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Abstract

Vectorial electron transfer (ET) is a central feature of many biological transformations such as the photosynthetic apparatus or the biocatalytic
oxygen assimilation. The present essay summarizes recent studies directed to the chemical modification of biomaterials to yield new photoactive
materials that mimic natural photosynthesis to the extent that photoinduced directional ET leads to charge separation of the photogenerated
redox products. Specifically, the reconstitution of proteins with photosensitizer—electron-acceptor units is addressed. One example involves th
reconstitution of apo-myoglobin with a bis-bipyridinium Zn(ll)-protoporphyrin dyad. Vectorial photoinduced ET initiated by the photoactive
protein in the presence of the secondary electron acceptor R)¢NHeads to substantial stabilization of the redox products. A second example
includes the reconstitution of apgahemoglobin with Co(ll)-protoporphyrin IX as catalytic redox center and the chemical functionalization
of the cysteine-93 residue with the eosin chromophore. The photogenerated redox spetigsHbs-Co(l) are stabilized against back
ET, k, =370 s’. The modified protein acts as a photoenzyme for the photoinduced hydrogenation of acetylene to ethylene. A different
approach to accomplish photoinduced vectorial ET involves the organization of layered Au-nanoparticle arrays crosslinked by the oligocationic
bis-bipyridinium-Zn(ll)-protoporphyrin IX {), acting as a photosensitizer—electron-acceptor dyad. Photoinduced ET assembly leads to the
transport of electrons through the conductive Au-nanoparticle array and to the generation of a photocurrent. A further approach to stimulate
photoactivated vectorial ET involves the use of a photoisomerizable monolayer associated with an electrode as a command interface for the
photochemical activation and deactivation of the electrical contact between cytocbr@ywe c) and the electrode. A photoisomerizable
monolayer consisting of pyridine and nitrospiropyran units is used to control the electrical contact betweear@ythe electrode. The
electrically contacted Cyt activates the biocatalyzed reduction of By cytochrome oxidase (COx). The integrated system, consisting of
the photoisomerizable monolayer-functionalized electrode and the/Cg@x/O, components, provides a system for the amplified electrical
transduction of photonic signals recorded by the monolayer interface. The system duplicates functions of the vision process.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction 2. Directional electron transfer in reconstituted proteins

The photosynthetic apparatus is the most important bio- Understanding ET in proteins has been a subject of
logical process that converts light energy into chemical fuel extensive research efforts in the last 15 years. The functions
productsEq. (1) of protein o-bonds and intra-protein H-bonds in electron

tunneling through the protein matrices, and the participa-
nCOz + nH20 — (CH0), + nO2 (1) tion of agmino a?:id resigues as electron relay unitps for [c)o-
The elucidation of the structural features of the photo- OPerative electron hopping and tunneling were discussed in
synthetic reaction center, revealed the structure—functiondetail[11-13} We suggested the use of native proteins as
relationships and the mechanistic path leading to chargePredesigned structures for the assembly of semi-artificial
separation and light-to-electrical energy conversibye], photosynthetic reaction centef$4]. Several advantages
Fig. 1 The stepwise transfer of electrons from the pri- May be identified by employing this approach: (i) Chro-
mary photoexcited chromophore, bacteriochlorophyliy P mophores and catalyt.|c sites may be introduced into selectgd
to the series of electron acceptors, leads to spatial chargeP0sitions of the protein by covalent attachment to appropri-
separation that retards the electron-hole recombination in&® amino acid residues (existing in the native protein or
the reaction center. The stabilization of the photogeneratedintroduced by genetic engineering). Alternatively, cofactor
redox species by means of the directional or vectorial elec- UNits existing in the protein may be substituted by reconsti-
tron transfer (ET) allows the secondary chemical utilization tution processes. (i) The protein provides a rigid matrix that
of the oxidized and reduced sites in thermodynamically could rigidify photosensitizer—electron relay units and thus
‘uphill’ fuel generating chemical transformations. Different facilitate charge separation. (iii) The introduction of catalytic
chemical approaches were employed to mimic the primary Sités into the protein may generate structurally-defined
charge separation events in the photosynthetic reactionMicroenvironments that may lead to stereoselectivity and
center [3-5]. These include the synthesis of ingenious Chiroselectivity in the respective chemical transformations.
donor-photosensitizer—electron-acceptor triads or tetrads,One method[15] to stimulate vectorial ET in protein
where stepwise ET leads to spatial separation of the oxi- @ssémblies is depicted iRig. 2 The bis-bipyridinium-
dized and reduced centers, and their stabilization againstfunctionalized-Zn(il)-protoporphyrin IX), is a photosensi-
back ET[6]. A different approach to stabilize the ET pho- fizer—electron-acceptor dyad. The flexibility of the molecular
toproducts against back ET involves the organization of the Structure of{) leads to efficient intramolecular quenching of
chromophore and electron acceptor(s) components in micro-the smglet.excned state of th_e chrpmophore that eliminates
heterogeneous systems such as micgllesnicroemulsions ~ the formation of the respective triplet-state of the Zn(ll)-
[8], colloids[9] or zeolite systemiL0]. Vectorial ET inthese ~ Protoporphyrin [X. The generation of the photoactive
systems leads to the steric separation of the photogenerate@hotosensitizer—electron-acceptor protein assembly involves
redox products and their stabilization against back ET.  the elimination of the Fe(lll)-protoporphyrin IX center from
the native hemoprotein, myoglobin, to yield apo-myoglobin,
in apo-Mb. The reconstitution of apo-Mb withl)( yields
PLMBLHLQL QM the photoactive protein, where the rigidification of the
= 28ps photosensitizer—electron-acceptor in the protein leads to
steric separation of the components that may facilitate
charge separation. As the bipyridinium electron acceptor
200 ps units generate a positively charged head group at the pro-
tein periphery, the coupling of the photosensitive protein to
the secondary electron acceptor, Ru@)@—f (E°=0.083
200 ps V vs. NHE), may lead to vectorial ET from the photogener-
ated primary bipyridinium radical catiol{ = —0.43 V vs.
NHE). The electrostatic repulsion of the reduced secondary
relay unit, Ru(NH)g2*, from the protein surface may then
enhance the stabilization of the redox products.

