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he signal-controlled, switchable, charge
Ttransport at chemically modified elec-

trode surfaces attracts substantial re-
search efforts directed to the development
of nanoscale molecular electronic devices,' >
the design of information storage and proces-
sing systems,® 2 the development of molec-
ular machines,”~'? the fabrication of surfaces
of controllable wettabilities,"> "¢ the con-
trolled uptake/release of substrates,'” ™'
and the assembly of sensor’®?' or biosensor
systems.?? Different stimuli were implemen-
ted to switch the charge transport properties
at electrode surfaces, and these included
photonic,2>** electrical,”> magnetic,6~%8
thermal,®® pH>**' or chemical (e.g., redox
processes, DNA strands)®? signals. The func-
tionalization of electrodes with supramolecu-
lar photoactive molecular nanostructures, or
semiconductor nanoparticles (quantum dots,
QDs), enabled the development of photoelec-
trochemical systems revealing vectorial elec-
tron transfer,®® systems exhibiting ON/OFF
photoswitchable generation of photocurr-
ents* and photoelectrochemical systems
triggered by external stimuli to yield dictated
directions of photocurrents (cathodic or
anodic).>>* For example, by the tethering
of photosensitizer units to helical peptides
associated with electrodes, photodiodes
that switch the direction of photocurrents
were demonstrated,®” and by the use of a
diffusional quasi-reversible redox couple
(Fe(CN)s>~"*7), the potential-assisted control
of photocurrents generated by a PSI-modified
electrode was reported.® Similarly, the orga-
nization of electron-acceptor/photosensi-
tizer’®* or electron-acceptor/QDs*' nano-
structures on electrode surfaces enabled
the enhancement of cathodic photocurrents
upon photoirradiation of the light-active
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Photoactive inorganic (dS quantum dots (QDs) or the native photosystem I (PSI) is immobilized
onto a pyrroloquinoline quinone (PQQ) monolayer linked to Au electrodes to yield hybrid relay/
QDs (or photosystem) assemblies. By the electrochemical biasing of the electrode potential, the
relay units are retained in their oxidized PQQ or reduced PQQH, states. The oxidized or reduced
states of the relay units dictate the direction of the photocurrent (anodic or cathodic). By the
cydlic biasing of the electrode potential between the values £ > —0.05Vand £ < —0.3 Vvs Ag
quasi-reference electrode (Ag QRE), retaining the relay units in the oxidized PQQ or reduced
PQQH, states, the photocurrents are respectively switched between anodic and cathodic values.
Different configurations of electrically switchable photoelectrochemical systems are described:
(i) the PQQ/CdS QDs/(triethanolamine, TEOA) or PQQ/PSI/(ascorbic acid/dichlorophenolindophe-
nol, DCPIP) systems, leading to anodic photocurrents; (ii) the PQQ/CdS QDs (or PSI)/(flavin
adenine dinucleotide) systems, leading to cathodic photocurrents; (jii) the PQQ/CdS QDs (or
PSI)/(0,) switchable systems, leading to cyclic anodic/cathodic switching of the photocurrents.

KEYWORDS: photoelectrochemistry - electrochemical switching - quantum
dots - switch - photosystem - photocurrent - modified electrode

components. Also, the nanoengineering of

photosensitizers (or QDs) and electron accep-
tors on DNA scaffolds associated with elec-
trodes enabled the design of photoelectro-
chemical systems, revealing dictated anodic
or cathodic photocurrents*? Furthermore,
the chemically-induced formation of hemin/
G-quadruplexes on semiconductor QDs asso-
ciated with electrodes enabled the catalyzed
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generation of chemiluminescence and the subsequent
chemiluminescence resonance energy transfer to the
QDs, leading to the generation of anodic photocurrents
without external irradiation.*® The switchable generation
of photocurrents was demonstrated, for example, by the
integration of semiconductor QDs with polymer matrices
undergoing reversible gel-to-solid phase transitions in
the presence of external stimuli.** The voltage-stimulated
switching of the direction of photocurrents was demon-
strated by designing molecular assemblies on electrodes
and using dye molecules or QDs as photoactive units, in
the presence of solubilized donor or acceptor molecules.
For example, the intercalation of methylene blue into a
CdS-functionalized DNA duplex allowed the potential-
induced switching of the photocurrent between anodic
or cathodic directions, upon oxidation or reduction of the
intercalated units, respectively.*®

