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Abstract: In green plants, solar-energy utilization is accomplished through a cascade of photoinduced electron
transfer, which remains a target model for realizing artificial photosynthesis. We introduce the concept of biocatalyzed artificial photosynthesis through coupling redox
biocatalysis with photocatalysis to mimic natural photosynthesis based on visible-light-driven regeneration of
enzyme cofactors. Key design principles for reaction
components, such as electron donors, photosensitizers,
and electron mediators, are described for artificial photosynthesis involving biocatalytic assemblies. Recent research outcomes that serve as a proof of the concept
are summarized and current issues are discussed to provide a future perspective.
Keywords: biocatalysis · electron transport · photocatalysis · photosynthesis · redox chemistry

Introduction

components. The sunlight collected by the light-harvesting
antennae in photosystem II leads to the excitation of chlorophyll molecules (P680!P680*), which promotes the oxidation of water (H2O!0.5 O2 + 2 H + + 2 e). The excited electrons from photosystem II are re-excited by the light-harvesting complex (P700!P700*) in photosystem I through
the electron-transport chain. Ultimately, solar energy is
stored in energy-rich biomolecules, such as ATP and
NAD(P)H cofactors, as a result of photosensitized reactions
through a cascade of wireless electron transfers. The cofactors further work as a reducing chemical for the reduction
of CO2 to carbohydrates through a series of light-indepenACHTUNGREdent, redox enzymatic reactions in the Calvin cycle. The natural photosynthesis through the Z-Scheme serves as an elegant example of how a fine nexus between photocatalysis
and biocatalysis could be designed.[3]
The unique features (e.g., near-unity quantum yield and
environmental compatibility) of natural photosynthesis have
fascinated scientists in the past decades, and many efforts
have been devoted to imitating the photovoltaic effect in
nature. Thus, the utilization of solar energy, through photoinduced electron transfer, remains a target model for the development of artificial photosynthetic systems that utilize
solar light as a sustainable and environmentally benign
energy source.[4–7] The conversion of photon energy into

Sunlight is the most abundant renewable-energy resource
available on earth. The enormous energy of approximately
1.2  105 TW is delivered continuously from sun to earth,
and exceeds the rate of humanenergy consumption by 106
times.[1, 2]Most solar energy,
however, just passes through
the earth by reflection or radiation, and less than 1 % of the
energy is utilized by activities
on earth such as natural photosynthesis. The photosynthesis in
green plants occurs through a
complex cascade of photoinduced energy-transfer steps,
mainly composed of light and
dark reactions (also known as
the Calvin cycle), as depicted in Scheme 1. Schematic illustration of natural photosynthetic pathway with light reaction (Z-Scheme) and dark
Scheme 1. The light reaction reaction (Calvin cycle). During the photosynthetic process, photon energy is absorbed by dye-sensitized photooccurs through the Z-scheme, systems (i.e., PS II and I), and the electrons generated from water oxidation by the oxygen-evolving complex
+
consisting of two photosystems are transferred to NADP reductase by means of an electron-transport chain comprised of pheophytin, plasto(I and II) that contain an quinone, membrane-bound iron–sulfur proteins, and Ferredoxin. The excited electrons were used to regenerate
NADPH and ATP for the reduction of carbon dioxide to carbohydrate in the Calvin cycle.
oxygen-evolving complex, lightharvesting antennae, and an
electron-transport chain as key
electricity has been realized by the development of solar
cells; in particular, the very concept of dye sensitization in
natural photosynthesis is mimicked by dye-sensitized solar
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natural photosynthesis.[5, 8] Conventional approaches in artificial photosynthesis focus mainly
on how to make a photoinduced electron-transfer reaction
more efficient, and the final
destination of photoexcited
electrons is often limited to fuel
production
(e.g.,
H2
or
CH3OH). While natural photosystems hint at the design of
solar-energy storage in connection to enzymatic catalysis, they
are too complex to be directly
coupled with synthetic biocatalysis. Biocatalyzed artificial photosynthesis attempts the construction of a photobioreactor
Scheme 2. Visible-light-driven chemical synthesis in natural photosynthesis and biocatalyzed artificial photosystem that mimics the synthetsynthesis. In a simplified view, the DACHTUNGRE(donor)–P(photosensitizer)–AACHTUNGRE(acceptor) assembly in natural photosyntheic part of natural photosynthe- sis is composed of a water-splitting catalyst as the donor, photosystems as the photosensitizer, and the Calvin
sis through an integral coupling cycle as the acceptor. In biocatalyzed artificial photosynthesis, the natural photosystems (II and I) are replaced
of photocatalysis and biocataly- by man-made photosensitizers. Finally, the synthetic part of the photosynthetic system is replaced by redox ensis cycles, with the ultimate goal zymatic reactions.
of utilizing solar energy for the
synthesis of fine chemicals and
fuels, as depicted in Scheme 2. This process is accomplished
by visible-light-driven regeneration of biochemical cofactors,
such as NAD(P)H, through photosensitization by organic
dyes or inorganic semiconductors. The excited electrons generated by the photosensitization are stored in the form of
NAD(P)H and the reducing power is consumed during
redox enzymatic reactions.
Redox enzymes (or oxidoreductases) can catalyze highly
sophisticated reactions that conventional chemical catalysts
are unable to catalyze.[9] Despite their potential in complex
organic synthesis, they often require the supply of a stoichiometric amount of expensive cofactors that have two contrary
states (i.e., oxidized vs. reduced) for their catalytic activities.
Scheme 3. Photoinduced electron transfer in biocatalyzed artificial photoThus far, numerous efforts have been made in the developsynthesis through a cascade comprised of an electron donor, photosensiment of in situ regeneration of cofactors from its consumed
tizer, Rh-based electron mediator (M), nicotinamide cofactor, and redox
counterpart toward the practical application of oxidoreducenzyme.
tases in the biocatalytic industry.[10, 11] While conventional cofactor regeneration methods, such as the use of a secondary
such as electron donors, photosensitizers, and electron medienzyme, have the drawbacks of biocatalyst instability, low
ators for photoinduced electron transfer and cofactor regenspecific activity, and limited applications,[9, 12] photochemical
eration. While artificial photosynthesis using biocatalytic ascofactor regeneration in biocatalyzed artificial photosynthesemblies hints at the utilization of solar energy through cousis provides an opportunity to utilize clean and abundant
pling photocatalysis and enzymatic catalysis, the technology
solar energy by mimicking natural photosynthesis. In photois still in its infancy and there remain many challenges to adchemical cofactor regeneration, the electron-transfer casdress that will be discussed as future perspectives.
cade is initialized by photosensitization, and the excited
electrons in the photosensitizer are transferred to the electron mediator, while electron donors compensate for the
electron depletion in the photosensitizer, as illustrated in
Electron Donors and Mediators
Scheme 3. The reduced mediators then reduce cofactors to
drive the biocatalytic reaction with redox enzymes. In this
Electron donors: For sustainable photosynthesis, an electron
article, we describe the concept of about how to design the
donor should provide electrons continuously to the ground
key components of biocatalyzed artificial photosynthesis,
state of a photosensitizer (Scheme 4, Path I). In natural pho-
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Scheme 4. Possible pathways of electron flow during biocatalyzed artificial photosynthesis. Electrons from the oxidation of water or sacrificial
reagents (Path I) are excited by the photosensitizer (Path II) and transferred to an electron mediator or quenched to the ground state (Path III). The regeneration of NAD(P)H (Path IV) occurs through a gradient of electrochemical potential between the electron mediator and
NAD(P) + .