The lifetime of Zn(ll)-protoporphyrin 1X reconstituted
into Mb is =110 s. From the shortening of the triplet
lifetime in theTZn(11)-V2+ —Mb as compared to the refer-

—_— ence system Zn(ll)-Mb, the intramolecular ET quenching
PLMBLHLQLQM rate constantEq. (2) is estimated to bég=1.55x 10°
Fig. 1. Photoinduced vectorial ET and charge separation in the pho- .S_l' Fig. 3A) CUI’V_e (a) shows the transient correspond-
tosysnthetic reaction center. ((P—primary bacteriochlorophyll; B, ing to the recombination of the phptogenerated products
Bm—secondary bacetriochlorophyll; i Hy—bacteriopheophytin; Q (followed ati =670 nm, corresponding to the absorbance
Qu—quinone units). of the oxidized species in the photogenerated products)

PLM*BLHL QL QM
PLM*BLHLQL QM

hy| PLmBLHLQLOM
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Fig. 2. Reconstitution of apo-Mb with the Zn(Il)-protoporphyrin IX-bis-bipyridinium dyal (

Eqg. (3) These experiments reveal that the reconstitution of repulsion of the secondary reduced product from the protein
the bis-bipyridinium-Zn(lIl)-protoporphyrin dyad into the periphery, and the shielding of the oxidized product by the
apo-Mb retards the quenching process of the singlet state ofprotein, retards the recombination of the spectes, (5)

the chromophore, probably by the rigidification of the dyad and leads to the stability of the redox products.

in the protein in an extended configuration that introduces

a barrier for the intramolecular quenching. This feature of *Tznp(||)—p—\2+ _Mb
the photosensitive protein enables inter-system crossing to

the triplet state and intramolecular ET, accordindetp (2) Zn(IH—P**-vV**-Mb (2)
andEg. (3) Fig. 3(A), curves (b)—(d) shows the transients
of the recombination process of the photogenerated dyad
redox products (followed at =670 nm corresponding to
the absorbance of oxidized species in the photogenerated zn(|1)-P-\2* -Mb (3)
products) upon the addition of increasing amounts of the
secondary electron acceptor, Ru(&)ﬁf*. An initial rapid
decay of oxidized species Zn(ll)3P is observed, with

a time constant characteristic to the recombination rate (ID—-P™°*-V**—Mb + RU(NH?,)éJr (4)
constant3 of Zn(l)-P*-V*°*—Mb in the absence of

Ru(NHs): ", Eqg. (2) This fast transient is followed by the

formatiog of a zZn(I)-P-* species that essentially does Zn(IH—P**-V** Mb+Ru(NHa)§ "
not decay on the time-scale of decay of the photogenerated + 3+

redox species in the dyad structure, but reveals a very slow Zn(l)-P-\* Mb + Ru(NH3)s ®)
decay process on a time-scale of secordg, 3B). The The success in stabilizing photogenerated redox products
concentration of the slow decaying component increases asagainst back ET by means of a protein matrix led us to an
the concentration of Ru(Nj-)gJr is elevated. These results attempt to construct a semi-synthetic ‘photoenzyfdé].

are rationalized in terms of a vectorial ET, where the photo- The method to tailor the photoenzyme involves the modifica-
generated dyad reduces Ru(g)Eﬁ , EQ. (4) Electrostatic tion of the protein by photosensitizer and electron-acceptor

kq=1.55x10f st
B —

= —1
Zn(il-P* ey +e_mp =130 <

Zn(I)-P**~V**-Mb + Ru(NH3)3" — zn

ki = (6.5£0.5)x10" M~1s71
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system, the intramolecular ET quenching rate-constant was
estimated to bk = 1.8 x 10° s~1. Fig. 4(B) shows the tran-
sient corresponding to the back ET of the photogenerated
redox species:q. (7) characterized by following the decay
of the photogenerated Co(l) porphyrinJjat 395 nm. The
recombination rate-constant correspondskge=370 s1.