In the present study we report on the modification of
electrodes with photosensitizer/relay assemblies, and
we demonstrate the potential-induced control of the
directions of the photocurrents in the systems. The
different assemblies implement CdS quantum dots
or the native photosystem | (PSI) as the photoactive
component, and pyrroloquinoline quinone, PQQ (1), is
used as a mediating redox relay unit.

RESULTS AND DISCUSSION

Pyrroloquinoline quinone, covalently bound to a Au
electrode, exhibits a redox wave at ca. E= —0.08 V vs a
Ag quasi-reference wire electrode (Ag QRE), Figure ST,
Supporting Information. This biological electroactive
substrate was extensively used as a redox relay for the
activation of bioelectrocataltyic processes.*® PQQ (1)
was covalently linked to a cysteamine monolayer-
modified electrode (surface coverage of PQQ, 2.6 x
107"° mol-cm™2). The resulting monolayer was re-
acted with 1,4-diaminobutane, and subsequently, mer-
captopropionic acid-modified CdS QDs (ca. 6 nm) were
covalently linked to the resulting monolayer. The sur-
face coverage of the CdS QDs was determined by
quartz crystal microbalance, QCM, and by complemen-
tary grazing angle XPS measurements to be ca. 1.7 x
10"2 NPs-cm ™2,

