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Electrochemical transformations catalyzed by
cytochrome P450s and peroxidases

) xab ) xabcd

Neeraj Kumar, (22 Jie He and James F. Rusling ¢
Cytochrome P450s (Cyt P450s) and peroxidases are enzymes featuring iron heme cofactors that have
wide applicability as biocatalysts in chemical syntheses. Cyt P450s are a family of monooxygenases that
oxidize fatty acids, steroids, and xenobiotics, synthesize hormones, and convert drugs and other
chemicals to metabolites. Peroxidases are involved in breaking down hydrogen peroxide and can oxidize
organic compounds during this process. Both heme-containing enzymes utilize active FeV=—0
intermediates to oxidize reactants. By incorporating these enzymes in stable thin films on electrodes,
Cyt P450s and peroxidases can accept electrons from an electrode, albeit by different mechanisms, and
catalyze organic transformations in a feasible and cost-effective way. This is an advantageous approach,
often called bioelectrocatalysis, compared to their biological pathways in solution that require expensive
biochemical reductants such as NADPH or additional enzymes to recycle NADPH for Cyt P450s.
Bioelectrocatalysis also serves as an ex situ platform to investigate metabolism of drugs and bio-relevant
chemicals. In this paper we review biocatalytic electrochemical reactions using Cyt P450s including C—
H activation, S-oxidation, epoxidation, N-hydroxylation, and oxidative N-, and O-dealkylation; as well as
reactions catalyzed by peroxidases including synthetically important oxidations of organic compounds.
Design aspects of these bioelectrocatalytic reactions are presented and discussed, including enzyme
film formation on electrodes, temperature, pH, solvents, and activation of the enzymes. Finally, we
discuss challenges and future perspective of these two important bioelectrocatalytic systems.
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electrochemical  sensors/biosensor, of hybrid materials of polymers and metals that are capable

activating small molecules as inspired by metalloenzymes.
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1. Introduction

Chemical transformations of organic compounds are funda-
mentally and practically important for synthesizing essential
chemical products like new and safe drugs, clean industrial
chemicals, environmentally safe materials, and beyond." A key
to making these transformations practical is high yield at low
cost. In comparison to traditional chemical syntheses, biologi-
cal syntheses are most often catalyzed by enzymes and very
often outperform chemical catalysis in terms of substrate
specificity and product regio- and stereo-selectivity. Thus, the
utilization of biological catalysts in chemical transformations
can provide cost-effective, selective, rapid syntheses, often
without separation of by-products or intermediates.*>

Novel synthetic methods are needed to make strictly chiral
pharmaceutical products. For example, often only one chiral
form of a drug has the desired activity, while the other chiral form
may have undesirable or even toxic activity. Biocatalysts offer
alternative routes to chemical syntheses under mild conditions,
low environmental toxicity, and excellent chiral selectivity, and can
avoid toxic solvents and redox agents. Enzymes lead to high regio-
and stereoselectivity in the reaction products.””™ The study of
drug metabolites also plays a key role in uncovering therapeutic
and toxicity effects.>” Heme-containing enzymes especially Cyto-
chrome P450 (Cyt P450s, Scheme 1), are involved in up to 75% of
metabolic reactions of existing drugs and also covert toxic com-
pounds like pollutant to less or more toxic products. Enzymes can
also be efficient in the remediation of pollutants.®**! Thus, bioca-
talytic transformations have garnered lots of attention in organic
and pharmaceutical syntheses, pollutant remediation, and meta-
bolism studies.

In this review, we summarize recent advances of bioelectro-
catalytic transformations of organic compounds using Cyt P450s
and peroxidases. Cyt P450s are an extensive family of enzymes in
mammals, bacteria and plants.">"® They have an iron heme
cofactor (Scheme 1) imbedded within their polypeptide structures
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as the mediation center of all their catalyzed oxidation reactions
(see Scheme 2). As mentioned, Cyt P450s metabolize drugs and
other chemicals in humans, but in some cases produce toxic
products.”**™® Cyt P450s are biocatalysts for C-H hydroxylation,
N- and S-oxidation, O-, N- and S-dealkylation, C-C bond cleavage,
C—C double bond epoxidation, aromatic coupling, as well as
2021 They are effective for synthesis of
28730 and develop-

more unusual reactions.
drugs, drug metabolites,>*>” bioremediation,
ment of biosensors.*

Cyt P450s as monooxygenases incorporate one oxygen atom
site-selectively into a reactive substrate.”>** In humans Cyt
P450 reductases (CPRs) accept electrons from nicotinamide
adenine dinucleotide (NADH) or nicotinamide adenine dinu-
cleotide phosphate (NADPH).*® In nature, CPR transfers two
electrons from NADPH to Cyt P450s (Scheme 2). Other redox
partners also exist for Cyt P450s,>>° e.g., bacterial and mito-
chondrial systems with NADPH-ferredoxin reductase and ferre-
doxin partners. Cyt P450s also have alternative activation
pathways utilizing hydrogen peroxide (called the H,0, shunt)
to facilitate oxidative reactions.®”*® All these enzymatic
reactions feature reduction of Fe(m) to Fe(u) that reacts with
oxygen or H,0, to yield reactive Fe(iv)J=—O species to oxidize
substrates.*® Cyt P450 oxidations have also been discussed in
terms of heme iron-oxygen enzyme forms called compound I
(P**Fe(iv)=0), using terminology from peroxidases.*’

Peroxidases use hydrogen peroxide (H,O,) as the oxygen
source. The iron heme prosthetic group typically binds with a
histidine residue that acts a proximal ligand. The catalytic cycle
of all peroxidases is shown below and is similar to the H,O,
shunt process of Cyt P450s (eqn (1)-(3)). Peroxidases get
activated by two-electron reduction of H,O, to yield high valent
Fe(iv)—O species.

