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Redox biocatalysis has come to the forefront because of its
excellent catalytic efficiency, stereoselectivity, and
environmental benignity. The green and sustainable
biotransformation can be driven by photoelectrochemical
(PEC) platforms where redox biocatalysis is coupled with
photoelectrocatalysis. The main challenge is how to transfer
photoexcited electrons to (or from) the enzyme redox centers
for effective biotransformation using solar energy. This review
commences with a conceptual discussion of biocatalytic PEC
platforms and highlights recent advances in PEC-based
biotransformation through cofactor regeneration or direct
transfer of charge carriers to (or from) oxidoreductases on
enzyme-conjugated electrodes. Finally, we address future
perspectives and potential next steps in the vibrant field of
biocatalytic photosynthesis.
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Introduction

Oxidoreductases (or redox enzymes) can catalyze a wide
range of industrially useful redox reactions, such as chiral
amine synthesis, asymmetric C=C hydrogenation, C=0
reduction, C=C epoxidation, Baeyer-Villiger oxidation
of ketones, and CO, reduction [1-3]. Redox biocatalysis
occurs through the transfer of electrons to (or from) the
enzyme prosthetic groups (e.g. flavin, heme, Fe-S clus-
ter) or the adjacent redox centers embedded in the
polypeptides. Among the prominent furnishers of elec-
trons are cofactors, such as nicotinamide adenine dinu-
cleotide (NADH) and flavin mononucleotide (FMNH,),
on which over 80% of oxidoreductases are dependent for
their catalytic activities. The stoichiometric provision of
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the expensive cofactors, however, makes redox biotrans-
formation processes cost prohibitive; thus, this issue has
elicited extensive research on iz situ regeneration of
cofactors using different methods (e.g. enzymatic, chem-
ical, electrochemical, and photochemical) for sustainable
reactions catalyzed by oxidoreductases [2,4]. Industrial-
scale regeneration of cofactors has been established using
secondary enzymes (e.g. glucose dehydrogenase, formate
dehydrogenase) and their cosubstrates (e.g. glucose, for-
mate) [5,6]. The enzymatic approach offers high specific
activity and biocompatibility, but suffers from the disad-
vantage of poor atom-efficiency because of stoichiometric
requirement of reductants.

Recently, light-driven regeneration of cofactors has
received attention as a promising expedient for green
biocatalysis because of its merits, such as the use of clean
and abundant solar energy, no requirement of secondary
enzymes and cosubstrates, and the delivery of photoex-
cited electrons to hydride-transfer mediators in an atom-
efficient manner [4]. In contrast, a direct transfer of
photoexcited charge carriers to the prosthetic groups
of oxidoreductases has been demonstrated to drive redox
biotransformation without relying on the supply of the
cofactors [7,8]. These photoexcited charge carriers could
be generated by employing semiconducting electrodes
(e.g. Pt-modified GaAs, black silicon) [9,10], molecular
photosensitizers (e.g. porphyrin-based dyes, xanthene
derivatives) [11-13], or particulate semiconductors
(e.g. quantum dots, carbon nanodots, carbon nitrides)
[14-19] that function as light harvesters and energy
transducers.

The use of heterogencous semiconducting electrodes for
the activation of redox enzymes in biocatalytic photo-
electrochemical (PEC) platforms has several advantages
over homogeneous photocatalytic approaches. For exam-
ple, an applied bias can tune the Fermi level of the
electrons and facilitate a specific endergonic redox reac-
tion in a selective way. Furthermore, the electrical con-
nection between two different semiconducting electrodes
through a conducting wire can increase the extent of the
absorption spectrum and decrease the electron-hole
recombination, thus effectively enhancing the overall
productivities of enzymatic reactions coupled with water
oxidation.

