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ABSTRACT: Peroxygenases are very promising catalysts for
oxyfunctionalization reactions. Their practical applicability,
however, is hampered by their sensitivity against the oxidant
(H2O2), therefore necessitating in situ generation of H2O2.
Here, we report a photoelectrochemical approach to provide
peroxygenases with suitable amounts of H2O2 while reducing
the electrochemical overpotential needed for the reduction of
molecular oxygen to H2O2. When tethered on single-walled
carbon nanotubes (SWNTs) under illumination, ﬂavins
allowed for a marked anodic shift of the oxygen reduction
potential in comparison to pristine SWNT and/or nonilluminated electrodes. This ﬂavin-SWNT-based photoelectrochemical platform enabled peroxygenases-catalyzed, selective
hydroxylation reactions.
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potential, as depicted in Figure 1. Flavins are made of a

eroxygenases are versatile catalysts for speciﬁc oxyfunctionalization reactions even on nonactivated C−H
bonds.1,2 Unlike cytochrome P450 monoxygenases that depend
on complicated and vulnerable electron-transport chains for
reductive activation of molecular oxygen, peroxygenases utilize
H2O2 directly to form the catalytically active oxyferryl-heme
species. This inherent advantage results in signiﬁcantly
simpliﬁed reaction schemes, making peroxygenases promising
catalysts for organic oxyfunctionalization chemistry on a
preparative scale. Despite the high potential of peroxygenases,
however, their practical application is hampered by their poor
operational stability toward H2O2, which causes oxidative
degradation of catalytic heme moiety. Typically, this challenge
has been met by in situ provision of peroxygenases with suitable
amounts of H2O2 by catalytic reduction of molecular oxygen
using chemical,3,4 electrochemical,5−8 photochemical,9−11 or
enzymatic methods.12−16 Electrochemical H2O2 supply is an
attractive approach with no need of additional catalyst for H2O2
generation, avoiding the accumulation of byproducts in the
reaction mixture. A few studies have been reported for
electrochemical reduction of O2 using gas diﬀusion electrode
(GDE) or carbon-based electrodes.5−8 Due to kinetic
limitations, however, simple, nonmodiﬁed carbon electrodes
require signiﬁcant overportentials to attain eﬃcient O2reduction rates, resulting in additional energy expenditures.
Here, we report ﬂavin-hybridized, single-walled carbon
nanotube (SWNT) photoelectrodes for in situ generation of
H2O2 to promote peroxygenase-catalysis at low applied
© 2017 American Chemical Society

heterocyclic conjugated ring structure (i.e., isoalloxazine ring)