PFe(m) + H,0, — PFe(m)-0-0O-H — P*'Fe(iv)=0 (Compound I)
+ H,0 1)

P*'Fe(v)=0 + RH — Fe(v)=0 (Compound II) + R* + H"
(2)
PFe(v)=O + RH + H" — PFe(m) + H,O+R*  (3)

Initially, peroxidase PFe(i) is oxidized by H,O, to produce the
two-electron oxidized intermediate (compound I, eqn (1)) com-
pound I (P**Fe(iv)=0).*** Compound I oxidizes a substrate to
yield ferryl-oxy intermediate compound I (Fe(iv)J=—0, eqn (2)), which
is reduced back to the Fe(ur) by oxidizing another substrate molecule
(egn (3)).*****° In organisms, peroxidases destroy excess H,0, and
reactive oxygen species (ROS) as well as oxidize numerous com-
pounds. Several types of peroxidases, e.g. lignin peroxidase,*”*8°1>¢
horseradish peroxidase (HRP),"*>"*° chloroperoxidase (CPO),°*®
manganese peroxidase,®>®°
been used extensively in biocatalytic oxidations (e.g, the oxida-
tion of alkanes to alcohols) or chromogenic reactions in
chemiluminescence.”® While oxidation of these enzymes by
H,0, is required, their inactivation by H,0, may limit their
use in industry.”””® Thus, recent studies have focused on
in situ production of H,0, that potentially overcomes the over-
oxidation issue.”*

and haloperoxidases.®”"*° have

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Ribbon structure of human cytochrome P450 (CYPE14), identifying the iron heme cofactor that is central for all its biosynthetic reactions, and
chart showing the relative importance of various liver enzymes in metabolizing known drugs. Reproduced from Anal. Chem., 2016, 88, 4584—-4599 with
permission.2® Copyright, 2016, ACS publication.
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Scheme 2 Pathway for mammalian Cyt P450-catalyzed reactions.®334142 The ferric iron-heme (P-Fe) Cyt P450 (1) first binds substrate RH to
eliminate water (2). Next, 2 is reduced to 3 by NADPH-dependent reductase CPR to yield ferrous heme Cyt P450 3, which then binds dioxygen to form
ferryl superoxy complex 4. This complex is reduced by NADPH reductase CPR to yield 5, which is then protonated to 6, which may also be generated by
peroxide via the reversible peroxide shunt. Protonation of 6 and dioxygen cleavage lead to active heme-iron(iv)-oxo radical cation (7), considered the key
reactive intermediate that transfers oxygen to the bound substrate to yield the product ROH. Exposure of ferrous form 3 to carbon monoxide (CO) yields
P-Fe()-CO complex 9, which absorbs 450 nm light, which gave these enzymes the name Cyt P450s. Abbreviation: CPR, cytochrome 450 reductase.

L1 Classification of Cyt P450s and peroxidases electron transfer system containing a ferredoxin reductase and

Cyt P450s are commonly divided into two classes. Bacterial and  iron-sulfur protein (ferredoxin). Ferredoxins are acidic, low
mitochondrial P450s are in Class I, and use a two-component molecular weight, soluble proteins including iron-sulfur

This journal is © The Royal Society of Chemistry 2023 Chem. Soc. Rev,, 2023, 52, 5135-5171 | 5137
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clusters, e.g. [2Fe-2S], [3Fe-4S] and [4Fe-4S], and a 7 Fe ferre-
doxin with both a [3Fe-4S] and a [4Fe-4S] cluster. The electron
transfer pathway involves NAD(P)H donating an electron to
ferredoxin reductase, which subsequently transfers to ferre-
doxin, and then to the Cyt P450.”>®' Mammalian microsomal
Cyt P450s are called Class II enzymes and the electron source is
NADPH Cyt P450 reductase.”””® The generally accepted elec-
tron transfer and reductant oxidation pathway is presented in
Scheme 2.77:%%%

While the short notation for these enzymes is Cyt P450s,
specific enzyme notations are used for individual Cyt P450s,
e.g., CYP3A4, CYP1A2, CYP2E9, CYP2B6, CYP2E1, CYP2CS,
CYP2C19 and CYP2D6, etc.®* In those notations, CYP represents
the superfamily followed by a number indicating the gene
family, the capital letter after the first number represents the
subfamily, and the last number denotes the individual gene.®
The use of italics in the name usually denotes a gene, e.g., CYP2E1
gene (ie., the gene encoding the enzyme CYP2E1).%® Cyt P450s can
be found in every class of organism. In humans, there are 18
families of mammalian Cyt P450s. Many of these enzymes are
associated with specific drug metabolism and xenobiotic reactions
to oxidize drugs/toxins.*””®® For example, CYP2E1 metabolizes
paracetamol (acetaminophen) into N-acetyl-p-benzoquinonei-
mine.*” CYP2B6 metabolizes cyclophosphamide into 4-hydroxy
cyclophosphamide.’® CYP2A6, CYP2B6, CYP3A4, CYP3A5, CYP2C9,
CYP2C18, CYP2C19, show oxazaphosphorine 4-hydroxylation
activity. High activity for 4-hydroxylation of cyclophosphamide is
demonstrated by CYP2B6, and for 4-hydroxylation of ifosfamide
by CYP3A4.°" The numerous androgen-metabolizing Cyt P450s
(CYP3A4, CYP3A5, CYP3A43 and CYP2B6) and CYP enzymes
(CYP27B1, CYP27A1, CYP24A1, CYP3A4, CYP2J2, CYP2R1) are
necessary for vitamin D metabolism.**°*”** Human CYP2B6,
CYP2C19, CYP2D6, CYP2C9 and CYP3A4 metabolize 75-90% of
existing phase I drugs. Among these, CYP3A4 is responsible for
biotransformation of a very large number (close to 50%) of
drugs.3+9%

Peroxidase enzymes are found in plants, animal, and micro-
organism tissues. They are classified into three classes based
on source.” '°° Class I-intracellular prokaryotic peroxidases
include catalase, ascorbate peroxidase and cytochrome c¢ per-
oxidase. Class II-extracellular fungal peroxidases contain man-
ganese peroxidase, lignin peroxidase and versatile peroxidase,
and class IlI-secretory plant peroxidases comprise horseradish
root peroxidase (HRP), wheat peroxidase (WP), lignin-forming
tobacco peroxidase (TOPA), tomato peroxidase (TMP) and bar-
ley peroxidase (BP).”®'°' Peroxidases can use many types of
peroxides as electron acceptors to catalyze oxidative reactions.