"This review highlights recent advances in the design of
biocatalytic PEC platforms for redox biotransformations
through the transport of photoexcited electrons to (or
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from) the enzyme prosthetic groups or adjoining electron
relay centers via either an indirect or direct manner, as
depicted in Figure 1. The biocatalytic PEC platforms
based on indirect electron transfer are described in terms
of the regeneration of NADH and FMNH,. Next, studies
on direct transfer of charge carriers to (or from) oxidor-
eductases conjugated on (photo)electrodes are recounted
in the order of the biocatalyzed oxidative and reductive
reactions. Finally, we discuss future perspectives for
advancing the PEC-based biotransformation approaches
through the engineering of redox enzymes and
photoelectrodes.

Concept of biocatalytic photoelectrochemical
platforms

The photoelectrode(s) in PEC platforms harness light
energy and generate photoinduced electrons and holes
with excited electronic potentials. A cathodic reaction of

Figure 1
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interest (e.g. FMN reduction) can take place when the
conduction band-edge potential of a photocathode is
more negative than the redox potential of the reaction.
In addition, the quasi-Fermi level for electrons must be
more negative than the redox potential to increase the
concentration of electrons that participate in the reduc-
tive reaction. The quasi-Fermi level is often not sufficient
to drive the reductive reaction; thus, an external bias is
applied to make the quasi-electrochemical potential more
negative, accomplishing an otherwise-impossible reac-
tion. The application of external voltage can modulate
the quasi-Fermi level of the electrons to selectively drive
a catalytic redox reaction of interest [20] and the degree of
band bending to enhance separation and migration of
photogenerated electron-hole pairs [21]. Band bending
refers to the energetic variation of the bands at the
semiconductor/electrolyte interface after the equalization
of the Fermi level of the semiconductor’s electrons and
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Redox biotransformation driven by the cooperation of biocatalysis and photoelectrocatalysis. The photoexcited electrons can be delivered directly
or indirectly to (or from) redox enzymes. The biocatalyzed reduction reactions performed by the biocatalytic PEC platforms include CO, reduction,
trans-hydrogenation of C=C bonds, and H, evolution, whereas O, evolution is a major example of biocatalyzed oxidative reaction.
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124 Biocatalysis and biotransformation

the redox potential of the electrolyte. Furthermore, phys-
ical separation of anodic and cathodic reaction sites pro-
vides advantages, such as the flexible combination of
redox reactions (e.g. enzymatic reduction at a cathode
and water oxidation at an anode), the proper tuning of
reaction conditions (e.g. buffer types, pH, temperature,
light on/off), the preservation of reduced redox cofactor
(e.g. NADH, FMNH,) from oxidation at (photo)anodes,
and the protection of enzymes from oxidative degradation
at (photo)anodes.

The biocatalytic PEC platforms activate redox
enzymes through photoinduced regeneration of diffus-
ing cofactors or direct electron transfer to the enzymes
that are conjugated to electrodes, as illustrated in
Figure 2a. Three different configurations have been
adopted: (i) photoanode/photocathode, (i1) anode/pho-
tocathode, and (iii) photoanode/cathode. These exam-
ples are listed in detail in Table 1. For example, in the
photocathode/photoanode configuration, both photo-
electrodes absorb light to generate photoexcited elec-
tron-hole pairs. At the photoanode, the photoexcited
holes are consumed by water oxidation reaction, and
the photoexcited electrons migrate through an external
wire to the photocathode to fill the photoexcited holes.
The remaining photoexcited electrons in the conduc-
tion band of the photocathode are transferred either to
an electron mediator (for indirect electron transfer) or
to the prosthetic group of an oxidoreductase (for direct
electron transfer).

The most widely used photoelectrode material is a
semiconductor (e.g. BiVO,, BiFeOs;) that absorbs
photons with energy higher than its bandgap energy
and creates photoexcited charge carriers. The p-type
semiconductors are more suitable for driving enzy-
matic reductive reactions than n-type semiconductors
because photoexcited electrons in the conduction
band are swept toward the semiconductor/electrolyte
interface whereas holes move in the opposite direc-
tion. The introduction of a cocatalyst (e.g. Co-Pi,
FeOOH, TiCo) on the light-harvesting semiconductor
electrode can accelerate the catalytic reaction and
decrease the overpotential associated with energy loss
during charge migration and the low Kkinetics of a
catalytic reaction by functioning as reaction sites
and promoting charge separation [22]. In contrast, an
electrode wired to natural photosynthetic complexes
(such as photosystem [PS] I and II), thylakoid mem-
branes, or cyanobacteria can also function as a photo-
electrode, even though the electrode is not a semicon-
ductor [23-27]. In the PS II-functionalized electrode,
chromophores (e.g. chlorophylls and carotenoids
within PS II) harness light energy, and then the pho-
toexcited electrons are swept from the reaction center
complex to an electrode over the course of O, evolu-
tion at the Mn4CaOj5 cluster [28°,29].