In the presence of the sacrificial electron donor, RATA,

the oxidized chromophore is reducdsgl. (8) leading to

the accumulation of the reduced Co(l) porphyrin.

kg=1.8x10% s1

5 TE0” B — Hb—Call) ——"""=, Eo*-p — Hb—Ca(l)
AG° = —0.6 eV (6)
0.020 | | | |
— 1
0015 | i Eo~*— — Hb—Ca(l) 2= 5, E?~—g — Calll)
AG® = —1.7 eV (7)
0.010 A =
@)
<1 0.005 1 B Eo*—B — Hb—Cql) + NayEDTA
o000l =z . — E0® - — Hb—Cd(l) + NapEDTA
Decomposition products (8)
-0.005 , T 1 u
-0.5 0 0.5 1 L5 2 The distance between the eosin chromophore anchored
(B) Time / ms to the cysteine residue in position 93 @fHb, and the re-

constituted Co(ll)-protoporphyrin IX isl=12.87 A. The

Fig. 3. (A) Transient corresponding to the recombination of the primary ET rate bet d t - . by M
photoproducts Zn(Il)-P *~V/* *~Mb in the absence of Ru(N§E*, curve rate between a donor—acceptor pair 1s given by Mar-

(a), and in the presence of variable concentrations of Ru[@H(b) cus equationi=q. (9)’ Wh_ere dis the distance separating the
1x 1073 M; (c) 1 x 1072 M; (d) 3 x 10~2 M. Recombination is followed donor—acceptor paik, is the van der Waals distance be-

at ,=670 nm {e&=550 nm). (B) Transient decay of the long-ived tween the reactants pair (ca. 3 A),GO and A are the free
photoproducts Zn(Il)-P*~V?*-Mb and Ru(NH);* generated by the  energy change and the reorganization energy accompanying
vectorial ET. the ET process, respectiveliag® is the electronic cou-
pling between the reactants, afds the decay constant of
units. By the application of an electron acceptor unit that the electronic coupling with distance. The redox potentials
exhibits catalytic properties upon the acceptance of an elec-of the redox species participating in the ET in the photoen-
tron, photoinduced catalytic transformation may be driven. zyme EG——3-Hb—Co(ll) are:E°(Co(ll)/Co(l)) = —0.61 V;
Proteins and specifically hemoproteins were reconstituted e°(Ee?2~/Eo*)=—0.90 V and E(Eo */Ec?)=1.10 V.
with SynthetiC phOtOSGnSitizer and eleCtron'aCCGptor UnitS,These values translate to free energy Changes accompa-
and the photoinduced ET and charge separation in thesenying the ET reactions summarized #qs. (6) and (7)
systems was demonstratdti7]. Hemoglobin, Hb, is a  of AG°=-0.6 and—1.7 eV, respectively. Assuming that
tetrameric hemoprotein consisting of twoand twop sub-  the electronic coupling and its distance-dependent decay
units. In the present detailed example, the hemoglobin, Hb, for the forward ET-quenching and recombination processes,
composite tetramer was separated into its sub-componentsgqs. (6) and (7)are equal, the reorganization energycan
and the heme site of the-Hb-unit was substituted with  pe expressed in terms &fy. (10) where AGq® and AGy°
Co(ll)-protoporphyrin IX @), according toFig. 4A). The correspond to the free energy changes accompanying the
single eosin maleimide chromophorg),(was covalently  ET transfer quenchinggq. (6)and recombinatiorEq. (7)
linked to the cysteine-93 amino-acid residéég. 4(A), to respectively. Substitution of the respective values indicates

yield the photoactive photosensitizer-relay-functionalized that the reorganization energy associated with ET in the pro-
protein. The photophysical characterization of the semi- tein is) = 1.1+0.1 eV.

synthetic -hemoglobin-derived protein reveals that upon

photoexcitation of the eosin chromophore the excited triplet a3\ Y2

state transfers an electron to the Co(ll)-protoporphyrin IX kET = (m) Hpg
site, Eq. (6) By comparing the triplet lifetime of the eosin

chromophore linked t@-apo-hemoglobin to the lifetime x exp{—pB(d —do)}eXDL
of the photosensitizer in the organized?Eef-Hb—Co(ll)

o} 2
AG +A)J ©

A0 kg T
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Fig. 4. (A) The reconstitution of app-hemoglobin with Co(ll)-protoporphyrin IX and its site-specific modification with the eosin photosensitizer. (B)
Transient recombination of the photogenerated redox specie$-Bdib—Co(l) followed ath =395 nm {ex =532 nm).

AGP? — AGY? H», Eq. (11)
A= kg AGy—AGq (10)
4kgT (|n R )

The reduction of the oxidized chromophore by the sac-

E® B — Hb—Cal) "> E? -8

n
rificial electron donor, NsEDTA, Eq. (8) accumulates the —Hb—Calll)-H > Eo*™—B — Hb-Callll) + Hp (11)
reduced Co(l)-protoporphyrin center. The reduced species

is depleted with time with the transformation of the metal-  Photogeneration of #in the system proceeds, however,
loporphrin state to Co(lll)-protoporphyrin IX. Furthermore, at a very low quantum yield, ca.>210-4, although the
continuous irradiation of the Eo—B-Hb—Co(ll) photoen- reduced species in the system, Co(l)-protoporphyrin IX is

zyme reveals that hydrogen {Hs generated in the system. formed at a substantially higher quantum yield that corre-
Accordingly, the formation of hydrogen and the depletion of sponds top=1.4x 10~2. As the formation of the hydride
the reduced Co(l)-protoporphyrin species are attributed to is known to proceed efficientlk ca. 18 M~1 s71, the ex-

the transformation of the photogenerated Co(l) product to a perimental observation suggests that the protonatlon of the
Co(lll)-hydride species that undergoes protonation to form Co(lll)-hydride is slow. Thus, the utilization of the hydride
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yields an organized assembly where effective charge separa-
tion is accomplished. The catalytic function of the reduced
species enabled us to tailor a ‘photoenzyme’ that drives the
light-induced hydrogenation of acetylene.