1.2 Synthetic scope of this review

Diverse applications of Cyt P450s and peroxidases, including
biosensors, drug metabolism, synthesis reactions, catalysis,
drug interactions and conversion have been reviewed by a
number of research groups.”*'**1°271%8 ywe address below the
use of Cyt P450s and peroxidases for electroorganic synthesis
where no additional electron donors are required (see below).
We organize the reactions in the text below from a synthetic
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viewpoint, based on the types of chemistry, e.g., C-H activation,
S-oxidation, epoxidation, N-hydroxylation, oxidation of alcohols
and oxidative N-, and O-dealkylation. There are four major goals
of this review article,

(1) To provide a comprehensive overview of the status of Cyt
P450s and peroxidases in bioelectrocatalysis, including suit-
ability of electrode materials and immobilization methods.

(2) To identify reaction conditions required for high catalytic
activity of these enzymes on electrode surfaces.

(3) To review recent bioelectrocatalytic applications of Cyt
P450s and peroxidases for oxidative chemistry.

(4) To describe novel approaches used in bioelectrocatalysis
with these enzymes.

2. Combining electrochemistry with
biocatalysis

2.1 Rationales for electrochemical activation of heme
enzymes

As shown in Scheme 2, two electrons are delivered sequentially
to the iron heme in the complex Cyt P450 catalytic cycle. The
first one reduces Fe(m) to Fe(n) in the heme group, and Fe(u)
then reacts and binds with oxygen to yield Fe(m)-O-O°.
The second electron reduces this species to Fe(i)-O,, which
eventually leads to the Fe(iv)—O species that oxidize the
reactant RH (Scheme 2).'°° Cyt P450s are capable of oxidation
or hydroxylation of non-activated carbon atoms, i.e., oxidation
of C-H bonds. The use of NADPH as an electron source and
cytochrome P450 reductases (CRP) as in the natural catalytic
cycle (Scheme 2) can serve as an multifaceted biocatalytic
system with significant industrial potential, but also carries
practical issues that need to be solved.'*"'°""**> On one hand,
the complex electron transfer mechanism of Cyt P450s in
solution requires the use of expensive reductants such as NADH
or NADPH. The monotonic eukaryotic Cyt P450 reductases, and
bacterial redox partner system are more distinct but a bit
complicated to apply to solution-based syntheses.”®'"*'** On
the other hand, although being difficult to handle, CRP that is
necessary to the direct electron transfer with Cyt P450s presents
in commercially available Cyt P450 preparations known as
microsomes (or baculosomes) and supersomes. The latter con-
structs feature specific single Cyt P450’s (e.g., CYP3A4) and
include CRP in a predominantly lipid matrix. Microsomes are
derived from specific organs and contain a collection of Cyt
P450s, CPR, and other proteins in a lipid matrix. Cyt P450s
catalyze regio- and stereo-selective activation of C-H bonds in
organic reactants under optimal conditions.”®'"® This makes
them suitable as biocatalysts for the synthesis of pharmaceu-
ticals and other fine chemicals where control of stereochem-
istry is absolutely important and necessary.

There have been extensive efforts to overcome the limitations
of Cyt P450s in the past."'®'"” Among those, electrochemical
activation can improve performance of Cyt P450s without the
use of additional chemicals. Replacement of biological electron
transfers by electrochemical processes where electrons are

This journal is © The Royal Society of Chemistry 2023
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transferred directly between electrodes and enzymes, or enzy-
matic systems offers a promising approach to more feasible,
cost-effective, and simplified pathways. The driving force for
enzyme-based reactions can be regulated by the potential
applied on the working electrode in the electrochemical cell
under control of the user."'® Immobilization of enzymes on
working electrodes is an important tool to produce or generate
the drug metabolites and other products with high yield and
high selectivity for a fast toxicity screening.''®''*™'*” Electro-
chemical techniques can also scale up the generation of meta-
bolites in sufficient amounts for investigation of metabolite or
structural characterization. However, activation has often been
driven by the H,0, shunt, and not by the accepted biological
pathway in Scheme 2.''® Nonetheless, electrochemical methods
have many advantages for production of drug metabolites and
other products, including: (i) simple approach; (ii) mild condi-
tions in buffer solutions; (iii) avoid need for NADPH or NADH;
and (iv) immobilization of enzymes on electrodes that greatly
improves stability, and minimizes the amount of enzyme
required.94'128’129

Cyclic voltammetry (CV) can be used to examine fundamental
features of electrochemical transformations of enzymes. For
example the standard heterogeneous electron transfer rate con-
stant ks for Cyt P450 reductions in thin layer-by-layer (LbL)
polyion films (see Scheme 4 and associated discussion) on
pyrolytic graphite (PG) electrodes was shown to depend on the
heme iron spin state.”*® CVs of bacterial Cyt P450cam and
human Cyt P450 2E1 in LbL film at pH 7.0 are shown in Fig. 1.
These are background subtracted CVs of poly(ethyleneimine)
(PED)/(poly(sodium 4-styrene sulfonate) (PSS)/P450 2E1), and
PSS(/PEI/P450cam), films on PG electrodes. The peak current
was proportional to scan rate as predicted for surface bound
species. In anaerobic buffers at pH ~ 7, human Cyt P450cam with
low spin iron gave a 40-fold higher electron transfer rate constant
(ks 95 s~ ") for reduction than the high spin human Cyt P450 1A2
(2.3 57").*° The mixed spin CYP2E1 has an intermediate value of
ks for reduction. In addition, comparison of experimental CVs
with digital simulations was consistent with faster oxidation rates
of the Fe(u) forms than reduction rates of Fe(m) forms. This
suggested that Cyt P450s retain their enzymatic activity on the