Photoelectrochemical regeneration of
cofactors for redox biocatalysis

The sustainable delivery of photoexcited electrons to
oxidoreductases via an indirect way is generally imple-
mented through the regeneration of diffusing cofactors
(or mediators) that relay electrons between photoelec-
trodes and oxidoreductases. The PEC regeneration of
NAD(P)H has been applied to various oxidoreductases
(e.g. ene-reductases, cytochrome P450 monooxygenases,
formate dehydrogenases, Baeyer-Villiger monooxy-
genases) [2]. As direct electrocatalytic reduction of
NAD?" can form enzymatically inactive NAD, dimers
and NADH isomers, suitable mediators are needed for
the hydride transfer from a (photo)electrode to
NAD*. The Rh-based mediator, Cp*Rh(bpy)H,0*
(M), is the most popular mediator because it shows high
regiospecificity for the generation of enzymatically active
1,4-NADH [4] and requires a milder reduction potential
of —0.55V (versus NHE, pH 7.0) than that of NAD"
(=—=0.96V versus NHE, pH 7.0) [6]. Note that the
cathodic potential for NAD" reduction is much lower
than the redox potential of NAD™* (—0.32'V versus NHE,
pH 7.0) because of the overpotential caused by the
formation of NAD, dimers [30]. The Park group reported
several different PEC platforms for photoanodic water
oxidation to extract electrons and (photo)cathodic reduc-
tion of M to regenerate enzymatically active NADH
[31°°,32°°,33-35]. For example, they designed a tandem
PEC system coupled with a cascaded enzyme circuit
made of three different dehydrogenases to produce meth-
anol from CO; (Figure 2b). Dual illumination and applied
voltage on photoelectrodes facilitated water oxidation and
the regeneration of NADH via M, mimicking the Z-
scheme of photoinduced electron transport in natural
photosynthesis. The formation of methanol occurs
through reversible hydrogenation reactions driven by
the cooperation of the metal-containing dehydrogenases,
and the efficient photoregeneration of NADH increased
the NADH/NAD™ ratio, shifting the domino reaction
towards the methanol production. In addition, a superior
formaldehyde dehydrogenase having a strong binding
affinity to formate and a high formate assimilation activity
was identified by screening using the Basic Local Align-
ment Search Tool and systematic sequence analysis,
giving a much-enhanced production rate of methanol
in the tandem PEC platform.

To circumvent the use of expensive NAD(P)H and
hydride-transfer mediators (e.g. M), photoelectrochem-
ical regeneration of FMNH, has been studied for the
reduction of the prosthetic flavin groups in flavoenzymes
(e.g. Old Yellow Enzyme, OYE) [36,37]. Note that the
reduction potential of FMN (—0.24V versus NHE, pH
7.0) is milder than those of NAD" and M, making the
process energetically more feasible. Recently, Son ez a/.
reported a biocatalytic PEC platform for the activation of
an OYE from Thermus scotoductus (IsOYE) (Figure 2c)
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Figure 2
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Passivation layer (TiO,) /

Biocatalytic photoelectrochemical platforms for solar activation of oxidoreductases. (a) Photoactivation of redox enzymes through the regeneration
of cofactor/mediator (marked by solid lines) and direct transfer of electrons to prosthetic groups (marked by a dashed line); (b) NADH regeneration
for the three-dehydrogenase cascade to reduce CO, to methanol [31°°]; (c) FMNH, regeneration to deliver a hydride to TsSOYE for highly
enantioselective reduction of C=C bonds [38°]; (d) Extraction of photoexcited electrons from PS Il entrapped in an osmium complex-modified
polymer for O, evolution [41]. The numbers indicate voltages (versus NHE) at pH 6.5; (e) Extraction of electrons from ThLc conjugated to In,S3
photoanode for O, evolution [45°); (f) Transfer of photoexcited electrons to [NiFeSe]-hydrogenase adsorbed on p-Si|lO-TiO, photocathode for Ha

evolution [50°°].