3. Metal nanoparticle arrays crossinked with
transition metal complexes

Ethylene / pumole

3.1. Au-nanoparticle arrays crosslinked with a
Pd(l1)-square complex for sensor applications

Transition metal complexes might act as useful building

0 %0 1(_)0 15(_) 200 230 blocks for the construction of functional nanostructures. Re-
Time / min cent research efforts are directed to the ‘bottom-up’ organ-
Fig. 5. Rate of light-induced hydrogenation of acetylene to ethylene by: (a) ization of nanoparticle arrays on surfaces, aimed to generate
The EG~—B-Hb—Co(ll). (b) By diffusional eosin, Eo’, and@-Hb—Co(ll). nanoarchitectures of unique electronic, sensoric, optical and
All experiments were performed in phosphate buffer, 0.1 M, pH 7.5, in photoelectrochemical properti¢s3,19] We applied oligo-
the presence of N&DTA, 1x 102 M under acetylene. cationic transition metal complexes as functional units for

tailoring of layered arrays of citrate-capped Au-nanoparticles

in another chemical path (e.g. insertion of a substrate into (diameter 121 nm) [20]. The Pd(Il)-square complex
the metal-hydride species), could lead to new photochem- [(En)Pd(4,4-bipy)]a(NOs)s (4), was applied to construct the
ically driven chemical transformations. Indeed, irradiation layered Au-nanoparticle arrafig. 6. A primary citrate-

of the EG~—B-Hb—Co(ll) and NaEDTA in the presence of ~ capped Au-nanoparticle layer was assembled on a positively-
acetylene results in the formation of ethylene, and the H charged propylammonium siloxane film associated with
evolution process is fully blockedkig. 5, curve (a), shows  transparent ITO glass surfaces. The resulting nanoparticle
the yield of the ethylene at time intervals of illumination. layer associated with the surface was then interacted with the
The quantum vyield for ethylene formationgs=1 x 102 oligocationic Pd(Il)-square complex§)( to yield the elec-

ca. 50-fold higher than the yield of4&volution in the ab- trostatically linked metal complex on the nanoparticles. The
sence of acetylene. Control experiments revealed that nointerface was further reacted with the negatively-charged
ethylene is generated in the system in the dark or upon ir- Au-particles to generate a second nanoparticle layer cross-
radiation in the absence of hNBDTA. These control exper-  linked to the first Au-nanoparticle layer by the Pd(ll)-
iments imply that ethylene is generated by a light-induced complex. Thus, by a stepwise deposition process a controlled
process, and that the steady-state formation of the Co(l) (ornumber of Au-nanoparticle layers can be deposited on the
Co(lll)-H) product is essential. Accordingly, the production surface.Fig. 7(A) shows the cyclic voltammograms of the
of ethylene is attributed to the insertion of acetylene into the Au-nanoparticles upon the build-up of the array. The cyclic
Co(llN)-hydride species, followed by the protonation of the Voltammograms correspond to the reduction of the sur-

alkenyl complex to ethylené&q. (12) face oxide layer associated with the particles and the back
oxidation of the surface ions. It is evident that the ampero-
E02‘—B — Hb—Calll)-H + CyHs» metric responses of the Au-nanopatrticle array increases as
H+ the number of Au-particle layers is elevated. Knowing the
— E0""—B — Hb—Ca(lll )~ (CH=CHp) — E* diameter of the nanoparticles &2 nm), and assuming that
—Hb—Calll) + CHy=CH, (12) the voltammetric wave corresponds to the oxidation of all

surface Au(l)-ions (and only the surface ions!), the surface

Fig. 5 curve (b), shows the rate of ethylene formation coverage of the Au-nanoparticles correspond tox01®
upon the irradiation of a reference system consisting of the particles cm? per layer. The fact that the voltammetric
eosin chromophore, Eo, and Co(ll)-protoporphyrin X response of the layered array increases almost linearly
in the absence of the protein matrix. Only a trace amount with the number of layers implies that the array exhibits
of ethylene is formed. Time-resolved laser flash photolysis three-dimensional conductivity. It should be noted that the
experiments reveal that no separated photoproducts are defd)-crosslinked array should not be considered as an ordered
tected, indicating that the photoproducts®aand Co(l)- nanoparticle array but as an aggregated three-dimensional
protoporphyrin IX species recombine on a sub-nanosecondstructure, where each layer is almost saturated with the
time-scale. The rapid recombination of the diffusional Au-nanoparticlesFig. 7(B) shows the absorbance spectra
species prevents the secondary chemical transformationof the array upon the build-up of the nanoparticle array. We
e.g. hydrogenation of acetylene. Thus, the assembly ofobserve an increase in the plasmon absorbanée=2618
the photosensitizer—Co(ll)-protoporphyrin functional units nm upon increasing the number of Au-nanopatrticle layers.
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Fig. 6. The stepwise assembly of a layered Au-nanoparticle array using the Pd(ll)-square cathplexrosslinker.