tosystem II, a calcium–manganese (CaMn4O5)-based complex supplies multiple electrons to chlorophyll through
water oxidation.[13–15] High-density photon flux is critically
needed for water splitting; four electrons are extracted rapidly by chlorophyll to form one oxygen molecule from the
oxidation of two water molecules.[16] The CaMn4O5-based
complex and light-harvesting antennae quickly transfer the
four electrons obtained from the water splitting to the electron-transfer chain, composed of pheophytin and plastoquinone. In artificial photosynthesis, man-made photosensitizers, such as organic dyes and semiconductor nanomaterials,
are employed to absorb photons as like chlorophyll in natural photosynthesis. To utilize water as an electron donor, cocatalysts that can play the role of the CaMn4O5-based complex in photosystem II are required, because most photosensitizers are incapable of catalyzing the rearrangement of
water molecules to produce oxygen. Thus far, many researchers have made efforts to develop efficient water oxidation catalysts that can mimic the oxygen-evolving complex
in nature. For example, metal oxide nanoparticles (e.g.,
IrO2, Co3O4, Mn2O3, and Fe2O3), metal-containing complexes (e.g., cobalt-phosphates (Co-Pi) and polyoxometalates), and molecular catalysts containing a single metal
(e.g., cobalt, iridium, ruthenium, and manganese) have been
tested for the acceleration of the rate of water oxidation.[17–22] However, the oxygen evolution rates obtained
with these catalysts are still much lower than those obtained
with photosystem II in green plants (turnover frequency ca.
25 s1). The density of electron transfer from water oxidation is often insufficient, because of the loss of photoexcited
electrons by back-electron transfer.
Due to the difficulties in using water as an electron
donor, most studies in biocatalyzed photosynthesis have involved organic sacrificial agents such as triethanolamine
(TEOA), triethylamine (TEA), ethylenediaminetetraacetic
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acid (EDTA), and ascorbic acid. These sacrificial electron
donors can facilitate efficient electron transfer to a photosensitizer, because only transfer of a single electron is
needed for the oxidation of an electron donor, while water
oxidation is based on four-electron transfer. In addition,
TEOA and TEA can coordinate easily with organic dyes
(e.g., metal-containing polypyridine or porphyrin complexes) by means of noncovalent interactions (e.g., axial ligation) between the metal center in organic dyes and the nitrogen atom in TEOA and TEA.[23, 24] Such interactions prevent nonproductive, back-electron transfer from the electron
mediator (or cofactor) to the photosensitizer, indicated by
the dotted arrows in Scheme 4. The decrease of back-electron transfer originates from the transformation of an intramolecular electron transfer to an inner-sphere one. Thus, organic electron donors can efficiently supply electrons to
photosensitizers, and the overall reaction is often thermodynamically downhill. However, the accumulation of an oxidized form, consisting primarily of useless chemicals, remains a challenge in the development of a sustainable photosynthetic system; for example, the oxidation of TEOA
(Eox ca. 0.673 V) and EDTA (Eox ca. 0.017 V) yields glycolaldehyde and formaldehyde, respectively.[25, 26]
Electron mediators: Electron mediators obtain electrons
from high-energy electron sources (i.e., photosensitizers), as
indicated in Scheme 4 (Path III). In natural photosystems,
high-energy electrons are transferred through an electrontransport chain and finally reduce ferredoxin, an iron–sulfur
protein. Ferredoxin, acting as an electron-transfer mediator,
reacts with ferredoxin–NADP reductase (FNR) to regenerate enzymatically active nicotinamide cofactors. Previously,
electron mediators, such as methyl viologen, a highly toxic
chemical, had been used for cofactor regeneration coupled
directly with enzymes (e.g., diaphorase, lipoamide dehydrogenase, and FNR), as illustrated in Scheme 5.[27, 28] In these
systems, electron mediators are photochemically reduced by
photosensitizers and work as an electron shuttle for redox
enzymes that provide catalytic activity to regenerate cofactors in an enzymatically active form. Thus, a redox enzyme
that is coupled with the electron mediator works as a catalytic assembly for photochemical regeneration of cofactors.
In the absence of enzymatic mediation, a direct electron
transfer from these mediators to the cofactors would occur,
decreasing the specificity and selectivity in the cofactor regeneration. Such direct reduction induces the formation of
isomers and dimers of reduced nicotinamide cofactors that
are not suitable for the dark reaction of redox enzymatic
synthesis.[29]
The use of a single regeneration catalyst is rather desirable for resolving the inherent short comings, such as the biocatalyst requirement as well as instability and separation
problems of enzyme-mediated cofactor regeneration.[30, 31]
For non-enzymatic regeneration of nicotinamide cofactors,
electron mediators should fulfill the following requirements:[32] 1) transfer of two electrons at once to prevent the
formation of cofactor radicals and 2) generation of 1,4-
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tution, although not all of the [RhACHTUNGRE(bpy)ACHTUNGRE(Cp*)] analogues are
catalytically active for NAD(P)H regeneration. In addition,
phenanthroline (Phen) complexes based on rhodium, iridium, and ruthenium (e.g., [RhACHTUNGRE(Phen)ACHTUNGRE(Cp*)], [IrACHTUNGRE(Phen)ACHTUNGRE(Cp*)], and [RuACHTUNGRE(Phen)ACHTUNGRE(Cp*)]) were synthesized for formate-driven chemical regeneration of NADH.[40] The turnover frequency increased twice (2000 h1) compared with
the bipyridine-based complex, which suggests that the efficiency of M can be enhanced with proper modifications.

Scheme 5. Biocatalyzed artificial photosynthesis using methyl viologen
(MV) coupled directly with enzymes (e.g., ferredoxin-NADP + reductase
and lipoamide dehydrogenase) for nicotinamide cofactor regeneration.
Photoexcited electrons in [RuACHTUNGRE(bpy)3]2 + or CdS are transferred to methyl
viologen, which is used for the enzymatic regeneration of NADPH. Mercaptoethanol and formate were used to scavenge the loss of electrons in
the photosensitizers. Reproduced with permission from references [27, 28].