In the first phase of the study, we have examined
possibilities to dictate the directions of the photocur-
rents generated by the CdS QDs-modified electrodes
by means of the constituents of the systems and the
bias potential applied on the electrodes. In one system,
Figure 1A, the PQQ/CdS QDs-functionalized electrode
was irradiated under Ar in the presence of triethano-
lamine, TEOA, as a sacrificial electron donor. Under
open-circuit voltage, illumination of the electrode
results in the photocurrent action spectrum shown in
Figure 1B. The photocurrent spectrum follows the
absorption characteristics of the CdS QDs, implying
that the photoexcitation of the QDs is the origin of the
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photocurrent. Control experiments reveal that upon
exclusion of TEOA from the system, no photocurrent is
generated. Also, the direct coupling of the CdS QDs to
the cysteamine monolayer (in the absence of the PQQ),
and in the presence of TEOA, results in a ca. 10-fold
lower photocurrent as compared to the PQQ/CdS QDs
system. Figure 1C depicts the effect of applied poten-
tial on the photocurrent generated upon irradiation
of the PQQ/CdS QDs electrode. At a positive potential,
E =0.2 Vvs Ag QRE, an anodic photocurrent of ca. 700
nA is observed. As the potential is negatively shifted,
the intensities of the photocurrents decrease, and the
photocurrent is being fully blocked at bias potentials
lower than E = —0.3 V vs Ag QRE. Evidently, a sharp
decline in the photocurrent is observed at ca. £ =
—0.1V, close to the redox potential of the PQQ relay
units. These results are consistent with the mechanism
outlined in Figure 1A. Photoexcitation of the CdS
QD:s results in the formation of an electron—hole pair.
As the electrode is biased at positive potentials, the
electron transfer of the QDs' conduction-band elec-
trons (Vg = —1.14 V vs SCE)* to the PQQ units results
in the charge separation of the electron—hole pair. The
subsequent oxidation of the sacrificial electron donor,
TEOA, and the transfer of electrons from the reduced
PQQ units to the electrode lead, then, to a steady-state
anodic photocurrent. At potentials lower than E =
—0.2 V, the relay units exist in the reduced PQQH,
state. This eliminates the trapping of the conduction-
band electrons and the subsequent charge separation
of the electron—hole pair. Thus, the spatial separation
of the CdS QDs from the electrode and the competitive
electron—hole recombination prohibit the forma-
tion of a photocurrent. The cyclic ON/OFF irradiation
of the electrode at a potential corresponding to E =
0.0V vs Ag QRE results in the reversible switching of the
anodic photocurrent between “ON” and “OFF” states,
Figure 1D. In the second system, Figure 1E, the sacri-
ficial electron donor, TEOA, is excluded from the
system, and the electron acceptor flavin adenine dinu-
cleotide, FAD, is added as a constituent. Upon biasing
the electrode at £ = —0.3 V, the PQQ relay units exist in
their reduced sate, PQQH,, exhibiting electron-donor
properties. Irradiation of the system under argon, and
upon biasing the electrode at £ = —0.3 V, results in the
formation of a cathodic photocurrent. Also, control
experiments revealed that upon biasing the electrode
potential at values positive to £ = 0.0 V, the cathodic
photocurrent is fully blocked. By subjecting the elec-
trode to the cyclic switchable illumination, at E =
—0.3V, the light-modulated reversible ON/OFF switch-
ing of the cathodic photocurrent was observed,
Figure 1F. The formation of the cathodic photocurrent
is rationalized in terms of the electron transfer reac-
tions outlined in Figure 1E. Photoexcitation of the CdS
QDs yields the respective electron—hole pair. As the
electrode is biased at £E= —0.3 V, the relay units exist in
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Figure 1. (A) Schematic presentation for the generation of an anodic photocurrent on a PQQ/CdS QDs-modified electrode,
under Ar, and in the presence of TEOA. Applied bias potential, E = 0.0 V vs Ag QRE. (B) Photocurrent action spectrum
corresponding to the PQQ/CdS QDs-modified electrode, under Ar, and in the presence of TEOA, 40 mM. The spectrum is
recorded at open-circuit potential. (C) Effect of applied bias potential on the photocurrent intensity, at 1 = 380 nm,
corresponding to the PQQ/CdS QDs-modified electrode, under Ar, and in the presence of TEOA, 40 mM. (D) Photocurrent
responses, at A = 380 nm, upon the cyclic switchable illumination of the PQQ/CdS QDs-modified electrode, at E= 0.0 V vs Ag
QRE, under Ar, and in the presence of TEOA, 40 mM. Switch “ON” (illumination on)-marked (a); switch “OFF”-marked (b).
(E) Schematic presentation for the generation of a cathodic photocurrent on a PQQ/CdS QDs-modified electrode, under Ar,
and in the presence of FAD. Applied bias potential, E= —0.3 V vs Ag QRE. (F) Photocurrent responses, at A = 380 nm, upon the
cyclic switchable illumination of the PQQ/CdS QDs-modified electrode, at E = —0.3 V vs Ag QRE, under Ar, and in the presence
of FAD, 140 uM. Switch “ON” (illumination on)-marked (a); switch “OFF”-marked (b). All measurements were performed in a

phosphate buffer (0.1 M, pH = 8.0); effective electrode surface area 0.25 cm”.

their reduced, electron-donating state, PQQH,. The
transfer of electrons from the reduced relays to the
valence-band holes, and the concomitant transfer
of the conduction-band electrons to the FAD elec-
tron-acceptor units, result in the steady-state cathodic
current observed. It should be noted that the cathodic
currents are substantially lower than the anodic
currents that are obtained in the presence of TEOA.
This may be attributed to the following reasons:
(i) The relatively higher concentration of TEOA and its
sacrificial oxidation by the valence band holes effec-
tively deplete the holes, thus competing effectively
with the electron—hole recombination process. (ii)
The absorbance of the FAD component overlaps the
spectrum of the CdS QDs, thus leading to the lower
currents.

EFRATI ET AL.