We also observe that upon increasing the number of Au- 3.2. Au-nanoparticle arrays crossiinked with

nanoparticle layers a new absorbance-band-a650 nm photosensitizer—el ectron-acceptor units for

is detected, and its intensity is enhanced as the numberphotoelectrochemical applications

of layers is elevated. This absorbance band is attributed

to an interparticle plasmon exciton coupling that is fa-  The assembly of nanoparticles, especially semiconductor
cilitated upon the aggregation of the nanoparticles. Thus, nanoparticles, attracts substantial research efforts directed to
the optical properties of the nanoparticle array may be the preparation of photoelectrochemical functional systems
tuned by the number of Au-nanoparticle layers. While a [21]. The possibility of generating molecular crosslinked
low number of layers exhibit a red color, the surface turns nanoparticle arrays was utilized to assemble nanoparti-
blue when 6-8 layers of the nanoparticles are immobilized cle arrays exhibiting photoelectrochemical functionalities
on the surface. The three-dimensional conductivity of the [22]. The photoactive photosensitizer—electron-acceptor
Pd(ll)-square-crosslinked Au-nanoparticle array enables thebis-bipyridinium-Zn(ll)-protoporphyrin IX 1), was used as
electrochemical sensing of a redox-active substrate that isa polycationic crosslinking unit of Au-nanopatrticle layers,
encapsulated in the transition metal complex unit. We find Fig. 8 The base Au-nanoparticle layer, associated with
that p-hydroquinone binds to the Pd(ll)-square complex, a propylammonium siloxane film linked to an ITO elec-
whereaso-hydroquinone lacks affinity for the crosslinking trode was reacted withl] and then interacted with the
metal complex. This allowed the selective electrochemical Au-nanoparticles. Using a layer-by-layer deposition process
sensing ofp-hydroquinone in the concentration range that a controlled number of Au-nanoparticle layers crosslinked
corresponds to 210~ to 1.2x 10°% M. The selective by (1) is generated on the transparent ITO conductive glass
binding of p-hydroquinone as compared ¢ehydroquinone support[21]. Fig. YA) shows the absorbance spectra of
is explained by the accommodationwhydroquinone ina  the (1)-crosslinked Au-nanoparticle array. The plasmon ab-
diagonal configuration in the Pd(ll)-square, a binding motif sorbance of the Au-nanoparticles=518 nm, increases

that is not accessible hydroquinone. in its intensity upon the build-up of the layers. The new
0.4
100}
[}]
e
<
=0 S
~ [
- o
3
-100f <
-200 : : : 0.0b— L . .
0 0.5 1.0 1.5 400 600 800
(A) E/V (B) A/nm

Fig. 7. (A) Cyclic voltammograms corresponding to the layer&dc(osslinked Au-nanoparticle array upon the build-up of 1-5 Au-nanoparticle layers
(curves (a)—(e)). Data recorded in 1.0 M$0y, scan rate 50 mV . (B) Absorbance spectra of the layeret)-¢rosslinked Au-nanoparticle assembly
consisting of 1-5 Au-nanoparticle layers (curves (a)—(e), respectively).
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Fig. 8. The assembly of a layered Au-nanoparticle array crosslinked by the bis-bipyridinium-Zn(ll)-protoporphytjrokXt{e catenated bis-bipyridinium
cyclophane Ru(ll)—tris-bipyridine5j acting as photosensitizer—electron-acceptor dyads.

absorbance band at= 650 nm is intensified as the number The electrostatic bridging of the particles by the many
of aggregated Au-nanoparticle layers is elevated. This bandmolecular crosslinking units leads to the high stability of the
is attributed to the coupled interparticle plasmon excitation, a layered arrays. The layered Au-nanoparticle structures can
process that is facilitated as the aggregation of the particles isbe removed from the ITO plates only by physical scratching.
enhancedrig. AB) depicts the cyclic voltammograms of the The photosensitizer—electron-acceptor-crosslinked Au-
bipyridinium sites of the crosslinking units upon the build-up nanoparticle array exhibits photoelectrochemical activity.
of the Au-nanoparticle layers. The voltammetric response of Fig. 10(A) shows the photocurrent action spectra of one- and
the bipyridinium components increases almost linearly as thefour-layer ()-crosslinked arrays of Au-nanoparticles re-
number of Au-nanoparticle layers is elevated. This implies sulting from the irradiation of the functionalized electrode
that the Au-nanoparticle array exhibits three-dimensional in the presence of N&DTA as sacrificial electron donor.
conductivity, and that all molecular crosslinking units ©f (  The photocurrent spectrum follows the absorbance features
reveal electrical communication with the bulk ITO electrode of the Zn(ll)-protoporphyrin IX chromophore, implying
through the Au-nanoparticles. Coulometric assay of the that the photocurrent originates from the photoexcitation of
reduction (or oxidation) wave of the bipyridinium units in- the Zn(ll)-porphyrin chromophorefrig. 10B) shows the
dicates a surface coverage @j per layer that corresponds light-switchable photocurrents originating from the irradi-
to 2 x 10 mole cnm?2. Fig. 9C) shows the cyclic voltam-  ation of (1)-crosslinked Au-nanoparticle arrays consisting
mograms of the Au-nanoparticles upon the assembly of the of 4 layers. The photocurrent increases, albeit non-linearly,
(1)-crosslinked layers. By the coulometric assay of the ox- with the number of crosslinked Au-nanopatrticle layers in
idation wave of the surface-confined Au(l) ions, and know- the arrays. The photocurrent in the system is controlled by
ing the size of the Au-nanoparticles, we estimate the surfacethe potential applied on the electrode. B —0.55 V vs.
coverage of the Au-particles to be 0«8L0 particles cni? SCE a sharp decrease in the photocurrent is observed, and at
per layer. That is, ca. 250 units of the crosslinkBrdre as- more negative potentials the photocurrent is fully depleted.
sociated with each particle in the crosslinked layered array. That is, a sharp decrease in the photocurrent is observed
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Fig. 9. (A) Absorbance spectra corresponding to the layefigetrpsslinked Au-nanoparticle array, (a)—(e), 1-5 Au-nanoparticle layers. (B) Cyclic
voltammograms corresponding to the bipyridinium units of the dyddupon the build-up of 1-5 Au-nanoparticle layers (curves (a)—(e), respectively).
Voltammograms were recorded under argon in 0.1 M phosphate buffer solution, pH 7.2, scan-rate 100 (@VGyclic voltammograms corresponding