2.4]A 0.8{B

1.2, 0.4
3 o 0
[

-1.2] -0.4

2.4 -0.8

0 -02 -04 -0.6 -0.8 0 -02 -04 -0.6 -0.8
E, Vvs SCE E, Vvs SCE

Fig. 1 Background subtracted LbL films of enzymes with polyions on a PG
electrode in anaerobic 50 mM phosphate buffer with 0.1 M sodium
chloride, pH 7: (A) Cyt P450 2E1/polyion, and (B) Cyt P450cam/polyion.
Reproduced from J. Am. Chem. Soc., 2009, 131, 16215-16224 with
permission.*® Copyright, 2009, ACS Publications.
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electrode where an underlying chemical conversion scheme
involving oxidized and reduced forms of Cyt P450s underwent
rapid conformational equilibria coupled with their electron
transfer processes.®® The rate constant for chemical oxidation
of Fe(m)-Cyt P450s in these films by -BuOOH to active Fe(v)—0O
Cyt P450s obtained by rotating disk voltammetry (RDV) also
showed dependence on spin state. Therefore, those enzymes
can maintain native structures and enzyme activities in the LbL
films, that is fundamentally important for electrochemical activa-
tion of heme enzymes.

2.2 Activation of enzymes in electrochemistry

As suggested above, immobilization of Cyt P450s or peroxidases
on an electrode surface does not stop their binding of substrates
and their further catalysis. Immobilization on electrodes can
also stabilize enzymes, minimize the amount of enzymes (e.g.,
down to nM) needed, and eliminate the use of electron donors.
The enzyme co-factors or initial acceptors like CPR can accept
electrons directly from the electrode that can act as an electron
source for P450s.2%3! In bioelectrocatalysis, enzymes can mimic
their natural pathway for Cyt P450-catalyzed oxidations on
electrodes as demonstrated in the thin LbL films made from
polyions, and Cyt P450 CPR microsomes containing pure Cyt
P450."*' These stable films consisted of thin layers of the
polyions poly(diallyldimethylammonium chloride) (PDDA) and
PSS as six alternating layers with CYP2A1 microsomes (contain-
ing CPR), denoted as PDDA/PSS(/CYP1A2/CPR), films on PG
electrodes. Comparing voltammetry with CYP1A2 and CPR films
alone showed that electron flow proceeded from the electrode to
CPR and then to CYP2A1 in the CYP1A2/CPR films, very similar
to the biological pathway in Scheme 2. The background sub-
tracted CVs of the CPR/CYP2AL1 films are characteristic of the
electrochemical reduction-oxidation reactions (Fig. 2A). The
films of CPR/CYP2A1 showed a peak at —230 mV vs. normal
hydrogen electrode (NHE) and there was no peak potential shift
when carbon monoxide was added. The electron transfer rate
constant (k;) was ~40 s, similar to films with only CPR or
CPR/cytochrome b5 present. Fig. 2B shows that CYP1A2 alone
has a peak potential —90 mV vs. NHE. There was a ~ 35 mV shift
with addition of CO characteristic for Cyt P450s, and 20-fold
smaller kg values than films with CRP and CYP2A1. Similar
results were observed when CYP2E1 was used in the same
experiments. Those results support the sequential transfer of
electrons from electrode to CPR to Cyt P450s when both are
present in the film. Electrons are not directly transferred to Cyt
P450, when CPR and Cyt P450s are both present.

Fig. 2C shows CV digital simulations of the model featuring
electron transfer first to CPR then to Cyt P450 when both are
present in the film. Simulations showed good agreement with
experimental CV peak potentials and shapes. The simulation
model features electron transfer from CPR to Cyt P450 and
electrochemical-chemical-electrochemical (E,CE,) pathway
(eqn (4)—(6)), where E, is electrochemical oxidation and E, is
reduction of CPR. Initially, CPR accepts an electron character-
ized by electrochemical rate constant k.q (eqn (4)). Eqn (5)
represents redox equilibrium between the CPR,q and Cyt P450-

Chem. Soc. Rev,, 2023, 52, 5135-5171 | 5139
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Fig. 2 Experimental and simulated voltammetry of CYP1A2 + CPR micro-
some films on pyrolytic graphite electrodes. (A) Background subtracted
voltammograms of (a) CPR films at 0.3 V st without CYP and (b)—(d) with
CYP1A2 film with CPR films at (b) 0.1, (c) 0.2, and (d) 0.3 V s™* scan rate.
(B) Background-subtracted voltammograms of (a) polyion film and (b) and
(c) CYP1A2 film without CPR at (b) 0.1 and (c) 0.2 V s~! scan rate.
(C) Digitally simulated theoretical voltammograms related to (a) reversible
electron transfer at CPR film at 0.3 V s~* scan rate and (b)—(d) £,CE,-model
and parameters in Scheme 1 for CYP1A2 and CPR films at (b) 0.1,
(c) 0.2, (c) 0.3V s7 scan rate, demonstrating the excellent agreement with
experimental voltammograms in (A). (D) Effect of scan rate on reduction (red
diamonds) and oxidation (blue circles) peak potential for CYP1A2/CPR films
plotted with theoretical peak potentials (lines) simulated by using the E,CE,
model. Reproduced from J. Am. Chem. Soc., 2011, 133, 1459-1465 with
permission.** Copyright, 2011, American Chemical Society.

Fe'" to produce CPR,, and Cyt P450-Fe", followed by oxidation

of CPR,q (eqn (6)).