We have, then, implemented the natural photo-
synthetic reaction center, photosystem |, which was
extracted from the thermophilic cyanobacterium Mas-
tigocladus laminsus, as the light-active component to
photostimulate the directional switching of photocur-
rents at chemically-modified electrodes. The genera-
tion of photocurrents by quinone/PSI monolayer-*7*2
or by bis-aniline-cross-linked Pt nanoparticles/PSI-
functionalized electrodes was previously demonstra-
ted,* but the effects of biased potential on the
intensities and directions of the photocurrents inte-
grated electrodes were not examined. Accordingly, a
PQQ/PSI-modified electrode, Figure 2A, was assem-
bled by the primary modification of the cysteamine-
modified Au electrode with the PQQ units, followed
by the covalent attachment of PSI to the electrode,
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Figure 2. (A) Schematic presentation for the generation of an anodic photocurrent on a PQQ/PSI-modified electrode, under
Ar and in the presence of ascorbic acid/DCPIP. Applied bias potential, E= —0.05 V vs Ag QRE. (B) Photocurrent action spectrum
corresponding to the PQQ/PSI-modified electrode, under Ar and in the presence of DCPIP, 62 xM, and ascorbic acid, 40 mM.
The spectrum is recorded at open-circuit potential. (C) Photocurrent responses, at 1 = 680 nm, upon the cyclic switchable
illumination of the PQQ/PSI-modified electrode, at E =-0.05 V vs Ag QRE, under Ar, and in the presence of DCPIP, 62 uM, and
ascorbic acid, 40 mM. Switch “ON” (illumination on)-marked (a); switch “OFF”-marked (b). (D) Schematic presentation for the
generation of a cathodic photocurrent on a PQQ/PSI-modified electrode, under Ar, and in the presence of FAD. Applied bias
potential, E= —0.3 V vs Ag QRE. (E) Photocurrent responses, at A = 680 nm, upon the cyclic switchable illumination of the PQQ/
PSI-modified electrode, at E= —0.3 V vs Ag QRE, under Ar, and in the presence of FAD, 140 «M. Switch “ON” (illumination on)-
marked (a); switch “OFF"-marked (b). All measurements were performed in a phosphate buffer (0.1 M, pH = 8.0); effective

electrode surface area 0.25 cm?.

through the lysine amino acids existing in the protein
backbone. Complementary QCM measurements in-
dicated that the surface coverage of PSI corresponded
t0 6.6 x 107> mol-cm™2 Irradiation of the electrode,
under argon, at open-circuit voltage and in the pre-
sence of ascorbic acid/dichlorophenolindophenol,
DCPIP, as an electron-donating system, resulted in
the anodic photocurrent spectrum shown in Figure 2B.
The photocurrent spectrum follows the absorption
pattern of PSI and is very similar to the photocurrent
spectra of PSl/ascorbic acid-DCPIP observed in other
systems.>® Control experiments revealed that no photo-
currents were formed in the absence of ascorbic acid/
DCPIP and that the direct immobilization of PSI on the
electrode generated very low photocurrents in the
presence of the electron-donor system. Also, biasing
the potential at £ = —0.3 V vs Ag QRE blocked the
photocurrent generated by the electrode. These re-
sults indicate that the PQQ/PSI hybrid assembled on
the electrode allows the generation of an anodic cur-
rent, upon biasing the electrode at a potential corre-
sponding to E > E%qq (at pH = 8.0), which retains the

EFRATI ET AL.

PQQ relay units in their oxidized state. That is, electron
transfer from the P, unit of the photoexcited PSI to
the PQQ relay units leads to charge separation. The
subsequent reduction of the oxidized P, " center of
PSI by the ascorbic acid/DCPIP and the concomitant
electron transfer of the electrons from the relay units to
the electrode result in the generation of the anodic
photocurrent. The light-modulated ON/OFF switching
of the anodic photocurrents, upon the application
of cyclic ON/OFF irradiation of the electrode, at E =
—0.05 Vvs Ag QRE, is presented in Figure 2C. Evidently,
anodic photocurrents of ca. 60 nA were repeatedly
switched ON and OFF, using the intermittent illumina-
tion at 4 = 680 nm.

The PSl-induced generation of cathodic photocur-
rents is schematically depicted in Figure 2D. The
electron-donating component, ascorbic acid/DCPIP, is
excluded from the system, and flavin adenine dinu-
cleotide is added as an electron acceptor. Irradiation
of the PQQ/PSI-functionalized electrode under Ar and
biasing the electrode potential at E= —0.3 V vs Ag QRE,
result in the formation of a cathodic photocurrent.