to the Au-nanoparticles in the layeret){crosslinked Au-nanoparticle assembly. Voltammograms (a)—(e) correspond to 1-5 Au-nanoparticle layers. Data
were recorded in 1.0 M $80y, scan-rate 50 mV &
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~
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g 7
= chromophore results in the intramolecular ET quenching by
8 15 the bipyridinium units. Reduction of the oxidized chro-
% 1 mophore by the N&EDTA electron donor, and the con-
f comitant ET from the reduced bipyridinium units to the
0.5+ conductive Au-nanoparticles, and from them to the electr-
o ode, leads to the observed photocurréig, 10(C). Biasing
0 1 2 3 4 5 the electrode potential to the negative value that reduces
(B) Time /s the bipyridinium units to the respective radical cations,
h blocks the intramolecular ET and the Au-nanoparticle-
v .
mediated charge transport to the electrode, and thus the
e generation of the photocurrent is perturbed. Similar results
were observed upon the application of the bis-bipyridinium
cyclophane catenated Ru(ll)-tris-bipyridine comple), (
e Na,EDTA Fig. 8 The oligocationic supramolecular complex acts as
a crosslinker of the layered Au-nanoparticle array. Pho-
Oxidized toexcitation of the Ru(ll)-tris-bipyridine chromophore re-
O~ g/~ NH, products sults in ET to the threaded bipyridinium cyclophane elec-
R tron acceptor. Reduction of the oxidized photosensitizer
3 :2:5=~/\,NH3" followed by ET from the acceptor to the electrode, through
s the three-dimensional Au-nanoparticle conductive array,
"‘Slf\/‘NHa*' . .
075 \/ yields the photocurrengig. 11
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Fig. 10. (A) Photocurrent action spectra @j-crosslinked Au-nanoparticle 4. Photoswitchable electrical transduction of recorded

structures associated with an ITO electrodes and consisting of: (a) photonic sgna!s usng a n_'trO_Sp'rOpyr an/pyridine

One layer of Au-nanoparticles with electrostatically adsort®d (b) A monolayer as light recording interface and cytochrome
four-layer (1)-crosslinked Au-nanoparticle array. (B) Light-induced ‘ON'  ¢/cytochrome oxidase as biocatalytic transducing

and ‘OFF’ photocurrents of a four layet)(crosslinked Au-nanoparticle cascade

assembly associated with an ITO electrode. (Irradiation &t544 nm).
(C) Schematic photoinduced ET mechanism in the layetpdrpsslinked

Au-nanoparticle array leading to the generation of the photocurrent. Hemoproteins play a central role in biological processes

and act as oxygen or NO carriers, e.g. hemoglobin, ET
at the redox-potential characteristic to the bipyridinium units cofactors, e.g. cytochronggCyt. c) and bioelectrocatalysts,
that crosslink the Au-nanoparticle array. This enables us toi.e. cytochrome P-450. The Cwt. cofactor is an interest-
formulate the mechanism for the formation of the current ing hemoprotein as it activates many redox-enzymes by
in the system. Photoexcitation of the Zn(ll) porphyrin IX mediated ET. The heme site of Cytis shielded towards di-
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Fig. 12. (A) Photoswitchable ‘ON’ and ‘OFF activation and deactivation of the electrical contact between a redox protein and an electrode. (B)
Photoswitchable activation and deactivation of the electrical contact of cCghd an electrode, and of the secondary Qytediated biocatalyzed
reduction of @ by COx, using a functional pyridine-nitrospiropyran photoisomerizable mixed monolayer electrode.