[38°]. 'Transition-metal-catalyzed asymmetric zrans-
hydrogenation was the subject of the 2001 Nobel prize
in Chemistry, which can also be accomplished biocataly-
tically using 75OYE [39]. The PEC system extracted

electrons from solar-driven oxidation of water and deliv-
ered them to an electrocatalytic cathode for a two-elec-
tron reduction of FMN molecules. Subsequently, 7sOYE
was reduced by receiving the electrons from free
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126 Biocatalysis and biotransformation

Table 1

A list of redox biotransformation by biocatalytic photoelectrochemical platforms. The descriptions of (photo)anodes and (photo)cathodes
are arranged in the order of enzymes, electrode materials, and key redox reactions. Note that the light and dark reactions are highlighted
by yellow background (with LIGHT mark at the upper right corner) and white background (with the DARK mark), respectively. Also listed
are applied biases for each platform and the biotransformation performances, such as reaction rates, yields, turnover frequencies (TOFs),
and total turnover numbers (TTNs).

(Photo)anode (Photo)cathode egﬁla'ge: Biocatalytic performance Ref.
LIGHT LIGHT
* Enzymes: CcFDH (CO2 + NADH —
HCOO- + NAD*), PcFaldDH (HCOO- +
 Electrode: Cobalt phosphate NADH — HCHO + NAD*), YADH 0.6~1.0V - . e~ 1
(Co-Pi)-deposited a-Fe,03 (HCHO + NADH — CH3OH + NAD*) (two-electrode Initial reaction rate4.~1_09 UM b (0.8 V. 2 h) [31°°]
" * Product concentration: #1310 uM (0.8 V, 6 h)
¢ 2H0 — Oy +4H' + 4e” * Electrode: BiFeOs configuration) . s
o ()M +2e +H — M*
(2) M* + NAD* — M?* + NADH
LIGHT LIGHT
* Enzyme: TsFDH (CO; + NADH —
* Electrode: Co-Pi-deposited, HCOO- + NAD*) 15~1.8V
npp* triple junction silicon on « Electrode: hydrogen-terminated silicon (twé-ele;:trode « Initial reaction rate: =10 pM h™' (1.8 V, 1 h) 133]
indium tin oxide (ITO) nanowire configuration) * Product concentration: 260 uM (1.8 V, 6 h)
+ 2H;0 — O+ 4H'+4e o (1)M2+2e +H > M* 9
(2) M* + NAD* — M?* + NADH
LIGHT | « Enzyme: GDH (a-ketoglutarate + LIGHT
+ Electrode: FeOOH-deposited NADH + NH;* — L-glutamate + NAD* 08~13V
Fe203 on fluorine-doped tin + H20) (tw. | -tr d « Initial reaction rate: =200 pM h*' (1.2 V, 1 h) [34]
oxide (FTO) « Electrode: Black silicon mﬁ‘;lelizﬁgn? « Yield: =16.2% (1.2 V, 5 h)
+ 2H,0 — O +4H' + 4 © (1)MZ 42 +HY > M* 9
(2) M*+ NAD* — M2* + NADH
LIGHT | « Enzyme: [NiFeSe]-Hzase (2H* + 2e” LIGHT
* Electrode: TiCo-deposited . ; F:?)d . INiFeSel-H 0.0~0.4 V * Initial reaction rate: =0.28 ymol cm h-!
BiVO4 on FTO in\?:r;c; :ﬁ;l ;’ig E(‘;]c')af:;z ct))r/]pani ® (two-electrode 0.0V, 1h) [50°°]
. — + - 2 . - i . i Hd 2
2H,0 O, + 4H" + 4e SillO-TiOs|Hzas6) configuration) H. production: =18.6 pmol cm2 (0.3 V, 5 h)
« Direct electron transfer