VOL.6 = NO.10 = 9258-9266 = 2012 ACY\JA

J

WL

N

Na

WWwWW.acsnano.org

9261



(A) - e ho 0 s

/e\ /—\ ‘_/ d

Y 2 E=0.0V N 2
T De ,(cH,]-n/c\/\s TEOA oW )= 2 (cu;’"/c\/\s
~e ML el _— ~e~M L NN N 0,
o E=-03V o >~
Waste e

(B) (C) -

300 4oo“bﬂbabab

I
T' b’ a2 b a b a b
0 o4 REEEER

< -150 <
< € 2001
= 300 _a

450 -400 4

-600 4 -600

TS0 S . . : . -800 . ; ; ; ;

-0.4 -0.3 -0.2 -0.1 0.0 0 50 100 150 200 250
E, V (vs. Ag QRE) Time, s

Figure 3. (A) Potential-induced control of photocurrent directionality (anodic or cathodic) on a PQQ/CdS QDs-modified
electrode, under O,, and in the presence of TEOA. (B) Effect of applied bias potential on the photocurrent intensity, at
A = 380 nm, corresponding to the PQQ/CdS QDs-modified electrode, under O,, and in the presence of TEOA, 40 mM.
(C) Photocurrent responses, at A = 380 nm, upon the cyclic switchable illumination of the PQQ/CdS QDs-modified electrode,
under O,, and in the presence of TEOA, 40 mM. (a) lllumination on, E = 0.0 V vs Ag QRE, (b) illumination off, E = 0.0 V.
(@’) Nlumination on, E = —0.3 V vs Ag QRE, (b’) illumination off, E = —0.3 V. All measurements were performed in a phosphate
buffer (0.1 M, pH = 8.0); effective electrode surface area 0.25 cm>.

Control experiments indicated that no photocurrent is
generated when the electrode is biased at E=0.0 V vs
Ag QRE, implying that the relay units must exist in their
reduced PQQH, state. Also, no photocurrent was ob-
served under Ar, at E = —0.3 V, upon exclusion of the
FAD from the system. Accordingly, the cathodic photo-
current originates from the photoexcitation of PSI
and the electron transfer to the FAD electron acceptor.
The subsequent reduction of the oxidized P4, site by
PQQH; regenerates the photosystem while generating
a steady-state cathodic photocurrent. Indeed, upon
the cyclic switching of the illumination on the elec-
trode, at £ = —0.3 V, the cathodic photocurrent gener-
ated by the PQQ/PSI-modified electrode was reversibly
switched between the ON and OFF states, Figure 2E.
The systems described in Figures 1 and 2 demon-
strated that by changing the constituents of the sys-
tems and by controlling the bias potential on the PQQ/
CdS QDs- or PQQ/PSI-modified electrodes the direc-
tions of the photocurrent (anodic or cathodic) could be
controlled. Nonetheless, these systems did not enable
the construction of integrated devices that could be
switched repeatedly between anodic and cathodic
photocurrents through biasing the electrode potential
(and controlling the redox state of the relay units PQQ/
PQQH,). This difficulty is mainly due to the fact that the
ascorbic acid/DCPIP/FAD and the TEOA/FAD couples
exhibit their own photochemical reactions that perturb
the specific interactions with the photoactive electro-
des generating the photocurrents. To overcome these
difficulties, we made use of the fact that oxygen (O,)

EFRATI ET AL.