NAD(P)H by a region-selective reaction. A rhodium-based
organometallic mediator, [RhACHTUNGRE(bpy)ACHTUNGRE(Cp*)H2O]2 + (M; bpy =
bipyridine, Cp* = pentamethylcyclodienyl), developed by
Steckhan and co-workers[33–35] has been most widely utilized
for non-enzymatic cofactor regeneration, because M exhibits
high robustness in terms of stability over pH and temperature, while also satisfying the two requirements noted
above.[35, 36] The oxidized form of M is reduced by taking two
electrons and one proton, and the reduced form of M ([RhACHTUNGRE(bpy)ACHTUNGRE(Cp*)H] + ), which is a hydride-carrying intermediate,
transfers hydride to NAD(P) + through its coordination with
the carbonyl-O atom in the pyridine ring of NAD(P) + .[37, 38]
Because of the versatility of M for different cofactors and
prosthetic groups (e.g., NAD(P) + , flavins, and heme) of
redox enzymes, it has been applied to nonconventional cofactor regeneration through chemical, electrochemical, and
photochemical routes.
Because of the unique features of M, its analogues were
synthesized for more versatile and efficient application to
NAD(P)H cofactor regeneration.[39, 40] For example, a series
of [RhACHTUNGRE(bpy)ACHTUNGRE(Cp*)] analogues was synthesized through the
modification of the bipyridine group with hydroxyl, carboxyl, amine, and methyl functional groups.[39] The reduction
potentials of [RhACHTUNGRE(bpy)ACHTUNGRE(Cp*)] analogues are affected by the
electrochemical properties of the substituting functional
group, which results in cathodic and anodic shifts of the potentials. The substitution by electron-withdrawing groups
(e.g., the carboxylic group) induces an anodic shift of reduction potential, making it easier to be reduced cathodically,
while the substitution by electron-donating groups (e.g.,
amine and methyl groups) induces cathodic shifts. The turnover frequency of the modified catalyst was enhanced approximately three times more than that with methyl substi-
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Cofactors: Nicotinamide cofactor is a key biological electron
mediator required for many biocatalytic oxidation–reduction
reactions. The reduced form of nicotinamide cofactors (i.e.,
NAD(P)H) enables redox enzymes to catalyze diverse and
useful reactions, such as hydroxylation, epoxidation,
Baeyer–Villiger reaction, and CO2 reduction.[30, 41–45] The
electrochemical reduction of NAD(P) + into NAD(P)H
occurs through a two-step electron transfer from an electron
donor, followed by protonation.[46] The electron-transfer
stpes occur at 1.1 and 1.7 V (vs. SCE). Due to the stepwise, multi-electron reaction, an intermediate state of reduced NAD(P) exists as a radical form (i.e., NAD(P)C) after
the primary reduction reaction. The secondary reduction
and protonation steps generate several isomers of reduced
NAD(P)H (e.g., 1,4-NAD(P)H, 1,2-NAD(P)H, and 1,6NAD(P)H). In addition, NAD radicals react together and
produce dimers (NAD(P)2) as a side reaction.[30, 36] In order
to avoid the formation of NAD(P)H isomers and dimers,
which are enzymatically inactive, except for 1,4-NAD(P)H,
the utilization of an enzyme or regiospecific electron mediator (e.g., M) is unavoidable, thus complicating photo- or
electrochemical NAD(P)H regeneration.
The low stability of NAD(P)H in an aqueous medium
also poses an obstacle for sustainable photoenzymatic synthesis. NAD(P)H decomposes under neutral and acidic conditions at ambient temperatures.[47] For example, only 5 % of
active NADH remains after 24 hour incubation at 37 8C.[48]
NAD(P)H decomposition occurs through general acid-catalyzed protonation at the C-5 position of the nicotinamide
ring, followed by nucleophilic attack on the C-6 position of
the resulting imine.[49–51] The rate of NADH decomposition
accelerates with the increasing temperature.[48] Thus, it is
necessary to maximize the turnover rate of NAD(P)H regeneration, while maintaining a minimal cofactor concentration and a low temperature for a cost-efficient photoenzymatic process. The use of cofactor analogues with different
spectral and redox properties from NAD has been attempted to avoid such problems as cofactor instability and to enhance regeneration efficiency.[48, 52] In a recent study,[52] NAD
analogues with different functionalities at their 3-substituted
pyridine ring were examined as potential substitutes of
NAD for eosin Y-sensitized photoenzymatic reactions; for
example, nicotinamide adenine dinucleotide (NAD, R =
CONH2), 3-acetylpyridine adenine dinucleotide (APAD,
R = COCH3), 3-pyridinealdehyde adenine dinucleotide
(PAAD, R = CHO), thionicotinamide adenine dinucleotide
(TNAD, R = CSNH2), and nicotinic acid adenine dinucleo-
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tide (NAAD, R = COOH). Among the analogues, APAD
displayed the fastest reduction rate as an artificial electron
carrier and the reduction yield was in the order of APAD >
PAAD > NAD > TNAD > NAAD.
The
electrochemical
property of each cofactor was affected by the functional
group substitution and the reduction potential became lower
in the order of APAD < PAAD < NAD < TNAD < NAAD,
which indicates that the cofactors with lower reduction potential show higher reduction yield. Furthermore, the stabilities of APADH and PAADH were found to be much higher
than that of NADH at ambient temperatures.
While natural photosynthesis relies on nicotinamide cofactors as a reducing power, flavin-based molecules, such as
flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN), are another class of key biological cofactors
that work as a redox center for many oxidoreductases. For
example, flavin-dependent monooxygenases (or flavoenzymes) contain enzyme-bound flavin cofactors, which have
been studied extensively because of their capacity for driving a wide variety of redox reactions, such as regioselective
hydroxylations and enantioselective sulfoxidation reactions.[53] The reduction of FAD into FADH2, a hydroxyquinone, occurs through the uptake of two electrons and two
protons,[54] which work as an active site (or electron source)
for flavoenzymes either by activating molecular oxygen or
by providing electrons to the active site of flavoenzymes.[55, 56] The first step in the electrochemical reduction of
FAD is observed at around 0.42 V (vs. SCE),[57] which is
much higher than that of NAD (1.1 V vs. SCE). In flavoenzyme-catalyzed reduction reactions, NAD(P)H can
donate two electrons required for the reduction of enzymebound FAD (Scheme 6 A).[58] Flavin cofactors themselves
exhibit strong visible-light absorption and can also work as
photosensitizers for the regeneration of flavoenzymes.[59] In
the absence of the nicotinamide cofactor, photoexcited FAD

Scheme 6. Comparison of A) a conventional Baeyer–Villiger monooxygenase (BVMO, for example, PAMO) regeneration through enzymatic regeneration of NADPH and B) a light-driven pathway using photosensitization of an external flavin molecule. The enzyme-coupled system employs glucose dehydrogenase to regenerate reduced nicotinamide cofactor. The enzyme-coupled reaction can be replaced by a visible-lightdriven redox reaction, reducing the complexity of the setup by eliminating the need for a coupled enzyme. E-FAD: enzyme bound flavin adenine dinucleotide. Adapted from reference [58].
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molecules can react with enzyme-bound FAD to enable biocatalytic reactions, as illustrated in Scheme 6B.[58] Several research groups reported that the prosthetic groups in
Baeyer–Villiger monooxygenases and cytochrome P450s can
be regenerated through the direct (or indirect) photochemical reduction of external flavins (e.g., FAD, FMN, and riboflavin) that donate electrons to the enzyme-bound
FAD.[59–61] Also, according to a recent report,[62] the generation of activated oxygen (e.g., H2O2) by the photosensitization of flavin molecules enabled photobiocatalytic oxyfunctionalization reactions (e.g., hydroxylation and epoxidation)
driven by an aromatic peroxygenase, which showed superior
and robust activities compared with chloroperoxidase.