Figure 1. Schematic illustration of photoelectrochemical generation of
H2O2 for peroxygenase catalysis. AaeUPO catalyzes the chemo- and
stereospeciﬁc conversion of ethylbenzene to (R)-1-phenylethanol. In
situ provision of H2O2 is achieved via reduction of oxygen by using
ﬂavin-SWNT electrodes under illumination.
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(Figure S1a), which are vital compounds for diverse redox
reactions in living organisms. Flavins undergo reversible redox
conversion, involving N(1) and N(5) of the isoalloxazine ring
(Figure S1b). Reduced ﬂavins are well-known to react swiftly
with molecular oxygen in a diﬀusion-controlled manner,
yielding oxidized ﬂavins and hydrogen peroxide.17 Furthermore,
ﬂavins are excellent photosensitzers that absorb visible light at
around 450 nm. Upon illumination, photoexcited ﬂavins exhibit
a more positive redox potential (E0′, 3Fl*/Fl−, + 1.85 V) than
the ground state ﬂavins (E0′, Fl/Fl−, −0.22 V), and their
electron aﬃnity is signiﬁcantly enhanced;18 hence, photoexcited
ﬂavins appear to be interesting cocatalysts to facilitate charge
transfer to molecular oxygen from the cathode by reducing the
overpotential of O2 reduction (Figure S2).
To utilize ﬂavins for photoelectrocataylic H2O2 generation,
SWNTs were chosen as a scaﬀold to anchor ﬂavin molecules
because of their good chemical stability, high surface area, and
superb electrical and mechanical properties.19 Flavins can be
easily immobilized on the surface of SWNT electrodes via a
simple hybridization process while maintaining their redoxactive properties of ﬂavins.20,21 The hybridization of ﬂavins with
SWNTs occurs through π−π interactions between aromatic
isoalloxazine moieties and graphitic carbons in addition to
hydrogen bonds between adjacent ﬂavin molecules.
We investigated three diﬀerent types of ﬂavin molecules
ﬂavin mononucleotide (FMN), lumiﬂavin (LF), and lumichrome (LC)for their abilities to anchor on the surface of
SWNTs and photoelectrocatalytic activity for O2 reduction. We
have chosen these ﬂavin derivatives because of their high
photostability compared to other ﬂavin molecules.22 A highly
conductive ﬂavin-SWNT ﬁlm electrode was synthesized by
sonicating a suspension of ﬂavin powder (1 mg) and SWNTs
(5 mg) in a suitable organic solvent (acetone for LF and LC,
ethanol for FMN) for 7 h, followed by vacuum ﬁltration
(Figure 2a). As a result of the hybridization, ﬂavin molecules
were reconstructed from crystalline particles to a nanoscale adlayer on the surface of SWNT scaﬀold that formed an
intertwined network structure (Figure 2b). According to our
analysis of ﬂavin contents by N concentrations in the
nanocomposite using an organic elemental analyzer, 11.5 wt
% (FMN), 13.8 wt % (LF), and 12.3 wt % (LC) were loaded to
each hybrid electrode. We observed the interaction between the
surface of SWNTs and ﬂavin molecules using Raman
spectroscopy (Figure 2c). A higher frequency shift (∼5 cm−1)
of the radial breathing mode peak at 184 cm−1 was observed in
all samples, which is contributed to the π−π interactions
between SWNTs and ﬂavin molecules. We examined possible
leaching of the ﬂavin molecules from the SWNT surface by
immersing them in deionized water (Figure 2d). After 4 h of
incubation, approximately 36% of FMN and 9% of LF
molecules diﬀused into the aqueous solution, while LC
remained intact on the SWNTs due to its hydrophobicity.
We attribute the signiﬁcant leaching of FMN to its hydrophilic
ribityl phosphate residue that interacts with water molecules.
We evaluated O2-reduction activities of the ﬂavin-SWNT
electrodes in a O2-saturated solution under light-on and -oﬀ
conditions by cyclic voltammetric analysis. As shown in Figure
2e,f, the currents for O2 reduction were enhanced by the
presence of ﬂavin redox catalysts upon light irradiation. The
current increase should be caused by photoexcited ﬂavins that
convert to their reduced form by accepting electrons from the
cathode and consequently transfer the electrons to dissolved
oxygen during their aerobic reoxidation pathways.17 Such

Figure 2. (a) Picture and (b) SEM images of LC-SWNT nanohybrid.
(c) The Radial Breathing Modes (RBMs) of pristine SWNT and
ﬂavin-SWNT electrodes at laser excitation of 514.5 nm. Blue shifting
of RBMs for ﬂavin-SWNT indicates the π−π interaction between
SWNTs and ﬂavin molecules. (d) Time proﬁles of the weight
percentage of ﬂavin (FMN, LF, and LC) leaked out of the electrode.
Each electrode was immersed in 3 mL of DI water. (e),(f) CVs for
oxygen reduction at the pristine SWNT and ﬂavin-SWNT electrodes
in the O2-saturated phosphate buﬀer (100 mM, pH 7.0) at 25 °C in
the dark (black curves) and under visible-light illumination (red
curves). Scan rate 25 mV s−1. All electrodes had geometrical surface
area of 1 cm2.