acts as an electron acceptor for the conduction-band
electrons generated in the CdS QDs and its ability to
quench, via electron transfer, the photoexcited PSI.>'>2
Thus, we examined the effect of biasing the potential
of the PQQ/CdS QDs-functionalized electrode, upon
its irradiation under oxygen, and in the presence of
triethanolamine as an electron donor, Figure 3A. The
photocurrents generated by the modified electrode at
different bias potentials are depicted in Figure 3B. At
a bias potential of E = 0.0 V vs Ag QRE, an anodic
photocurrent is observed (ca. 220 nA), and a further
negative shift of the potential decreases the photo-
current to zero, at ca. E = —0.1 V. Shifting the potentials
to more negative values yields a cathodic photocurrent
that reaches a value of ca. 750 nA at E = —0.4 V. These
results can be rationalized in terms of the functions of
the PQQ relay units in controlling the directions of the
photocurrents. At E = 0.0 V, the relay units exist in the
oxidized PQQ state. This results in the transfer of the
photoexcited conduction band electrons to the PQQ
units. The subsequent scavenging of the valence band
holes by triethanolamine, and the concomitant poten-
tial-assisted transfer of the electrons to the electrode
lead to the formation of a steady-state anodic photo-
current. At potentials lower than —0.10 V, the relay
groups exist in their reduced PQQH, state, and conse-
quently, the trapping of the conduction-band elec-
trons and the subsequent charge separation are
prohibited. Under these conditions, the alternative
mechanism leading to the cathodic photocurrent is
activated. Oxygen acts as an electron acceptor for
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Figure 4. (A) Potential-induced control of photocurrent directionality (anodic or cathodic) on a PQQ/PSI-modified electrode,
under O,, and in the presence of ascorbic acid/DCPIP. (B) Photocurrent action spectrum corresponding to the PQQ/
PSI-modified electrode, under O,, and in the presence of DCPIP, 62 1M, and ascorbic acid, 40 mM. The spectrum is recorded
at open-circuit potential. (C) Photocurrent responses, at A = 680 nm, upon the cyclic switchable illumination of the PQQ/
PSI-modified electrode, under O,, and in the presence of DCPIP, 62 uM, and ascorbic acid, 40 mM. (a) lllumination on, E= —0.05
V vs Ag QRE, (b) illumination off, E = —0.05 V. (@’) lllumination on, E = —0.3 V vs Ag QRE, (b’) illumination off, E = —0.3 V.
All measurements were performed in a phosphate buffer (0.1 M, pH = 8.0); effective electrode surface area 0.25 cm?.

the photoexcited conduction-band electrons, and the
reduced relay units provide the electrons to reduce the
holes at the valence band. As the electrode is biased at
E < —0.1V, the relay units are retained in their reduced
state, PQQH,, leading to a steady-state cathodic cur-
rent. At the bias potential of ca. E = —0.1 V, no net
photocurrent is generated. This is the redox potential
of the PQQ/PQQH; relay units. That is, at this potential
the populations of PQQ and PQQH, are almost iden-
tical, leading to the generation of photocurrents ex-
hibiting opposite directions and, thus, to a net zero
photocurrent. Furthermore, it should be noted that the
PQQ/CdS QDs-modified electrode generates, upon the
application of the bias potential of E= 0.0 V, a lower
anodic photocurrent under oxygen (ca. 220 nA) as
compared to the photocurrent generated by the elec-
trode subjected to a similar potential and irradiated
under Ar (ca. 500 nA, cf. Figure 1C). These results are
consistent with the fact that under oxygen the non-
photocurrent-generating path, where the oxygen acts
as an acceptor and TEOA acts as a donor, competes
with the route of the anodic photocurrent generation,
and thus, its net value is lower. Using cyclic switchable
illumination and by the application of the potentials 0.0
and —0.3 V on the PQQ/CdS QDs-modified electrode,
the ON/OFF switching of the anodic and the cathodic
photocurrents is respectively demonstrated, Figure 3C.

Similarly, the PQQ/PSI system has been implemen-
ted as an integrated assembly for the potential-
stimulated cyclic control of anodic and cathodic photo-

EFRATI ET AL.

