photocurrent density.

Bacteriorhodopsin’s exceptional stability makes it a potential
biomaterial for various applications.18 The reported bR-based
electrochemical cell used thin films and required an external bias
combination and a laser irradiation source.19 In our system, cw
light is used for the irradiation source and no external bias is needed.
Moreover, NPs whose SPR band overlaps well with the M412

absorption also overlaps with the maximum intensity region of the
solar light at 450 nm.20 Those factors make a bR-based electro-
chemical cell using a plasmonically enhanced photocurrent attractive
for solar energy conversion.21
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Figure 2. (A) Disappearance of the plasmonic photocurrent enhancement
of 30 nm Ag NPs if the blue wavelength of the exciting light is filtered out
(λincident > 500 nm is used). (B) Effect of changing the overlap between the
SPR extinction band in the blue region with the M412 absorption band (see
Figure S1). As the overlap decreases (by using 8 nm Ag NPs), the weaker
the observed photocurrent becomes.
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