CPRyy + € = CPRyeq E° = —230 mV vs. NHE; K ;oq = 0.4 57°

(4)

CPRyeq + P450-Fe™ = CPRoy + P450-Fe" ky > 5kes ' (5)

CPRyeq = CPRoy + € E° = —230 mV vs. NHE; kg o, = 40 5

(6)

Electrons flowing from electrode to CPR to Cyt P450 was
confirmed by observing the catalytic limiting current from RDV
for oxidation of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK) to 4-hydroxy-1-(3-pyridyl)-1-butanone (Fig. 3) and by
confirming the product formed in this reaction.”' The Cyt
P450 on the electrode surface increased the plateau current
with increasing the concentration of NNK (Fig. 3). The incre-
ment in the current demonstrated that the oxidation of NNK
was catalyzed by Cyt P450/CPR film.

In a related work, the Cyt P450 3A4 supersomes with CPR
were immobilized on colloidal Au coated graphene electrode
through electrostatic interactions. Electron transfer from electrode
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Fig. 3 Rotating disk voltammograms of Cyt P450s/CPR film with increas-
ing the concentration of NNK in pH 7.0 buffer + 0.1 M NaCl at 1000 rpm.

Regenerated from J. Am. Chem. Soc., 2011, 133, 1459-1465 with
permission.**! Copyright, 2011, ACS publications.
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Fig. 4 The RDV (1000 rpm) of CYP3A4/CPR films with increasing the
concentration of nifedipine in aerobic 0.1 M phosphate buffer (pH = 7.4) (a)
0, (b) 1.24, (c) 2.48, (d) 3.72, (e) 4.96, (f) 6.2 and (g) 7.44 uM. Regenerated

from RSC Adv., 2012, 2, 12844 with the permission.*?” Copyright, 2012,
RSC.
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to CPR to CYP3A4 was also observed in this system.’” The
electrochemical catalytic behavior of CYP 3A4/CPR was examined
by RDV (1000 rpm) in aerobic pH 7.4 phosphate buffer (0.1 M). The
reduction peak current increased with increasing the concen-
tration of nifedipine from 0 to 7.44 uM at —0.5 V (Fig. 4).

As described above, the bioelectrocatalytic pathway in Cyt
P450s including CPR on electrode surfaces is the same as the
natural human mechanism, featuring the initial electron trans-
fer to microsomal reductase CPR then from CPR to the Cyt
P450-heme-iron. We found this to be true as well for both

This journal is © The Royal Society of Chemistry 2023
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microsomes and supersomes, already containing CPRs, in LbL
films on electrodes."**"** While prior work revealed that elec-
trodes can serve as an alternative source of electrons in place of
NADPH or NADH for catalysis by Cyt P450s, these systems
required peroxide to activate the enzyme for electrocatalytic
syntheses oxidation by the H,0, shunt process.””

Bioelectrocatalytic activation Cyt P450s supersomes on
electrode surfaces in LbL films of DNA has also been developed
as a general approach to monitor rates of DNA damage by
metabolites.”* > The general procedure employs microfluidic
arrays featuring individual electrode wells coated with LbL
films made with different CYP microsomes, ruthenium poly-
mer Ru(bpy),-PVP (PVP = polyvinylpyridine) and ds-DNA (ds =
double stranded). Reactant flows into the array under an
applied oxidation potential that activates the CYP microsomes
for oxidation of the reactant to form metabolites that can react
with DNA to cause partial ds-DNA unwinding. The relative rates
of DNA damage by different Cyt P450s are subsequently
detected by electrochemiluminescence (ECL) activated at about
+1 V vs. SCE and detected with a CDC camera in a dark box.>*™*
Guanines in the partly unraveled DNA act as ECL coreactants
that are sensitive to the amount of DNA damage since they are
now more accessible to react with the Ru(bpy),PVP ECL dye.
Specific samples of this approach to monitor chemical toxicity
are described later in this review.

Additionally, non-natural electrochemical mediators can be
used to shuttle electrons to enzymes. For example, Co(u)
sepulchrate trichloride can replace NADPH to activate recom-
binant fusion enzyme rFP450 for the w-hydroxylation of lauric
acid in solution."** 1,1’-Dicarboxycobaltocene can replace
NADPH to activate P450p); that catalyzes hydroxylation of
lauric acid.”*> Coupling with non-natural electrochemical med-
iators can extend the practical applicability of electrochemical
mediation of electron transfer to P450s as a catalyst for regio-
selectivity and stereo-selectivity.

3. Challenges in enzyme
electrocatalysis and their solutions

Cofactors are nonproteinogenic molecules that are needed for
catalytic activity of enzymes which usually bind to enzymes
through covalent or electrostatic interactions and are known as
prosthetic groups. A broad variety of cofactors are well-known,
and may be organic molecules, inorganic ions or metal com-
plexes. In the case of covalent binding, the enzyme is perma-
nently bound to the cofactors. The coenzymes are modified
during catalytic reactions by electron transfer or other reactions
with the reactant or substrate. Cofactors that are organic
molecules are called coenzymes. Regeneration of coenzymes
is a key challenge for use in some catalytic reactions.'*® The
heme cofactor features a porphyrin ring with a central iron ion. It
is found in all known forms of life (bacteria to humans)."*”**
Iron heme is the prosthetic group in hemoproteins such as
myoglobin, hemoglobin, peroxidase, cytochromes, catalase, albu-
min, prion protein, guanylate cyclase and nitric oxide synthase

This journal is © The Royal Society of Chemistry 2023
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HOOC COOH

Scheme 3 Iron heme that serves as prosthetic group in Cyt P450s and

peroxidases.