. El de: Tand bl LIGHT | « Enzyme: GDH (a-ketoglutarate + DARK
(CEIElR VEIEE Gy NADH + NHs* — L-glutamate + NAD* « Initial reaction rate: 2400 uM h-' (0.5 h)
of FeOOH—deposn_ted B|V04_ + Hz0) 0.0V « Yield: 81.5% (48 h)
and organometallic perovekite « Electrode: Carbon nanotube film (two-electrode |, rop 6900 h (0.5 h) [32%]
. 2H°tc?vita<'§ POl o ()M + 26 +H* — M* configuration) |, TNGy,: 108,800 (48 h)
2 2 (2) M*+ NAD* — M?2* + NADH
LIGHT | « Enzyme: TsFDH (CO, + NADH — DARK
* Electrode: Co-Pi-deposited a- HCOO- + NAD") 1.2~2.0V . Initi . - "l
Fe:0; on FTO + Electrode: ITO (wo-electrode | 1 (L ea0 o e L 2, 5 1) (35]
* 2H0 — Oz +4H" +4e o (1)M* +2e +H — M* configuration) . H -
(2) M* + NAD* — M?* + NADH
HEHT | = Enzyme: TSOYE [ketoisophorone + pARK Average reaction rate: 1280 pM h™' (0.8 V, 2
; — -| I + ° . OV
+ Electrode: FeOOH-deposited . E:\ggﬂf e pgf{ol:;/; ﬂ?r:phi’ii’t\:/lzgrbon 0.3~0.9V h)
BiVO4 on ITO nitride-hybridized carbon nanotube (two-electrode | * Yield: 25.6% (0.8 V, 2 h) [38°]
¢ 2H0 — Oy +4H'+ 4e” film Y configuration) | ¢ TOFrsove: =123 h™'(0.5V, 0.5 h)
« FMN + 26 + 2H" — FMNH, * TTNrsove: 256 (0.8V, 2 h)
LIGHT DARK
* Photosynthetic unit: PS |1
. (EZ|HZO ; (F?é +||"“—|Q+ ~ 0'4~’3"_7|EV « Initial reaction rate: =0.12 ymol cm?2 h'!
ectrlo & difi '(? ? « Electrode: platinum wire vsthree- (0.5V,0.5h) 41
complex-modified polymers + Cathodic reaction: not mentioned ( « 0, evolution: 0.24 pmol cm?2 (0.5 V, 1 h) 1]
on inverse opal ITO (I0- electrode « TTNpsi: 946 (0.5V, 1 h)
ITO|Pos-PSII) configuration) Psi 20
« Direct electron transfer
« Enzyme: Thic (2H20 — O, HIEar DARK
+4H" +4e or 20H — Oz + 0.8~1.0V
. gll;:rggg Thic covalently « Electrode: platinum wire v('s{hl[\égff * O3 evolution: 0.93 nmol (1.0V, 0.1 h, [45°]
attached fo InoSa-coated FTO « Cathodic reaction: not mentioned elec\rod_e unknown geometrical surface area)
(FTO[In2S3| ThLc) configuration)
« Direct electron transfer
DARK LIGHT
* Enzyme: [NiFeSe]-Hzase (2H* + 2e -0.1~-0.5V
* Electrode: platinum wire — Hp) vs. NHE - g
« Anodic reaction: not « Electrode: [NiFeSe]-H.ase on a TiO,- (three- :|r2]kenvgvlvur?g;bagﬁiggﬂéaﬂgz\ée& . [46]
mentioned coated p-type Si (p-Si|TiO2|Hzase) electrode
« Direct electron transfer configuration)

~, estimation; ~, range; CcFDH, formate dehydrogenase from Clostridium carboxidivorans P7T; PcFaldDH, formaldehyde dehydrogenase from
Pseudomonas cepacia genomvar ll; YADH, alcohol dehydrogenase from Saccharomyces cerevisiae; TsFDH, formate dehydrogenase from

Thiobacillus sp. KNK65MA; GDH, L-glutamate dehydrogenase; Hoase, hydrogenase; ThlLc, laccase from Trametes hirsuta.
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FMNH,, successfully converting ketoisophorone to (R)-
levodione (ee: 87.59%, production yield: 21.3%, TOF:
106 h~!, T'TN: 213) under an applied bias of 0.5 V.