cathodic waves did not form under anaerobic conditions
(Figure S3), which conﬁrms that the peaks stemmed from O2
reduction. Under light illumination, the value of O2 reduction
peak potential for LC-SWNT electrodes was −0.32 V (vs Ag/
AgCl), which was more anodic than that observed in the same
experiment conducted under dark condition (−0.4 V vs Ag/
AgCl). Also, the current density markedly increased from −0.84
mA cm−2 to −1.42 mA cm−2 with light illumination. We also
characterized the photoresponsive behavior of LC-SWNT by
measuring photocurrent changes at a potential of −0.3 V (vs
Ag/AgCl) with chopped illumination (Figure S4). We found
that the maximum values of cathodic current at LF-SWNT and
FMN-SWNT electrodes under light conditions were approximately −1.04 mA cm−2 (at −0.35 V) and −1.23 mA cm−2 (at
−0.43 V), respectively. They exhibited pronounced performances for O2 reduction compared to pristine SWNT (−0.49 V
vs Ag/AgCl, −0.87 mA cm−2), but their O2 reduction
overpotentials were still higher than that of LC-SWNT,
which is attributed to their unstable binding to the surface of
SWNTs; thus, we selected LC as a model ﬂavin in this work
because it was most active toward O2 reduction and ﬁrmly
bound to the surface of SWNTs without leaching to aqueous
solution. LC has an alloxazinic structure, diﬀerent from
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common ﬂavins. Previous studies on LC observed the
tautomerization from the alloxazinic type to an isoalloxazinic
one during electrochemical reduction process (Figure S1c).23
In the current system, likewise, LC should readily tautomerize
to more stable form during redox reactions.
Figure 3 shows such beneﬁcial characteristics of LC-SWNT
in potentiostatic electrolysis. Under a cell voltage of −0.3 V (vs

Figure 3. (a) H2O2 formation rate and (b) current eﬃciency with LCSWNT and pristine SWNT electrode in phosphate buﬀer (100 mM,
pH 7.0) at −0.3 V (vs Ag/AgCl) under illumination and in the dark. T
= 25 °C. All electrodes had geometrical surface area of 1 cm2.
Figure 4. Eﬀect of (a) applied voltage and (b) LC content (wt %) on
the photoelectroenzymatic formation rate of (R)-1-phenylethanol.
Time courses of hydroxylation of ethylbenzene with respect to (c)
yield and (d) optical purity of the product during repetitive
experiments. After use the electrode was washed, it was dried at
room temperature and used for the reaction. 100 mM substrate was
added after each sampling because of the technical issue of substrate
evaporation. Reaction conditions: 100 mM phosphate buﬀer (pH 7.0,
2 mL) containing 200 nM AaeUPO and 100 mM ethylbenzene; −0.4
V (vs Ag/AgCl); 25 °C.

Ag/AgCl) with light illumination, H2O2 was produced with a
rate of 0.15 mM h−1, which is 2.28- and 2.48-fold higher than
control experiments without light or using a pristine SWNT
cathode under light, respectively. The individual time courses
are shown in Figure S5. The highest current eﬃciency of 58%
was detected at LC-SWNT electrode under illumination. The
results indicate that an eﬃcient production of H2O2 at LCSWNT photoelectrode was achieved while minimizing
undesirable side reactions24,25 such as chemical decomposition
of H2O2 to O2 and further reduction of H2O2 to H2O. Possibly,
in these experiments oxygen availability became overall ratelimiting due to the poor solubility of molecular O2 in aqueous
media (ca. 0.25 mM at 20 °C) and its rapid depletion at the
cathode surface. Therefore, we bubbled O2 gas into electrolyte
solution through a Teﬂon tube (2 mm diameter) and found
that H2O2 formation rate increased remarkably to 0.37 mM h−1.
In all further experiments, O2 feed was applied because of the
reason.
Next, we coupled the photoelectrochemical in situ H2O2
generation platform with peroxygenase-driven catalysis to
perform oxyfunctionalization reactions. We chose hemethiolate peroxygenase from Agrocybe aegerita (AaeUPO,
E.C.1.11.2.1)26−28 as a model enzyme to catalyze the
enantioselective hydroxylation of ethylbenzene to (R)-1phenylethanol. AaeUPO is a promising biocatalyst to replace
P450 monooxygenases because of its high activity toward
(non)activated C(sp3)-H bonds.1 To characterize the production of (R)-1-phenylethanol, we investigated the eﬀects of key
reaction parameters such as applied voltage and ﬂavin
concentration in hybridization media. The reaction was carried
out in a one-pot reactor, consisting of a LC-SWNT cathode
(with the geometric surface area of 1 cm2) and a platinum
anode, with the reaction volume of 2 mL while bubbling O2
into the reaction medium. Figure 4a displays the product
formation rate during 4 h as a function of the applied potential
ranging from −0.2 to −0.5 V (vs Ag/AgCl). Note that, in all
cases, enantiopure products (ee >99%) were obtained while no
product was detected at below −0.1 V potential or in the
absence of AaeUPO or with denatured AaeUPO under light
conditions (data not shown). The product formation rate