(Scheme 3)."**7™*' The central iron atom binds the oxygen and
transfers it in various forms to small reactant molecules. There
are various unbound cofactors used for enzymatic synthesis such
as NADH, adenosine triphosphate (ATP), flavin mononucleotide
(FMN), and thiamine diphosphate (ThDP)."*® In the Cyt P450
catalytic cycle (Scheme 2), NADH or NADPH transfer electrons in
the enzymatic pathways and must be regenerated to continue the
catalytic cycle. Regeneration of the co-enzymes can be energeti-
cally expensive and may require additional co-substrate or addi-
tional enzymes."*>'*® Co-enzymes may also present challenges in
terms of availability, and recycling.'*’

Mammalian Cyt P450 enzymes typically accept two electrons
originally from reducing agent NADPH that transfers them to
flavoprotein NADPH-Cyt P450 oxidoreductase (CPR), the immedi-
ate electron donor for Cyt P450s (Scheme 2)."*® However, all
reducing agents are not equally effective at donating electrons to
Cyt P450s. Hydrogen peroxide or other peroxides may also serve as
sources of oxygen for Cyt P450 to catalyze the substrate hydroxyla-
tion. CPR can also produce reactive oxygen species (ROS) resulting
in NADPH consumption by microsomal P450. These reactive
species can cause oxidative damage to enzymes. Thus, it is
important to control and minimize generation of reactive oxygen
species."* This oxidative damage can be controlled by using the
more specific electron donor and antioxidants to work alongside
Cyt P450 enzymes.'™

Instability of enzymes can degrade catalytic performance
and shorten lifetimes. Numerous factors affect the stability of
enzymes, including pH, temperature, and the presence of substrates
or inhibitors. Thermostable P450 enzymes can play a significant role
in synthesis of the valuable organic compounds. Thermophilic
enzymes, such as CYP116B29, CYP116B46, CYP116B64, CYP116B65,
CYP119, CYP119A1, CYP119A2, CYP154H1, CYP174A1, CYP175A1,
CYP174A1, and CYP231A2 can be used at higher temperature
than normal for enzymes.'**™** The thermal stability of these
enzymes makes them attractive for industrial use. For example,
a CYP119/sol-gel film remained stable up to 60 °C, but the
reduction current decreased to ~45% as compared to that at
30 °C. An enzyme electrode constructed by using LbL films with
PDDA and PSS improved thermal stability. CYP119/PDDA/PSS films
retained electrochemical activity up to 93% at 80 °C (Fig. 5)."*
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Fig. 5 Catalytic conversion of CCl, into CH,4 using CYP119/DDAB/PSS films (left). The effect of temperature on catalytic dehalogenation of CCl,. Linear
sweep voltammograms of CYP119/DDAB/PSS in the presence of CCl, at 25 °C, 55 °C, and 75 °C (right). Reproduced from, J. Am. Chem. Soc., 2004, 126,

8632-8633, with permission.'>* Copyright, 2004, ACS publications.

Higher temperatures can increase the reaction rates significantly,
which is of key important for industrial applications. When CYP119
was immobilized in films of dimethyldidodecylammonium
bromide and PSS (DDAB/PSS) and used for CCl, dehalogena-
tion, the formation rate of methane increased by 35-fold from
25 °C to 55 °C. Other polymers like poly(ethylene oxide) (PEO),
when chemically grafted on enzymes, can provide remarkable
thermal stability. PEO-modified CYP119A2 was active up to
120 °C in 0.5 M of KCI with a small potential shift of redox
potential of ~14 mV between 25 °C and 120 °C.">” These results
show that stability and electrochemical activity of enzymes at
temperatures much higher than for the free native enzyme in
solution can be improved by making conjugates with suitable
polymers as elaborated in more detail below.

3.1 Enzyme film formation and electrode materials

The immobilization of Cyt P450s and peroxidases on electrodes
can remarkably improve stability and activity. Immobilization of
enzymes can be done by many different methods,'%%''>1°6-16>
e.g., covalently bonding, SAMs, lipid bilayer films, and LbL
films. Immobilization often includes the following key steps,

(i) Clean or activate the electrode by mechanical polishing or
electrochemical potential cycling. For some films, roughening
the electrodes and introducing surface charges chemically can
be advantageous for film stability.'®

(ii) Functionalize electrode surfaces with enzymes via drop
casting, self-assembled monolayers (SAMs), incorporation into
detergent or lipid films, LbL film growth, or chemical
attachment.106’l12’164_166

(iii) Age electrodes at 4 °C in a constant humidity chamber to
avoid complete dehydration and remove weakly adsorbed
enzymes from the surface by washing.'®”1¢°

3.1.1 Covalent immobilization of enzymes. Covalent immo-
bilization of enzymes can be used to immobilize the enzyme on the
electrode surface. Functionalizations used in attachment of the
enzyme include amidization by -NH, and -COOH coupling cata-
lyzed by N-((3-dimethylamino)propyl)-N-ethyl carbodiimide hydro-
chloride (EDC)-N-hydroxysulfosuccinimide (NHSS), and thiol-ene
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click chemistry using cystine (see Table 1). Bioconjugation chemistry
using EDC-NHSS cross-linking can immobilize enzymes on elec-
trode surfaces. NHSS is an effective way to stabilize the reaction
intermediate and improve coupling reactions with primary amines.
NH, and COOH groups can be added onto electrodes through
surface ligand chemistry (e.g:, metal-thiolate coordination on an Au
electrode) or physically adsorbed with polyions (e.g., oxidized carbon
bound with positively charged polyamines). Surface NH, or COOH
can now react with enzymes through EDC-NHSS amidization."”*™""?
Afterwards, chemically bound enzymes can be partially dried in a
constant humidity chamber."”*'”*"7® Using human CYPs 3A4, 2D6
and 2C9 in an electrochemical array, Gilardi et al. investigated how
immobilization would impact the binding affinity (with Michaelis
constant Ky, as an indicator) of substrates in a high throughput
microtiter-based platform.'”® Cyt P450s were immobilized on hydro-
xyoctanethiol and 10-carboxydecanethiol (1:1) self-assembled
monolayer (SAM) on a gold (Au) electrode. EDC-NHSS coupled
carboxylic groups in the SAM film with amides on Cyt P450s.
Michaelis-Menten analysis was done using the current measured
at —390 mV with 30 known drugs. Ky, values were slightly better or
on par with those measured for Cyt P450 microsomes in solution.
Also, nanomaterials coupled with enzymes can improve their
electrochemical activation. For example, CYP2B6 on a glassy carbon
electrode modified with ZrO, nanoparticles and platinum-PLL (Pt-
PLL) showed reversible electron transfer between heme iron of
CYP2B6 and electrode at —0.449 V at pH 7.4 in anaerobic
solution.’”” Ky, was lowered by two orders of magnitude as com-
pared to CYP3A4 in microsomes.