currents by the irradiation of the modified electrode
under oxygen, Figure 4. Upon the application of a bias
potential corresponding to £ = —0.05 V vs Ag QRE that
retains the relay units in their oxidized PQQ state, and
the irradiation of the functionalized electrode under
0,, in the presence of ascorbic acid/DCPIP, an anodic
photocurrent is generated. Figure 4B depicts the
photocurrent spectrum that follows the absorption
pattern of PSI. Switching the bias potential on the
electrode to £ = —0.3 V, a potential that retains the
relay units in their reduced PQQH, state, yields, upon
irradiation under O,, a cathodic photocurrent. This is
attributed to the electron transfer quenching of the
excited PSI by O, and the subsequent reduction of the
resulting P5oo" by the PQQH, units. Control experi-
ments reveal that the direct immobilization of PSI onto
the electrode (without PQQ) does not lead to any
anodic photocurrent in the presence of ascorbic acid/
DCPIP (at £ = —0.05 V). Similarly, a minute cathodic
photocurrent is observed in the PQQ/PSI system upon
exclusion of O, (at £ = —0.3 V). These control experi-
ments imply that the PQQ is, indeed, an essential
component for electrically wiring PSI with the elec-
trode and that the added O, leads to the generation of
resulting cathodic photocurrent. Subjecting the elec-
trode to cyclic ON/OFF irradiation, and by applying the
potentials E=—0.05Vand E = —0.3 Vin the presence of
0,, anodic and cathodic photocurrents were respec-
tively generated by the PQQ/PSI system, Figure 4C.
It should be noted that in all of the PSI-functionalized
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electrodes described in our study the PSl is not oriented
on the electrode surface due to the random attachment
of the different lysine residues to the PQQ relay units.
The PQQ units are electrically wiring the PSI units to the
electrode, and, naturally, the wiring efficiencies differ
with respect to the different orientations of the PSI
proteins. Thus, the resulting anodic/cathodic currents
represent the average result of all different electrically
wired PSI configurations. Furthermore, it should be
noted that the potential-induced anodic/cathodic
photocurrents generated by the PQQ/CdS QDs/O,
system, Figure 3, are substantially higher (ca. 12-fold)
compared to the analogous PQQ/PSI/O, system. Taking
into account the surface coverage of the PSI and CdS
QDs systems on the electrodes and the overall number
of photons absorbed by the two photoactive systems,
only a 7-fold enhancement in the photocurrent gener-
ated by the CdS QDs system is anticipated. The observed
12-fold-enhanced photocurrent generated by the CdS
QDs, as compared to the PSI assembly, is attributed to a
lower performance of the PSI system in generating the
photocurrent. The lower photocurrent yields in the PQQ/
PSI/O, system are attributed to the random configura-
tions of the photoactive centers and to the protein shell
surrounding the photoactive centers that perturbs the
electrical contacting of the PSI photocenters with the
electrodes by the PQQ relay units.>® Such orientation
effects or barriers for the electron transfer do not exist in
the spherical monolayer-capped QDs.

MATERIALS AND METHODS

Materials. Ultrapure water from a NANOpure Diamond
(Barnstead) source was used throughout the experiments.
Pyrrologuinoline quinone was obtained from Fluka; triethano-
lamine was obtained from Aldrich. Ascorbic acid, sodium 2,6-
dichloroindophenolate hydrate, and flavin adenine dinucleo-
tide disodium salt were obtained from Sigma. Photosystem
| was extracted from the thermophilic cyanobacterium Masti-
gocladus laminsus and purified according to a previously re-
ported procedure.®

CdS QDs were synthesized according to the following
procedure: a dioctyl sulfosuccinate sodium salt, AOT/n-heptane
water-in-oil microemulsion, was prepared by the solubilization
of 3.5 mL of distilled water in 100 mL of n-heptane in the
presence of AOT as a surfactant. The resulting mixture was
separated into 60 and 40 uL subvolumes. An aqueous solution
of Cd(ClO,), (240 uL, 1.55 M) and Na,S (160 uL, 1.32 M) was
added to the 60 and 40 uL subvolumes, respectively. The two
subvolumes were then mixed and stirred for 1 h to yield the NPs.
For the preparation of thiol-capped CdS QDs, mercaptoethyl
sulfonate (20 mg) and mercaptopropionic acid (3.3 mg) were
added to the resulting micellar solution, and the mixture was
stirred for 14 h under argon. Pyridine, 20 mL, was then added,
and the resulting precipitate was washed and centrifuged with
n-heptane, petroleum ether, butanol, and methanol. An aver-
age particle size of 6.0 &+ 0.5 nm was estimated by TEM.