Rational Design of Photosensitizers for
Photoinduced Electron Transfer
Photoinduced electron transfer (PET) is a key mechanism
that enables light-initiated cascade reactions for solar-energy
conversion in natural photosynthesis.[63] In PET, light absorption by photosensitizers produces photoexcited electrons, followed by charge separation through a redox-mediating electron-transport system.[64] Upon the absorption of
light, the internal energy state of a photosensitizer undergoes an electronic transition from a ground state (HOMO,
valence band) to an excited state (LUMO, conduction
band). Unless the electrons in the excited state are transferred to another electron-accepting molecule, they return to
the ground state by emitting the absorbed energy through
fluorescence.[65] Photosensitizers have been widely used for
various photochemical applications, such as biomedical
imaging, photodynamic therapy, DSSCs, and solar fuel production,[66–70] and rational design and engineering of photosensitizing materials is critical for the development of an artificial photosynthetic process. The performance of a photosynthetic reaction is primarily dependent on the light-conversion efficiency (e.g., turnover frequency and quantum
yield) of a photosensitizer.[71] Furthermore, a proper electron-transport chain should be constructed to complete the
PET system.[72] Since the photochemical regeneration of cofactors in biocatalyzed artificial photosynthesis occurs
through a chain reaction (electron donor!photosensitizer!electron mediator!cofactor), the interaction between
photosensitizer and electron mediator should meet the following conditions for successful regeneration of cofactors
under visible light:
1) Existence of a proper energy-transfer relationship (e.g.,
fluorescence quenching) between the photosensitizer and
electron mediator.
2) Higher energy level of the excited electrons of the photosensitizer than the reduction potential of the electron
mediator (e.g., EM = 0.75 V vs. Ag/AgCl3m NaCl, pH 7.0).
3) Attractive interactions between the photosensitizer and
electron mediator (e.g., electrostatic interactions between organic dyes and M).
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Different types of photosensitizers, such as organic dyes
(e.g., xanthenes, porphyrins, and dye/graphene hybrid) and
inorganic semiconductors (e.g., quantum dots, doped TiO2,
and silicon nanowires), have been applied thus far to biocatalyzed artificial photosynthesis, as summarized below.
Organic dyes: Xanthene dyes shown in Scheme 7 A absorb
visible light in the range of 500–600 nm to generate photoexcited electrons by an internal singlet–triplet transition.[73, 74]
They have been applied to DSSCs, photochemical hydrogen
production, and cell imaging.[75–77] Recently, xanthene dyes
have been utilized for biocatalyzed artificial photosynthesis
as a molecular photoelectrode that produces photoexcited
electrons upon visible-light irradiation.[78, 79] The efficiency of
photoenzymatic synthesis was significantly influenced by the
structures of the dye molecules, which determine the electrochemical properties of the dyes and their interaction with
M. Among many xanthene dyes, fluorescein and its halogenated derivatives (e.g., eosin Y, erythrosine B, rose bengal,
and phloxine B) enabled the coupling of photoexcited electrons with M to regenerate 1,4-NAD(P)H under visible light
with high turnover frequencies. For example, the turnover
frequency of eosin Y for NADH photoregeneration was
1690 h1 at its maximum (Table 1). It was suggested that the
carboxyl group of eosin Y binds with the metal center of M
(Rh2 + ) through ionic affinity to form a photosensitizer-mediator dyad (Scheme 7C). An efficient transfer of electrons occurred for the regeneration of NADH through a PET cycle
originating from the vicinity and potential gradient between
eosin Y and M. The substitution of the hydrogen atom in
fluorescein by Br and I resulted in stronger electronegativity
and higher cofactor regeneration efficiency [fluorescein
(H) < eosin Y (Br) < erythrosine B (I)]. The xanthene dyes
with the carboxyl group and hydroxyl group (e.g., eosin Y,
rose bengal, and erythrosine B) facilitated the energy transfer when coupled with M according to fluorescence quenching, enabling more efficient cofactor regeneration. However,
the fluorescence of rhodamine dyes (e.g., rhodamine B, rhodamine 6G, and sulforhodamine B), which have a positively
charged amine group, was not affected by the presence of
M, and they exhibited no activity toward photochemical
NADH regeneration. A recent paper reported visible-lightdriven NADH regeneration with proflavine, an acridine derivative functionalized with diamine.[80] Despite the absence
of strong affinity with M, proflavine showed moderate, but
approximately 13 times lower turnover frequency than that
of eosin Y in photochemical NADH regeneration.
In nature, chlorophyll P700 acts as a light-harvesting molecule to generate photoexcited electrons that are provided
from a water-evolving center. Chlorophyll P700 is a porphyrin composed of four pyrrole rings interconnected by methine bridges, and it exhibits high absorbance in the range of
visible light (Soret band: 20000–400 000 m1 cm1 from 380 to
400 nm; Q-band: 10 000–20 000 m1 cm1 from 500 to
600 nm). Inspired by the natural light-harvesting system,
many researchers have attempted to utilize porphyrin molecules (Scheme 7B) for DSSCs, photoelectrochemical cells,
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Scheme 7. A) Molecular structures of xanthene dyes. Possible functionalization groups: A = COOH, COOEt, SO3H; B1 = OH, NHEt, NHEt2, N +
Et2 ; B2 = O, NEt, NEt2, N + Et2 ; X = H, Br, I, NO2, CH3 ; Y1 = H, Br, I,
HgOH; Y2 = H, Br, I; Z = H, Cl, SO3H. B) Molecular structures of porphyrins. M is a metal insertion site (e.g., no metal, Zn, or Mn) and R is a
meso-functional group (e.g., sulfonato and carboxyl group). C) Catalytic
cycle of eosin Y sensitized, non-enzymatic photochemical regeneration of
NADH involving two electron-transfer reactions between M and eosin Y.
D) Catalytic cycle of visible-light-driven regeneration of NADH with Zncontaining porphyrin as a photosensitizer. Adapted from references [78, 83].