3.1.2 Incorporation of enzymes through non-covalent inter-
actions. Physisorption has been used frequently to prepare
enzyme-coated electrodes due to its simplicity. The enzyme is
physically adsorbed on the electrode surface. Adsorption occurs
via non-covalent forces including electrostatic interaction, van der
Waals, hydrophobic interaction, and hydrogen bonding.'”®
Although the activity of the enzyme is largely retained as compared
to covalently grafted enzymes, the loosely bound enzymes can
desorb under reaction conditions, and must be avoided. A com-
parison of immobilization methods is summarized in Table 1.

This journal is © The Royal Society of Chemistry 2023
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Table 1 Immobilization techniques to prepare enzymatic electrodes
Enzyme Enzyme
Method Enzyme Crosslinker and mixture  Incubation time Electrode activity ~ Stability leakage Ref.
Covalent  Formate EDC and NHS 30 min for enzymes, (i) 4-ATP SAMs; (ii) 4-  Low High No 188
binding dehydrogenase and 90 min for EDC/ nitrophenyl electro-
NHS chemically grafted on
Au electrode
P450 BM3 Dendritic mesoporous 12 h CS/GCE 189
silica with ~-OH and -NH,
CYP101 N-(4-Caboxyphenyl) 30 min at 4 °C GCE 190
maleimide and SWCNT
P450 BM3 (i) Cystamine-N- 1hat4°C Au(111) surfaces 191
succinimidyl
3-maleimidopropionate;
(ii) dithio-
bismaleimidoethane
CYP 2B4 EDC/NHS 90 min at R.T. Carbon and Au SPE 170
P450 2E1, cysteine  Dithio- 2 h for DTME Au 124
mutant MUT261 or bismaleimidoethane
MUT268 (DTME)
Physical ~ P450 BM3 — 30 min, at 4 °C ITO Moderate Low Yes 192
adsorption P450 3A4 — 12 h, at4 °C DDAB/SPE or MWCNT/ 193
SPE
P450 3A4, 2B4, 1A2, 12 h, at 4 °C, Humid Au nanoparticles- 157
11A1 (P450scc), and chamber DDAB/PG
51b1
CYP2B6 Au-chitosan mixed with 12hat4°C GCE 158
CYP2B6
CYP2C9 ITO and CS mixed with — GCE 194
enzyme
Mb, HRP or hemin Mb, HRP or hemin mixed Covered with vial and PG 181
with DDAB dry overnight (~12 h)
LbL films CYP1A2 PLL or poly-L-ornithine 15 min for polyelec-  Quartz crystal Moderate High No 184
trolyte, 30 min for
CYP1A2
CYP1A2 PDDA/PSS — PG 131
P4502E1, P450cam, PEI/PSS — PG 130
P450 1A2, catalase
and Mb
Mb and P450cam  PEI, PDDA and PSS 15 min for polyions  Au 187
NADPH-cytochrome PDDA and PSS 20 min for polyions PG 195
P450reductase and 1 h for enzymes
CYP3A4 PDDA GCE 125

Films of insoluble surfactants can accommodate a wide
variety of enzymes and heme proteins and have enabled
reversible electrochemical reduction of Fe'heme cofactors.
These detergent-protein films are made by mixing dispersions
of water, insoluble surfactant, and protein, drop casting them
on the electrode, and drying before use. They feature multiple
layers of bilayers formed with insoluble double chain surfactants
such as didodecyldimethylammonium bromide (DDAB) and
phospholipids, with the proteins residing between the detergent
bilayers. These interlayer regions also contain considerable amounts
of water that is available to hydrate the enzymes."”*"®" Direct
immobilization of Cyt P450s has been achieved in electrode-
supported lipid bilayer membranes, similar to those developed
for hydrophobic membrane enzymes.'**'® For example,
CYP2C9, and its polymorphic modification CYP2C9*2 and
CYP2C9*3 could be immobilized on DDAB modified screen
printed electrodes (SPE)."*® Well-defined reduction and oxida-
tion peaks of the Fe""heme were obtained in CVs. The midpoint
potential (Emiq) for CYP2C9, CYP2C9*2 and CYP2C9*3 were

This journal is © The Royal Society of Chemistry 2023

observed —0.318, —0.324 and —0.318 V vs. Ag/AgCl, respectively.
In aerobic conditions, the reduction potential of CYP2C9*2 and
CYP2C9*3 shifted towards the positive potential in comparison
to CYP2C9 with ~50 mV vs. Ag/AgCl. The shift in the potential
demonstrated easier electron transfer to the heme iron in
CYP2C9*2 and CYP2C9*3. Immobilized CYP2C9, CYP2C9*2 and
CYP2C9*3 were all active for bioelectrocatalytic 4-hydroxylation of
diclofenac in the presence of antioxidants mexidol or taurine at
—0.55 V. In comparison with the microsomal systems, the Michae-
lis constants (Ky) of those three forms of CYP2C9 increased by
10-20 times, suggesting that best structural conformation of
CYP2C9 may vary to slightly limit the substrate binding on the
electrode.