rect ET communication with electrode supports. Structural monolayer in state ‘A’, resulting in the dissociation of Cyt.
alignment of the Cytc on electrodes by the site-specific ¢ from the electrode, and the blocking of its electrical com-
covalent anchoring of the hemoprotein mutants to the munication with the electrode. Thus, the optical activation
conductive support, or the supramolecular binding of the of the electrical communication between the Qyand the
hemoprotein to molecular promoter units associated with electrode in the system yields ‘Write’ and ‘Read’ functional-
the electrode, enabled the establishment of electrical contacities of the assembly, whereas the secondary back isomeriza-
between the heme site of Cytand the electrodg23]. tion and dissociation of Cyt from the electrode represents
The ability to control the electrical contact of Cgtwith the ‘Erase’ function of the system. The electrical contact be-
electrodes by means of surface modifiers, together with thetween Cyt.c and the electrode in configuration ‘B’, allows
ET functions of Cyt.c in the activation of redox-enzymes, the secondary Cyt-mediated activation of an enzyme cas-
turns the hemoprotein into an attractive functional compo- cade. For example, reduced Cgtcould mediate the ET to
nent to design optobioelectronic systefi®4,25] Fig. 1A) cytochrome oxidase (COx) and the activation of the biocat-
depicts schematically the assembly of an optobioelectronic alyzed reduction of @to H,O. As a limited number of pho-
device based on Cyt.for the amplified amperometric trans-  tons affects the photoisomerization of the monolayer to state
duction (readout) of recorded photonic informatjaf]. The ‘B’ that activates the biocatalyzed reduction of @ water,
electrode is functionalized by a photoactive modifier that and the formation of numerous product molecules as a re-
undergoes photoisomerization between the states ‘A’ andsult of the photonic process, the latter electron-transfer pro-
‘B'. In state ‘A’ of the monolayer no affinity interaction be-  cess represents the amplified electronic transduction of the
tween Cyt.c and the modifying monolayer exists, and thus recorded photonic information. Thus, the photoisomerizable
Cyt. c lacks electrical communication with the electrode. monolayer associated with the electrode acts as a ‘command
Photoisomerization of the monolayer to state ‘B’ results in interface’ for the photoswitchable control of the electrical
the affinity binding of Cytc to the electrode. The structural communication between Cyt.and the electrode.
alignment of the hemoprotein on the electrode surface acti- A system that enables the photoswitchable activation
vates the electrical contact and communication between theand deactivation of Cytc is depicted inFig. 12B). A
heme site and the electrode. Further photoisomerization ofmixed monolayer consisting of mercaptopyridir® éand
the monolayer, at a second wavelengtlvy), restores the  the photoactive protonated nitromerocyanine unif@) (
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Fig. 13. (A) Cyclic voltammograms of Cyt. in the presence of: (a) The pyridine-protonated nitromerocyanine mixed monolayer-functionalized electrode.
(b) The pyridine-nitrospiropyran monolayer-functionalized electrddset: cyclic ‘ON’ and ‘OFF’ activation of the electrical contact of Cyd.and the
electrode by the reversible photoisomerization of the mixed monolayer. (B) Cyclic voltammograms corresponding to: (a) The electrical resgonse of t
system consisting of Cyt and COx under oxygen in the presence of the pyridine-protonated nitromerocyanine monolayer-functionalized electrode. (b)
The system consisting of Cyt.and COx under oxygen in the presence of the pyridine-nitrospiropyran-functionalized electrode. (c) The system consisting
of Cyt. c only in the presence of the pyridine—nitrospiropyran-functionalized electtodg: Cyclic photoswitchable amperometric responses of the Cyt.
c/COx/O, system upon the reversible photoisomerization of the mixed monolayer-functionalized electrode.

was assembled on an Au-electrode. At neutral pH, Cid. be reversibly switched between the ‘OFF’ and ‘ON’ states,
positively-charged, and thus is electrostatically repelled from respectively,Fig. 13A), inset. Since Cytc acts as an ET
the electrode surface. Consequently, @ytacks electrical mediating cofactor to different redox-proteins, the elec-
communication with the electrode, and its redox activity is trically contacted Cytc configuration may be coupled to
switched-off. Photoisomerization of the monolayer to the the activation of an enzyme cascade. The activation of
nitrospiropyrant{b)/mercaptopyridine composite resultsina a biocatalytic process represents an amplification route
neutral monolayer interface. As pyridine is known to act as a since the photonic activation of the command monolayer
molecular promoter for the redox-activation of Cgtthe as- interface by a limited number of photons results in the
sociation of Cytcto the pyridine sites is anticipated to align formation of numerous product molecules by the biocat-
Cyt. con the electrode, and to switch-on the redox functions alytic process. Accordingly, COx, was included as the
of the hemoprotein. Subsequent photoisomerization of the biocatalyst that reduces,Qo water. It is known that COx
monolayer to the mercaptopyridine/protonated nitromero- by itself lacks direct electrical contact with electrode sur-
cyanine state,7@), is expected to result in the electrostatic faces, but Cytc mediates ET to COx, and activates the
repulsion of Cyt.c from the electrode, and the blocking of enzyme towards the reduction of,OThus, in the pres-
its electrical contact with the electrodeig. 13A), curve ence of the mercaptopyridine—nitrospiropyratn)( mono-

(a), shows the cyclic voltammogram of the electrode func- layer, where the redox functions of Cytare switched-on,
tionalized by the composite mercaptopyridine-protonated the mediated reduction of COx is feasible, resulting in

nitromerocyanine monolayer in the presence of CyiNo the biocatalyzed reduction of Oto H,O», Fig. 12B).
electrical response of the heme site is detected, consistenfThat is, the photonic activation of the monolayer to the
with the electrostatic repulsion of Cyt from the elec- mercaptopyridine—nitrospiropyran sta#) allows the vec-

trode. The electrode was then photoisomerized,475 torial ET in the Cyt.c/COx/O, system, a process that leads
nm, to the mercaptopyridine-nitrospiropyran statéb)( to the amplified amperometric transduction of the recorded
Fig. 13A), curve (b), shows the cyclic voltammogram photonic stimuli. On the other hand, in the presence of the
of the modified electrode in the presence of Gyt.The mercaptopyridine-protonated nitromerocyanin&) ( state
quasi-reversible redox-wave Bt =0.012 V, indicates that  of the monolayer, the electrical communication between
the heme site exhibits effective electrical communication Cyt. ¢ and the electrode is blocked, and thus the secondary
with the electrode. Further irradiation of the monolayer, activation of the biocatalyzed reduction of, @ prohib-
320<A <380 nm, results in its back isomerization to the ited. Fig. 13B), curve (a), shows the cyclic voltammo-
mercaptopyridine-protonated merocyanin&g)( configura- gram of the mercaptopyridine-protonated nitromerocyanine
tion. Formation of the positively-charged interface results monolayer-electrode in the presence of Gytand COx.