Enzyme-conjugated electrodes for
photoelectrochemical biotransformation

The conjugation of oxidoreductases to electrodes is an
alternative method for injecting or withdrawing charge
carriers at the interface of electrodes and redox enzymes.
The characteristic redox properties of the prosthetic
groups promote electrical communication between elec-
trodes and oxidoreductases. Compared with the cofactor
regeneration approaches, direct electron transfer is advan-
tageous because (i) expensive cofactors or mediators are
not needed, (ii) the electron pathway becomes simplified,
minimizing energy loss and back electron transfer, and
(111) the redox potential of a prosthetic group is often less
negative than those of cofactors to spend less energy on
redox biocatalysis. Furthermore, the directionality of
electron flow could be tuned by applying a bias to a
photoelectrode. When the applied bias is more negative
than the flatband potential (Eyp) of the photoelectrode,
the electron density increases, and the consequent band-
bending is directed downward at the semiconductor/elec-
trolyte interface [40°]. This phenomenon facilitates the
injection of the photoexcited electrons from the photo-
electrode into the prosthetic group of oxidoreductases.
When the applied bias is more positive than Epp, the
band-bending becomes upward, promoting the transfer of
the electrons to the electrode.

Sokol et al. reported the positive-bias-driven activation of
PS II entrapped in osmium complex-modified polymers
on the surface of inverse opal indium tin oxide (IO-ITO|
Pos-PSII) under visible light (Figure 2d) [41]. PS 11, a
natural pigment—protein complex, is the benchmark
photocatalyst for solar water oxidation [29]. Light harnes-
sing by the pigments in PS II engenders charge formation
and separation at the P680 primary electron donor site.
The photogenerated holes are consumed at the oxygen-
evolving complex to liberate O,, whereas the photogen-
erated electrons are transferred to the terminal electron
acceptor plastoquinone B (Qg) [28°]. The proper orienta-
tion of PS IT on an electrode is vital for efficient transfer of
electrons from Qp to the electrode under a positive
applied voltage. To resolve the orientation issue, the
researchers enfolded the PS II module by Poy matrix,
placing the redox Os**** moieties in proximity to the
photosynthetic units [42,43]. The homogenously distrib-
uted Os centers mediated the transfer of photoexcited
electrons from Qg to IO-ITO via an electron-hopping
mechanism. Furthermore, the hierarchically structured
inverse opal with exceptional high surface area allowed
for more loading of PS II and P, resulting in extensive
interfacing between Pog and I'TO, and consequently
effective wiring of PS II to the electrode.

Solar-driven biotransformation platforms Kim and Park 127

The laccase from Trametes hirsuta (Thl.c) is a copper-
containing metalloenzyme that can electrocatalytically
oxidize H,O (or OH™) to O,. The natural role of 7/l.c
is to reduce O, to H,O, but a positive bias could reverse
the direction in heterogenecous bioelectrocatalytic sys-
tems [44]. For example, Tapia er a/. attached 7hl.c
covalently to indium sulfide particles deposited on a
fluorine-doped tin oxide electrode (FT'Ol|In,S;|7%Lc)
for the evolution of O, (Figure 2e¢) [45°]. The illumination
on the 77LL.C-conjugated photoanode generated photoex-
cited holes on the valence band, which were annihilated
by the electrons from the trinuclear copper cluster of
T/ZLc under a positive voltage (0.8-1.0V versus NHE).
However, the vulnerability of 7%Lc to light and hydroxyl
radicals terminated its biocatalytic activity after 6 min
under the applied bias.