and solar hydrogen production.[81–83] In biocatalyzed artificial
photosynthesis, among many porphyrin molecules that have
different metal insertion sites and meso-functional groups,
Zn-containing porphyrins demonstrated the highest yield for
photochemical NADH regeneration (Table 1). As illustrated
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Table 1. Turnover frequencies (TOF) of molecular or colloidal photosensitizers (PS) used in photochemical regeneration of nicotinamide cofactor and
redox enzymatic synthesis under visible light.
Photosensitizer

Redox potential[a]
ACHTUNGRE(vs. NHE)
Ered
Eox

[PS]
[mm]

ACHTUNGRE[NAD]
[mm]

[M]
[mm]

TOF[b]
ACHTUNGRE[h1]

TOF[c]
ACHTUNGRE[h1]

Ref.

organic
xanthene
xanthene
xanthene
xanthene
xanthene
porphyrin
porphyrin
porphyrin
porphyrin
porphyrin
others
others

eosin Y
eosin Y
phloxine B
erythrosin B
rose bengal
ZnTPPS
ZnTPPS
ZnTPPC
H2TPPS
H2TPPC
PEG-chlorophyllide
proflavine

0.92

1.15

n.a.
0.93
0.96
0.96

n.a.
1.03
0.89
1.06

0.96
0.92
0.86
n.a.
n.a.

0.99
1.23
n.a.
n.a.
n.a.

0.001
0.02
0.02
0.02
0.02
0.5
0.5
0.5
0.5
0.5
0.022
0.01

1
0.05
0.05
0.05
0.05
1
1
1
1
1
3.2
1

0.25
0.25
0.25
0.25
0.25
0.5
0.5
0.5
0.5
0.5
2.5 U[d]
0.25

1690
n.a.
n.a.
n.a.
n.a.
0.46
n.a.
n.a.
n.a.
n.a.
n.a.
127.8

n.a.
1177
1537
1144
1270
n.a.
0.27
0.22
0.16
0.19
1.26
n.a.

[78]
[79]
[79]
[79]
[79]
[83]
[83]
[83]
[83]
[83]
[86]
[80]

inorganic
semiconductor
semi-conductor
semiconductor
semiconductor
semiconductor
metal

CdTe NPs
CdSe NPs
CdS NPs
W2Fe4Ta2O17
p-doped TiO2
Pt NPs

0.6
0.5
0.6
n.a.
n.a.
n.a.

1.0
1.3
1.7
n.a.
n.a.
n.a.

20
20
20
5 mg
80 mg
0.092

1
1
1
0.2
0.2
0.2

0.25
0.25
0.25
0.1
0.2
n.a.

0.54
0.168
0.120
0.37
0.003
0.108

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

[98]
[98]
[98]
[95]
[94]
[96]

Classification

[a] The values for redox potentials are estimated from the literature.[124–126] [b] TOF of photosensitizers for NADH regeneration. [d] TOF of photosensitizers for redox enzymatic synthesis. [d] Electron mediator was ferredoxin-NADP + reductase.

in Scheme 7D, the electron-donating ability of porphyrin
and the electron transfer between porphyrin and the electron donor facilitate the PET. Zn-containing porphyrins
have higher electronegativity than others, such as protoporphyrins and Mn-containing porphyrins, and they can interact
with TEOA, an electron donor, through axial ligation between the Zn atom of porphyrins and the nitrogen atom of
TEOA. The axial coordination leads to an intramolecular
charge transfer between photosensitizers and electron
donors, preventing back-electron transfer. The turnover frequency of porphyrin molecules for photochemical NADH
regeneration is lower than that of other organic photosensitizers (e.g., eosin Y), and is attributed to possible side reactions, such as the production of superoxide and singlet
oxygen.[84] Despite the relatively low efficiency of porphyrins
for photochemical NADH regeneration, porphyrins are
promising candidates for artificial photosynthesis, because
they possess the ability to extract electrons from water molecules in the presence of an artificial oxygen-evolving
center, such as IrO2.[82, 85] To prevent side reactions and improve the efficiency of photoinduced electron transfer, porphyrin molecules need to be conjugated with an oxygenevolving catalyst and electron mediator in the future. The
conjugation of organic photosensitizers with biocompatible
polymers could improve the photostability of photosensitizers as well. For example, chlorophyll conjugated with polyethylene glycol (i.e., PEG–chlorophyllide) showed higher
photostability compared to the pristine chlorophyll upon
visible-light illumination, and a visible-light-driven photosynthetic reaction with PEG–chlorophyllide continued over
60 h.[86]

Chem. Eur. J. 2013, 19, 4392 – 4406

Carbon-based nanomaterials, such as fullerene, carbon
nanotubes, and graphene, have been employed to enhance
the PET, because of their unique properties (e.g., high conductivity, easy chemical functionalization, and thermal stability).[87] Recently, graphene/porphyrin hybrid materials
were applied to biocatalyzed artificial photosynthesis.[42, 88] In
the studies, graphene conjugated with multianthraquinonesubstituted porphyrin (MAQSP) enhanced the efficiency of
visible-light-driven NADH regeneration in comparison with
pristine MAQSP and W2Fe4Ta2O17.[42] The higher photocatalytic activity originated from an accelerated rate of electron
transfer from MAQSP to M, owing to the high-electron-carrier mobility of graphene. Graphene sheets with a high surface area serve as an electron reservoir from which transport
of multiple electrons from MAQSP to M can be realized.
According to density functional theory (DFT) calculations,
the energy-level alignment between the conduction-band
edges of graphene and the LUMO of MAQSP facilitates efficient transfer of electrons from MAQSP to graphene. It
was suggested that the problem arising from the large Coulomb repulsion between the localized electrons of MAQSP
is resolved by the junction with graphene to provide the delocalized nature of wave functions. Such high efficiency in
cofactor regeneration by the MAQSP–graphene catalyst was
recently coupled with biocatalyzed asymmetric reduction of
acetophenones with alcohol dehydrogenase (Scheme 8).[88]
The MAQSP–graphene catalyst enabled photochemical
asymmetric reduction of acetophenones with high enantiomeric excess (ca. 82–99 %).
Inorganic photosensitizers: Semiconducting materials have
been widely studied for photocatalytic water splitting and
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Scheme 8. Plausible mechanism of asymmetric reduction of acetophenones by alcohol dehydrogenase from Lactobacillus kefir (LKADH)/1,4NADPH system under visible light (ET = electron transfer). Upon the
absorption of visible light by graphene-conjugated MAQSP, the photoexcited electrons in MAQSP are separated by the graphene part of the photocatalyst. The electron transfer from the photocatalyst to M finally reduces NADP + , which is subsequently used in the next step for the enzymatic asymmetric reduction of prochiral ketones. Adapted from reference [88].