in the dissociation of the hemoprotein from the pyridine No electrical response is observed, consistent with the lack
sites, and the disappearance of the electrical communicationof electrical contact between Cyt.and the electrode. The
between Cyt.c and the electrode. By the cyclic photoi- lack of redox activity of Cyt.c prohibits the mediated
somerization of the monolayer between the protonated biocatalyzed reduction of £ and the biocatalytic cas-
nitromerocyanine state7d), and the nitrospiropyran config-  cade is switched-off. Photoisomerization of the monolayer
uration, {rb), the electrical response of the hemoprotein can to the nitrospiropyran 7p) state results in the electrical
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Fig. 14. Schematic photonic activation of the vision process.

communication between Cyt and the electrode and the includes the pyridine receptor sites, duplicates the functions
secondary activation of the biocatalyzed reduction ef O of the retinal chromophore and the surrounding membrane.
to HZO This is evident by the development of an electro- Cyt ¢ mimics the functions of Protein G in the activation
catalytic cathodic current at the redox-potential of Qyt.  Of the enzyme cascade. The secondary CQs3tem acts
Fig. 13B), curve (b). By the cyclic photoisomerization of ~as the biocatalytic amplification unit that generates current,
the mono|ayer associated with the electrode between theinstead of C'GMP, the neurotransmitter, in the native vision
protonated merocyaningd) state and the nitrospiropyran Process.
configuration {b), the bioelectrocatalytic transformation
involving the Cyt.c-mediated biocatalyzed reduction 0O 5 Conclusions
can be reversibly switched between ‘OFF’ and ‘ON’ states,
respectivelyFig. 13B), inset. For comparison, the electro- The present article has demonstrated means to tailor direc-
chemical response of the Cytunder the same experimen- tional (vectorial) ET reactions in tailored protein assemblies
tal conditions, and upon exclusion of COx is depicted in and supramolecular architectures of nanoparticle arrays. The
Fig. 13B), curve (c). Clearly, the coupling of Cyt.to the understanding of the fundamental mechanistic feature of ET
secondary biocatalyzed cascade that includes COx and O in these systems enabled us to develop new photocatalytic
results in an amplified amperometric response due to theprotein assemblies, organized arrays for photoelectrochem-
electrocatalytic turnover of COXx. istry, and optoelectronic systems for optical recording and
The latter system, where the amplified electronic (amper- processing. The study has demonstrated that the incorpora-
ometric) transduction of recorded photonic signals is accom- tion of photosensitizer—electron relay units in proteins leads
plished by the tailored mercaptopyridine/nitrospiropyran to the effective stabilization of photoinduced ET products
monolayer/Cytc/COx, O, represents an optobioelectronic against back ET. The stabilization of the photogenerated re-
assembly mimicking the vision process. In the vision pro- dox species against recombination enables the use of the
cess, the retinal chromophore embedded in the membraneaeactive species for subsequent chemical transformations.
undergoes photoisomerization resulting in a structural Specifically, the incorporation of Co(ll)-protoporphyrin IX,
change in the membranEig. 14 The structural change of  acting simultaneously as electron acceptor site and catalytic
the membrane results in the association of Protein G. Theunit, into apoB-hemoglobin and the site-specific covalent
bound Protein G activates an enzymatic cascade that transanchoring of the eosin chromophore to the protein has led to
forms GMP to c-GMP that activates the neural response. the preparation of a photoenzyme that stimulated the photo-
Thermal relaxation of the chromophore to its original form chemical hydrogenation of acetylenes. A different concept
leads to the dissociation of Protein G and to the blocking of for utilizing vectorial ET in a protein assembly involved the
the secondary biocatalyzed generation of c-GMP. Thus, in development of an optobioelectronic system where photonic
the artificial system, the photoisomerizable monolayer that signals recorded by the system are electronically transduced
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and amplified by a biocatalytic ET cascade. The system [8] (a) D. Mandler, Y. Degani, . Willner, J. Phys. Chem. 88 (1984) 4366;

revealed Write—Read—Erase functionalities and it may be
considered as an optobioelectronic system for optical infor-

mation storage and processing.
Finally, the assembly of layered arrays consisting of

molecular crosslinked Au-nanoparticles on transparent ITO
electrodes was discussed. The layered structures reveal

three-dimensional conductivity and tunable optical proper-
ties. By the crosslinking of the Au-nanoparticle layers with

photosensitizer—electron-acceptor units, functional arrays

with tunable and controlled photoelectrochemical functions
were tailored.

The different systems introduce new facets to the rapidly
developing areas of nanobiotechnology and nanotechnology.

Proteins functionalized with molecular units, supramolec-

ular complexes and functionalized nanoparticles, provide

building units that, upon integration with surfaces or elec-
tronic transducers, will yield ‘smart devices’ with novel

photocatalytic, optoelectronic, photoelectrochemical and

sensoric functions.
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