Modification of the Electrodes. Clean Au slides were reacted for
6 h with an aqueous solution of cysteamine, 10 mM. The
resulting cysteamine monolayer-modified electrodes were trea-
ted for 2 h with a 3 mL HEPES buffer solution (50 mM, pH =7.2)
that included 1 mg of PQQ dissolved in 50 uL of DMSO and
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CONCLUSIONS

In conclusion, the present study has demonstrated
the integration of semiconductor CdS QDs and the
native PSI as photoactive materials with electrodes,
and the potential-induced control of the directions of
the resulting photocurrents in the systems. The com-
parison between the PSI and the CdS QDs systems
should be considered, however, with caution. The
footprint areas of the PSI°**> and CdS QDs differ
substantially, 330 vs ca. 110 nm? respectively, and
the electrical communication of PSI with the electrode
by the PQQ relay units suffers from orientation and
protein-insulating effects that do not exist in the QDs
system. Thus, the two systems reveal only functional
similarities, and hence, any comparison should be
considered as qualitative rather than quantitative. We
demonstrated that the implementation of the com-
mon pyrroloquinoline quinone, as a relay unit, enabled
the potential-assisted control of the photoelectro-
chemical systems. Specifically, we demonstrated the
assembly of integrated PQQ/CdS QDs or PQQ/PSI
systems that, upon irradiation under O,, lead to po-
tential-triggered photodiodes, resulting in photocur-
rents of switchable anodic and cathodic directions. The
successful assembly of optoelectronic photodiode sys-
tems based on inorganic QDs and the PSI biomaterial
bridges the boundaries between supramolecular
chemistry, nanotechnology, and nanobiotechnology.

5 mM 1-(3-dimethylaminoproyl)-3-ethylcarbodiimide hydro-
chloride (EDC) and N-hydroxysulfosuccinimide sodium salt
(NHS). For the preparation of the PSI-functionalized electrodes,
the PQQ-modified electrodes were then reacted for 2 h with a
HEPES buffer solution (50 mM, pH = 7.2) that contained 2 mg of
ChlmL~" PSland 5 mM EDC/NHS. For the preparation of the CdS
QDs-functionalized electrodes, the PQQ-modified electrodes
were treated for 2 h with a HEPES buffer solution (50 mM,
pH = 7.2) that contained 5 mg mL~" 1,4-diaminobutane and
5 mM EDC/NHS. The resulting electrodes were then treated with
a HEPES buffer solution (50 mM, pH = 7.2) that contained
1 mg mL™" mercaptopropionic acid-modified CdS QDs. Follow-
ing the modifications, the electrodes were rinsed with a HEPES
buffer solution to remove any nonspecifically bound reagents.

Measurements and Instrumentation. Photoelectrochemical mea-
surements were performed using a home-built system that in-
cluded a Xe lamp (Oriel, model 6258, Psgo nm = 500 uW and
Pego  nm = 70 uW), a monochromator (Oriel, model 74000, 2 nm
resolution), and a chopper (Oriel, model 76994). The electrical
output from the cell was sampled by a lock-in amplifier
(Stanford Research, model SR 830 DSP). The shutter chopping
frequency was controlled by a Stanford Research pulse/delay
generator, model DE535. The photogenerated currents were
measured between the modified working electrodes and a Pt
plate counter electrode. In all photoelectrochemical experi-
ments the effective electrode surface area corresponded to
0.25 cm?. In some experiments, an Autolab potentiostat (ECO
Chemie, The Netherlands) driven by GPES software was coupled
to the photoelectrochemical apparatus, allowing the measure-
ment of the photocurrents upon the application of different
external potentials on the modified electrodes. In these
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experiments, a Ag wire (d=0.5 mm) and a carbon rod (d=5 mm)
or a Pt slide were used as the reference and counter electrodes,
respectively, and the values reported represent the difference
between the currents measured under illumination and in the
dark. In all photocurrent switching experiments, the current
responses, in the dark, were normalized to zero. QCM measure-
ments were performed using a home-built instrument linked
to a frequency analyzer (Fluke) using Au-quartz crystals (AT-cut,
10 MHz).
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