solar H2 production.[89, 90] Many different types of semiconducting materials, such as metal oxides, quantum dots, and
their composite materials, have been reported for heterogeneous photocatalytic reactions.[91] The electron-hole pairs
formed within the photosensitized bandgap of semiconductors perform reduction–oxidation reactions when they are
transferred to other molecules that function as electron acceptors or hole scavengers. Metal oxide semiconductor materials (e.g., TiO2, WO3, ZnO) are well-known photocatalysts with low cost, high efficiency, and good chemical inertness as well as stability, but their use as light-harvesting photosensitizers is often limited because of large optical bandgaps that make those materials inappropriate for applications
under visible light. Compared with undoped metal oxides,
doped metal oxide particles exhibit enhanced visible-light
absorption and thus show much higher activity in NADH
photoregeneration. For example, Jiang et al. applied TiO2based photocatalysts doped with carbon,[92] boron,[93] and
phosphorus[94] for visible-light-driven NADH regeneration.
The yield of NADH production was substantially enhanced
by the increasing dopant proportion, indicating that the ex-
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cited electrons could be separated by the surface traps arising from the doping. A composite semiconductor photocatalyst, such as W2Fe4Ta2O17, was also applied for photoenzymatic synthesis under visible light.[95] W2Fe4Ta2O17 promotes
an electron to the conduction band upon band-gap excitation by visible light (l  420 nm). W2Fe4Ta2O17 showed turnover frequency of 0.37 h1 for photochemical NADH regeneration and exhibited 3.7 times higher yield in l-glutamate
dehydrogenase-catalyzed reduction of a-ketoglutarate when
compared with N-doped TiO2. In addition, it was reported
that photochemical properties of colloidal Pt nanoparticles
(NPs) could be applied to capture photons under visible
light, so that the photoexcited electrons in the Pt nanoparticles would convert NAD + into NADH.[96] Colloidal photosensitizers, however, generally exhibit much lower molar efficiencies of photochemical cofactor regeneration in the
order from 102 to 103 compared with molecular dyes
(Table 1), because the photocatalytic process in inorganic,
particulate photosensitizers involves internal diffusion of
photoexcited electrons to the reactive surface, and this can
cause charge recombination. The photocatalytic activity of
inorganic photosensitizers may be improved by using nanosized semiconductors (e.g., quantum dots) and efficient
charge separation methods such as heterojunction of photosensitizer-matrix materials.
The catalytic activities of semiconducting materials are influenced significantly by their size and structure, because
surface properties, such as the state of metal ions on the surface at which the catalytic reactions occur, govern catalytic
reactions. Nano-sized quantum dots have high surface-tovolume ratios and surface energy compared with bulk materials. They possess advantages of optical tunability due to
the quantum-size-confinement effect and long-term stability
over organic dyes.[97] In a recent study,[98] CdS, CdSe, and
CdTe NP-based photochemical NADH regeneration was reported using the unique property of quantum dots as lightharvesting nanomaterial (Scheme 9 A). These quantum dots
absorb incident light (l > 420 nm) to generate excited electrons on conduction bands, and these electrons are then
transferred to M for the regeneration of NADH. The photogenerated holes are scavenged by TEOA to sustain the visible-light-driven reaction. The regeneration efficiency was in
order of CdTe > CdS > CdSe nanocrystals, but no photoreaction was observed with micron-sized CdS, CdSe, and CdTe,
which indicates that NADH regeneration can be only achieved through the quantum effect and surface reactivity. The
immobilization of quantum dots and redox enzymes on solid
supports can further provide enhanced stability, repeated usability, and easy separation of photochemical reaction components. For example, micron-sized, SiO2 bead-supported
photoenzymatic synthesis was demonstrated through repeated cycles of NADH photoregeneration and redox enzymatic
synthesis by using two different types of beads: CdS-coated
beads for light reaction and enzyme-immobilized beads for
dark reaction.[99]
Recently, a heterojunction photoelectrode consisting of
CdS quantum dots and a TiO2 nanotube array was devel-
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TiO2 nanotubes affected the
entire photoreactions efficiency
significantly; the nanotubes
with longer length and wider diameter resulted in a higher
yield of NADH photoregeneration. The performance of photoreactions by the TiO2–CdS
nanotube array was also influenced by the crystallinity of
TiO2 nanotubes. Crystalline
anatase TiO2 nanotubes showed
higher efficiency compared with
amorphous TiO2 nanotubes, because the lifetime of injected
electrons becomes longer with
higher crystallinity. In the case
of Al2O3 nanotubes, an insulating material with an electronuninjectable energy level, there
was no electron-separation
effect, resulting in an extremely
low yield of NADH regeneration, owing to the high rate of
charge recombination. When
compared with TiO2–CdS NPs,
the nanotube array was more
effective for photochemical reactions, because the higher
Scheme 9. Schematic diagrams of photochemical cofactor regeneration using inorganic photosensitizers.
A) Regeneration of NADH by colloidal quantum dot nanocrystals (CdTe, CdSe, CdS). B) Photoenzymatic reaspect ratio of nanotubes proaction through CdS-TiO2 nanotube junction. Adapted from references [98, 100].
vided a larger surface area that
facilitated the diffusion of reactants. Taken together, efficient
electron separation and diffusion by a heterojunction could
oped to imitate natural photosynthesis more closely.[100] The
be a useful strategy by which to design suitable photoelecTiO2–CdS nanotube array was made through reverse inspitrode materials for biocatalyzed artificial photosynthesis.
ration by the design of DSSC electrodes, which also mimic
Another example of a photovoltaic material applied to bithe reaction mechanism of natural photosynthesis. As deocatalyzed artificial photosynthesis is the silicon nanowire,
scribed earlier, in natural photosynthesis, the excited elecwhich has many advantages for practical applications, such
trons in chlorophyll are quickly transferred to an electronas low cost, high surface area, easy fabrication, and strong
transport chain before they return to their ground state. In a
light absorption across the visible-light spectrum, unlike
similar way, photoexcited electrons are efficiently separated
conventional semiconductor nanowires (e.g., TiO2 and
by a heterojunction photoelectrode and transferred to an external wire for the generation of solar-powered electricity in
ZnO).[101–104] Recently, hydrogen-terminated silicon nanoDSSCs. As illustrated in Scheme 9B, a TiO2–CdS heterowires (H-SiNWs) were employed as an efficient photoelectrode for photoenzymatic synthesis under visible light
junction photoelectrode was utilized for biocatalyzed artifi(Scheme 10).[105] H-SiNWs, fabricated by a metal-assisted
cial photosynthesis to regenerate cofactors coupled with
redox enzymatic catalysis (instead of electricity production
chemical etching process, possess an enlarged bandgap and
in DSSCs). On the TiO2–CdS nanotube array, photoexcited
enable a cascading electron transfer. The enlarged bandgap
of H-SiNWs through the quantum-confinement effect trigelectrons are rapidly injected from the conduction band of
gered thermodynamically favorable electron transfer from
CdS to the conduction band of nearby TiO2 nanotubes
electron donor to NAD + via M. Furthermore, the efficient
under visible-light irradiation; this process generates reducPET from the H-SiNWs to M prevented the formation of an
tion potential for NAD(P)H regeneration. Electrons are
oxide layer (i.e., SiO2) on the surface of the H-SiNWs. Hysupplied from the oxidation of TEOA to the holes in the valence band of CdS NPs. TiO2 nanotubes were prepared by
drogen termination on the surface of silicon nanowires
boosted the efficiency of photochemical NADH regenerausing an electrochemical anodization, and the length and dition; approximately 80 % of NADH was photoregenerated
ameter of the TiO2 nanotubes could be controlled through
from NAD + by H-SiNWs within two hours of visible-light
varying the anodizing conditions. The morphology of the
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Scheme 10. Biocatalyzed artificial photosynthesis with hydrogen-terminated silicon nanowires (H-SiNWs) as a light-harvesting material. Under
illumination of visible light (l > 420 nm), excited electrons in the HSiNWs are transferred to NAD + via the rhodium-based mediator (M),
followed by biocatalytic conversion of a-ketoglutarate to l-glutamate.
The hydrogen termination on the surface suppresses electron–hole pair
recombination and aids efficient electron transfer to M. Adapted from
reference [105].