achieved a maximum value of 0.72 mM h−1 at an applied
potential of −0.4 V and decreased at −0.5 V. This decrease may
be caused by the loss of enzyme activity. The accumulation of
reactive oxygen species (ROS) such as superoxide radical anion
and hydroxyl radical may occur at higher voltage applied,
leading to oxidative degradation of the heme and/or amino acid
residues. Note that the product formation rates under
illumination are higher than that in the dark except at −0.2
V. These results prove that light has a beneﬁcial eﬀect on
AaeUPO-catalyzed hydroxylation in this system. We found that
the ﬂavin amount loaded to the electrode was another factor
aﬀecting the photoelectroenzymatic process. According to our
observation (Figure 4b), 13 wt % LC-containing electrode
showed the highest rate of AaeUPO catalyzed reaction (0.72
mM h−1), which was 2-fold higher that of pristine SWNT
electrode. At above 13 wt % of LC content, product formation
rates decreased. We attribute the result to the precipitation of
excess LC molecules as disordered particles on the hybrids that
impede electrical ﬂow between SWNT and LC molecules and
thus lead to low productivity (Figure S6). We further tested the
stability of the ﬂavin-SWNT electrode-based reaction system.
Figure 4c,d show the time-dependent proﬁles of AaeUPOcatalyzed hydrogenation of ethylbenzene using the same LCSWNT electrode. The linearly increasing product formation
demonstrates that stable operational activity of AaeUPO
sustained by exploiting low H2O2 level in the system. Overall,
ethylbenzene was converted into (R)-1-phenylethanol of 17
mM and acetophenone (originating from AaeUPO-catalyzed
oxidation of the primary product) of 3 mM as the sole side
product. Optical purities of the ﬁnal products were
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established methods, our approach do not require sacriﬁcial
electron donors, avoiding the accumulation of byproducts, and
takes advantage of applying low potential to realize energyeﬃcient synthesis of H2O2. The ﬂavin-SWNT system serves as
a suitable platform technology for the application of a wide
range of peroxygenases for ﬁne and specialty chemical
production.

approximately 95% ee. We conﬁrmed that the electrode could
be reused (more than thrice) without any appreciable activity
reduction. Also, the current density of the working electrode
remained stable at ∼100 μA cm−2 for electrolysis over 40 h
(Figure S7). This exceptional durability shows a promise for
practical applications of the LC-SWNT hybrid electrode.
To investigate general applicability of the LC-SWNT
photoelectrocatalytic system, we tested other peroxygenasecatalyzed reactions: (1) AaeUPO for hydroxylation of 2phenoxypropanoic acid and (2) chloroperoxidases from
Caldariomyces fumago (CPO)29 for indole oxidation, which
also exhibits poor operational stability toward H2O2. Table 1
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summarizes the turnover number (TON) and space-time-yield
(STY) of the diﬀerent reactions. The TON and STY values
were calculated at the end of each process, where no further
conversion of substrate was observed. The conversion of
ethylbenzene showed the highest TON of over 123 000, while
TONs for AaeUPO-catalyzed 2-phenoxypropanoic acid hydroxylation and CPO-catalyzed indole oxidation were 5900 and
4900, respectively. In the case of CPO, the TON and STY
could be improved by further optimization of reaction
conditions to stabilize enzyme (e.g., using a cosolvent to act
as a radical scavenger such as tert-butanol).6,30 The successful
application of LC-SWNT photoelectrocatalytic system to other
peroxygenase-catalyzed reactions signiﬁes that the reaction
setup is not limited to the stereospeciﬁc hydroxylation of
ethylbenzene but also could be extended to a representative
range of peroxygenase-catalyzed reactions.
In summary, we have demonstrated the ﬁrst photoelectrochemical approach for in situ H2O2 generation using
ﬂavin-SWNT electrode to promote peroxygenase-catalyzed
reactions. Oxygen reduction activity was greatly enhanced by
the ﬂavin photosensitizers such as LC incorporated into the
SWNT network. Under visible light illumination, LC reduced
the overpotential for oxygen reduction by 170 mV when
compared to the pristine SWNT electrode. This overpotential
reduction is attributed to the facilitated electron transfer to
oxygen by photoexcited LC. We optimized the reaction
parameters (e.g., applied potential, LC concentration) to
observe an eﬃcient photoelectroenzymatic hydroxylation of
ethylbenzene with the TON of 123 900. Compared to
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