In contrast, a negative applied voltage can drive a reduc-
tive reaction via the injection of electrons to redox
enzymes. For example, the Reisner group reported the
photoactivation of [NiFeSe]-hydrogenase adsorbed on a
titanium dioxide-coated p-type Si photocathode (p-Si|
TiO,|H,ase) under a negative bias [46]. The [NiFeSe]-
hydrogenase from Desulfomicrobium baculatum is a metal-
loenzyme that exhibits a strong kinetic tendency toward
H, production in the presence of O, [47,48]. The photo-
excited electrons generated from the p-Si| TiO, are deliv-
ered to the enzyme’s [NiFeSe] active site via its intra-
protein Fe-S cluster relays for the reduction of H* to
Ho. In the course of the photosynthetic reaction, the TiO,
interlayer functioned as a biocompatible site for anchor-
ing the hydrogenase, and the downward band-bending of
p-type Si electrode expedited the transfer of photoex-
cited electrons toward the metal cluster of the enzyme
[49]. In a recent follow-up study, the group replaced the
planar T10; by a hierarchical inverse opal TiO; layer to
increase the amount of adsorbed [NiFeSe]-hydrogenases
(Figure 2f) [50°°]. The biocatalytic photocathode was
wired to a TiCo-deposited BiVO, photoanode to drive
water splitting under a low bias. The high photovoltage of
BiVO, accounted for a large portion of driving force to
couple the biocatalyzed H, formation and the photoelec-
trochemical O; evolution.

Conclusion and future perspectives

The biocatalytic PEC platform integrates biocatalysis and
photoelectrocatalysis for sustainable redox biotransforma-
tions. The simultancous employment of light and elec-
trical energy tunes the directionality and the kinetics of
photoexcited electrons for efficient activation of oxidor-
eductases. The PEC-based activation of redox enzymes
occurs through either the regeneration of cofactors (e.g.
NADH, FMNH,;) or direct electron transfer on enzyme-
conjugated electrodes. T'o be competitive with conven-
tional enzymatic cofactor recycling methods, the biocata-
lytic PEC platforms should pursue swiftness, scalability,
and sustainability. Critical issues relevant to the current
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generation efficiency and the robustness of photoelec-
trodes and the proper interfacing of oxidoreductases to
the PEC platforms should be addressed in future studies.
The total turnover numbers of enzymatic NADH recy-
cling are one or two orders of magnitude greater than
those of PEC approaches [2]. The lower regeneration
efficiency is ascribed to the fact that redox mediators are
reduced at the surface of a photoelectrode, whereas
homogenously distributed secondary enzymes reduce
NAD™ over an entire reaction medium simultaneously.
The limitation would be compensated by enhancing the
kinetics of charge and mass transfer, increasing the sur-
face-to-volume ratio of photoelectrodes, and designing
more efficient redox mediators. The design of enzyme-
hybrid photoelectrodes with a protective layer (e.g.
photocorrosion-resistant oxide) having antifouling prop-
erties can be a promising strategy for minimizing unde-
sirable back electron transfer and ensuring longer-term
use of biocatalytic PEC platforms. As the active sites of
oxidoreductases are often buried deep within polypep-
tides, it would be desirable for redox enzymes to possess a
prosthetic group (or a redox relay center) near their
surfaces to minimize the interfacial electron tunneling
barrier. Such a structural modification may be implemen-
ted through the ¢ #ovo computational enzyme design
that can generate libraries of novel sequences and fashion
a wide range of protein structures with atomic-level
accuracy [51,52]. Finally, the development of hetero-
structured photoelectrodes by the combination of dissim-
ilar semiconductors (e.g. perovskite solar cell) would
boost the solar-to-chemical conversion efficiency and
realize bias-free redox biocatalysis because the hetero-
structures offer effective charge separation and migration,
enhancing current generation [53]. Furthermore, com-
puter-aided design of robust enzymes having high speci-
ficity and stability should allow for scalable and durable
biotransformation. T'aken together, the multidisciplinary
collaboration across enzyme engineering, photoelectro-
chemistry, and materials science should establish more
efficient and sustainable PEC-based biotransformation
processes.
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