irradiation, which was successfully coupled with redox enzymatic synthesis.

Integrated Platforms for Biocatalyzed Artificial
Photosynthesis
Natural photosynthesis occurs in highly sophisticated nanostructures composed of chlorophyll aggregates, which serve
as light-harvesting antennae, and catalytic metal clusters embedded within proteins. The interaction between chlorophyll
aggregates induces the flow of excited electrons by Fçrstertype energy transfer.[106, 107] The reaction center in the natural
photosystem includes electron-donor and -acceptor assemblies, such as plastoquinone and tyrosine residues,[108, 109]
which facilitate energetically favorable electron transfer.
Mimicking the structure of a natural photosystem is a good
strategy for the development of an integrated platform for
artificial photosynthesis. In the field of artificial photosynthesis, the integration of reaction components, such as the
electron donor (D), photosensitizer (P), and electron acceptor (A), has been attempted by designing covalent, semicovalent, or noncovalent bonds between the components (i.e.,
D-P-A) on support materials to enhance the rate of electron
transfer and photocatalytic efficiency.[110, 111] Recently, virustemplated photocatalytic nanostructures were developed for
sustainable water oxidation under visible light.[112] In this
work, porphyrins and IrO2 hydrosols were incorporated on
the virus-templated nanowires as a photosensitizer and
water oxidation catalyst, respectively. This assembly significantly enhanced the photocatalytic efficiency of water oxidation through efficient PET between the porphyrins and
the IrO2 hydrosols. Maeda et al. utilized niobate nanoscrolls
and nanosheets as supporting materials for the assembly of
[RuACHTUNGRE(bpy)3]2 + and Pt.[113] The niobate nanoscrolls enhanced
PET from [RuACHTUNGRE(bpy)3]2 + to Pt, increasing the efficiency of
hydrogen evolution under visible light. For biocatalyzed artificial photosynthesis, key components (e.g., D, P, A, cofactor, and enzyme) need to be incorporated into suitable sup-
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port materials to maximize the confinement effect and the
efficiency of PET, as well as to afford repeated usability.
The supporting matrix can assist in the organization of the
key photosynthetic components and protect them by providing a stable microenvironment.[114] Furthermore, this approach provides a means to readily handle photoactive materials and to facilitate recycling from the reaction mixture,[115] making the downstream process more simple and
cost-effective.
In plant cells, crystalline cellulose microfibrils are linked
to hemicelluloses to provide strength as well as extensibility,
and lignin penetrates the in-between spaces, thereby conferring mechanical strength to cell walls.[116] Lee et al.[117] developed light-harvesting synthetic woods by encapsulating hydrophobic porphyrin molecules in a composite of three
major structural components in plant cells: cellulose, hemicelluloses, and lignin. Synthetic wood, an all-wood composite, is environmentally friendly and highly desirable for replacing nonrenewable, petroleum-based synthetic polymers.
Similar to the natural-light-harvesting by chloroplasts, porphyrin-encapsulated lignocellulosic hybrids harnessed visible-light-driven regeneration of a reducing power (i.e.,
NADH) for chemical synthesis catalyzed by NADH-dependent oxidoreductases. The turnover frequency of porphyrin encapsulated in synthetic wood was estimated to be
approximately 1.25 h1. The synthetic wood not only provided a microenvironment for porphyrin encapsulation, but
also facilitated an effective photosynthesis due to a redoxactive lignin component. Free phenolic groups in lignin can
undergo oxidation–reduction reactions by converting into
electroactive quinine functionalities, which facilitate reversible proton-coupled two-electron redox cycling.[118, 119] Thus,
similar to the protein environment of the natural photosynthetic assemblies in the thylakoid membrane containing
redox-active components, the local environment of the synthetic wood matrix composed of lignin assists with the
charge transfer of encapsulated porphyrin for efficient biocatalytic photosynthesis.
Natural light-harvesting antennae, which are made
through the self-assembly of chlorophyll molecules and proteins in photosynthetic units, are critically important for increasing the rate of PET.[120] Thus, many researchers have
developed artificial light-harvesting antennae by means of
self-assembly in order to improve the efficiency of artificial
photosynthesis.[121] Recently, Kim et al. reported the synthesis of self-assembled, light-harvesting peptide nanotubes for
a redox enzymatic reaction coupled with NADH regeneration under visible light.[122] The light-harvesting nanotubes
were synthesized through the self-assembly of porphyrins
and diphenylalanine (Phe–Phe, FF), a dipeptide consisting
of two covalently-linked phenylalanine units. The carboxylic
group of the self-assembled FF nanotubes provided sites for
noncovalent interaction with the hydroxyl group of porphyrins. The immobilized porphyrins were arranged in an extended fashion on the surface of the peptide nanotubes,
leading to exciton coupling between porphyrins, as in chlorophyll aggregates in natural photosystems. The electronic in-
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teraction between porphyrins enhanced the efficiency of
NADH regeneration in comparison with free porphyin monomers, because of the enhanced PET from the electron
donor to NADH.
In addition to the spatial organization of photosynthetic
platforms, microfluidic transport of fluids is a factor to be
considered when trying to closely mimick natural photosynthesis that occur by enabling efficient transport of water and
chemicals through microtube networks. Over the past
decade, microfluidics has received considerable attention in
diverse fields and can be a promising miniaturized platform
for artificial photosynthesis, because it allows for improved
energy density, sustainability, and recyclability. While a platform that enables the microfluidic transport of key chemicals for light-dependent and light-independent reactions is
barely known, recently a microfluidic artificial photosynthetic system for in situ regeneration of reducing power (i.e.,
NADH cofactor) and redox enzymatic synthesis of chemicals under visible light has been reported (Scheme 11).[123]
For the development of a photosynthetic microfluidic chip,
microchannels were fabricated by using soft lithography and
mold–eplica techniques, followed by covalent immobilization of a light-harvesting photosensitizer and redox enzyme
in up- and downstream microfluidic zones, respectively. On
the microfluidic platform, light-dependent and independent
reactions take place simultaneously, as in the natural photosynthesis that occurs in the organelle of micron-sized chloroplasts containing light-harvesting thylakoid membranes.
Both yields of light-induced NADH regeneration and photoenzymatic synthesis were highly affected by the retention

time and light irradiation on the microfluidic platform. Furthermore, covalently immobilized quantum dots and redox
enzymes within the separate microchannel zones allowed
for repeated photoreactions under visible light. The photosynthetic microfluidic chip enables sustainable, integrated
light-harvesting and photoenzymatic synthesis in a miniaturized architecture.

Summary and Outlook
We have introduced the concept of biocatalyzed artificial
photosynthesis that aims to graft solar-energy conversion
with redox enzymatic catalysis by mimicking natural photosynthesis. In the past decades, the natural photosynthetic
mechanism has provided much inspiration for the design of
photovoltaics and photoelectrochemical cells. The artificial
photosynthesis in biocatalytic assemblies has been recently
demonstrated using organic (or inorganic) photosensitizers
and redox enzymatic reactions through photochemical regeneration of biological electron mediators (e.g., nicotinamide and flavin cofactors). For the successful construction
of photosynthetic system involving redox biocatalysts, it is
critical to engineer key photochemical components, such as
electron donors, photosensitizers, and electron mediators,
for driving electron transport in the correct direction upon
light irradiation. In nature, solar-energy utilization is accomplished through a complex chain of redox reactions in multiple photosystems under visible light and ambient conditions.
Efficient electron transfer through a redox cascade from
electron donor to cofactors is
often thermodynamically unfavorable, resulting in back-electron transfer. Many additional
features are needed for the realization of biocatalyzed artificial photosynthesis as follows:
1) Use of water as an electron
donor (i.e., electron supply
by water oxidation).
2) Efficient
light-harvesting
and PET.
3) Long-term stability of photosensitizers and electron
mediators.
4) Reaction engineering to
maximize photoenzymatic
yields.
5) Integration
of
reaction
system and design of cost-effective process.

Scheme 11. Schematic illustrations for A) the natural photosynthesis in plants and B) a microfluidic artificial
photosynthesis system. The microfluidic platform incorporates CdSe quantum dots and glutamate dehydrogenase (GDH) within separate microchannel zones. Similar to photosynthesis in green plants, light-driven nicotinamide cofactor regeneration takes place in the light-dependent reaction zone, which is then coupled with the
light-independent, enzymatic synthesis of l-glutamate in the downstream of the microchannel. Adapted from
reference [123].
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ficient water-oxidation catalysts. Current use of organic sacrificial agents (e.g., TEOA) causes the accumulation of their
oxidized form in the photochemical reaction system. To achieve visible-light-driven cofactor regeneration using water as
an electron donor, the rate of electron transfer to electron
acceptor should become faster than that of back-electron
transfer through careful design of PET assembly composed
of a water-oxidation catalyst, photosensitizers, and electron
mediator. In biocatalyzed artificial photosynthesis, the electrons provided by a donor should pass through an electrontransfer cascade by photosensitization, eventually to be used
for reductive regeneration of cofactors and redox enzymatic
reactions. During the journey of electrons, traps exist that
interrupt the efficient flow of photoexcited electrons; for example, charge recombination and radiative/oxidative
quenching,. The internal degeneration of photoexcited electrons needs to be minimized by facilitating an external electron-transport chain. For electron transfer from photosensitizer to electron mediator (e.g., M) for cofactor generation,
a proper energy-transfer relationship between photosensitizer and electron mediator should exist, which requires a
higher energy level of photoexcited electrons in the photosensitizer than the reduction potential of the electron mediator. The charge separation by electron mediator can prevent the oxidative quenching of photoexcited electrons,
which causes side reactions, such as the production of superoxides and radicals by undesired acceptors (e.g., O2).
It is also important to identify more efficient means of
solar-light-harvesting. Efficient light-harvesting through the
development of visible-light-active photosensitizing materials that exhibit a high quantum yield with long-term stability
can enhance the efficiency and sustainability of solar-energy
utilization in biocatalyzed artificial photosynthesis. Regarding the electron mediator, an Rh-based organometallic compound and its variants are among the most widely used electron mediators that can work properly by satisfying the suggested conditions for photochemical cofactor regeneration.
While materials based on rare earth metals exhibit excellent
performance in regioselective regeneration of cofactors,
they come short of cost-efficiency and low turnover numbers. In the future, a material based on earth-abundant
metals or an organic electron mediator is desired to address
the current drawbacks of electron mediators. Furthermore,
the integral coupling of water oxidation, electron transfer,
cofactor regeneration, and biocatalysis is an ideal feature
for future artificial photosynthesis. For example, the separation of reaction sites using a photoelectochemical (PEC)type cell may provide a simple solution for overcoming the
difficulty in the coupling of oxidation (i.e., water oxidation)
and reduction (i.e., cofactor regeneration). In PEC cells, two
electrodes, working in opposite ways toward oxidation and
reduction, are connected by a wire that functions as an electron-transport chain; photoinduced water oxidation occurs
in the anodic reaction site, producing protons and electrons
that are transferred to the cathode for the reduction of the
oxidized cofactor.
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From the economic point of view, the high cost of enzyme
cofactors has been prohibitive of the industrialization of
many promising redox enzymatic processes. Until now, a
number of different strategies for in situ regeneration of cofactors have been developed using enzymatic, chemical,
electrochemical, or photochemical methods. The photochemical cofactor regeneration, a core concept in biocatalyzed artificial photosynthesis, has potential merits in the
harnessing of clean and abundant solar energy, but its turnover frequencies are still low, especially in comparison with
the enzymatic regeneration method; this lack of efficiency
can be partly attributed to the lack of rigorous studies focused on reaction engineering and optimization. Furthermore, the long-term stability as well as cost-effectiveness of
photo- and biochemical elements have not been clearly assessed yet. These issues may be addressed through the
proper protection and immobilization of key reaction elements on a suitable supporting platform. Examples of redox
enzymes tested for the proof of concept for biocatalytic photosynthesis only number a few thus far, but there remain
many opportunities for the application of biocatalytic photosynthesis to the production of fuels and high-value chemicals, considering the variety of redox enzymatic reactions
that are dependent on cofactors, such as CO2 fixation (e.g.,
CO2 !formate!formaldehyde!methanol) and cytochrome
P450-catalyzed reactions (e.g., O-dealkylation, deamination,
and hydroxylation). Taken together, biocatalyzed artificial
photosynthesis through the coupling of photocatalysis and
biocatalysis is still in its infancy with many challenges remaining for further studies. The realization of biomimetic
photosynthesis will require multidisciplinary efforts across
the different academic fields of photochemistry, biocatalysis,
materials science, and others.
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