LbL films first developed by Lvov and Decher have been used
to grow stable enzyme films on electrode surfaces.'*"'84718¢ [
this method, also mentioned previously, multiple layers of
polyions or nanoparticles are assembled by adsorbing one layer
at a time with alternate layers of oppositely charged enzymes,
microsomes or supersomes (Scheme 4). These thin films are

Chem. Soc. Rev,, 2023, 52, 5135-5171 | 5143
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Consecutive addition of
olycation and then polyanion
adsorption, with washing

Addition of enzyme solution
then wash (negatively
charged)

Polycation solution, wash

Repeat steps for desired number
of layer

Scheme 4 |llustration of layer-by-layer (Lbl) film formation of enzymes
and polyions.

strongly absorbed onto the electrode surface, usually by placing
single drops of each adsorbate solution on the electrode for 15—
20 min. Weakly adsorbed species are washed off the electrode
after each adsorption-equilibration step and dried in a stream
of nitrogen before application of the next layer.

LbL methods provide high stability to the enzyme film
without desorption. Forces between layers are primarily electrostatic
in nature, but may include hydrophobic interactions, coordination,
hydrogen bonding, or even covalent bonding."**'*>'* The enzyme
attached to the electrode surface through the consecutive addition
of negatively or positively charged polyions or layer of the enzymes
for example, polyions of PDDA, PSS, PEI, etc. (see Table 1), all of
which provide multiple electrostatic attraction sites of bound
enzymes to strongly hold them on electrodes. Lvov working in our
group reported the first LbL film direct voltammetry of enzymes and
redox proteins."®” Myoglobin (Mb) and bacterial Cyt P450cam were
used in LbL films with DNA and polyions on an Au electrode coated
with chemisorbed mecaptopropanesulfonic acid to provide stable,
electroactive multi-layered films. Mb films were made by successive
adsorption of PSS, DNA or PDDA. The Cyt P450cam film was grown
with layers of PSS or PDDA. LbL films of Cyt P450s using micro-
somes or supersomes can be assembled on electrodes similarly, as
discussed above (see Table 1.)**!

3.2 Cells and electrode materials

Electrochemical cells and electrodes sizes used in synthesis
need to be significantly different from those used for techniques
such as voltammetry. In voltammetry, working electrodes are
typically disks of 10 um to several mm in diameter, and counter
electrodes are typically a Pt wire. However, in constant potential
electrolysis, the goal is to make a measurable amount of
product, and

The rate of electrolysis = (const) x e ket (7)

where keecc is the synthetic rate constant and ¢ is the reaction
time. The reaction rate decreases exponentially with ¢ as the
decrease of the reactant concentration. The synthetic rate

constant Kejeet = moI—/, where m, is mass transfer coefficient,
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A is the electrode area, and V is the solution volume,
respectively.**®
P y D

. . o
The mass transfer coefficient m, is calculated as S where
0

Jy is the Nernst diffusion layer thickness and D, is the diffusion
coefficient. More efficient stirring gives a smaller J,, leading to
faster mass transfer and synthetic rate. The concentration of
the reactant at any given reaction time is C(f),

C1) = Coe ™7 (8)
O 9

where Cg is the initial reactant concentration, and the current I,
at an any given reaction time is given by

I, = Ioe™™7 (9)
t — 10

Thus, to obtain good synthetic yields in a high kinetics, the
synthetic rate constant should be maximized by using a large
electrode area to solution volume ratio (4/V), and ensuring
efficient mass transport. If a large working electrode is used,
a similar sized counter electrode should be used to keep
current density on both electrodes similar. Symmetric place-
ment of working and counter electrodes with the reference
electrode tip close to the working electrode also helps to keep
the potential constant across the entire working electrode.

The current I of the bioelectrocatalytic reaction can be
measured during synthetic reaction to obtain current efficiency,
which is the fraction of charge Q being used to produce the
desired product. where

t
0 = J Idt (10)
0

Current efficiency = Q./Q,. Here, Q, is the charge needed to
produce the amount of product formed obtained from Fara-
day’s law."*®

Binding of the enzymes on the working electrode depends to
a certain extent on the electrode material and surface pretreat-
ments. Several electrode materials including glassy carbon
(GC), PG, graphitic carbon, carbon felt, carbon cloth, indium
tin oxide (ITO), platinum, gold, reticulated carbon, and screen-
printed carbon (SPE) have been wused to immobilize
enzymes, 3137 1591701972201 py g often used for immobiliza-
tion in smaller scale projects because it can covalently bind
with sulfide groups (e.g., thiol, disulfides, thiolate, and thioe-
sters), with the resulting Au-S-R leading to versatility in the
structure of R. For example, R could be a charged group to
electrostatically bind to an oppositely charged enzyme, or a
reactive group that can be chemically coupled to an enzyme.
However, Au and Pt are probably too expensive for industrial
scale electrosynthesis. Among the many types of carbons, rough
PG is particularly useful for film formation since it is high
energy surface capable of adsorbing many different types of
polyions. Polished glassy carbon has low surface energy and is
not particularly good for film formation. High surface area
materials such as carbon felt, carbon cloth and reticulated
carbon are also advantageous due to the requirement for high
A/V ratios (eqn (8)).

This journal is © The Royal Society of Chemistry 2023
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The biocatalytic activity of the electrode can sometimes be
improved by using nanomaterials such as metal nanoparticles,
conducting polymers, carbon nanomaterials, and thiolate com-
pounds for protein-electrode attachment. When oxidized, these
materials can provide functional groups to effectively interact
with enzymes and shuttle electrons. The efficiency of the electro-
chemical synthesis can be improved by using nanostructured
surface modifiers on the electrode.*>”*>1982°1 Eor example,
multi-walled carbon nanotubes (MWCNTs) and DDAB on screen
printed carbon electrodes (SPE) were compared for electrocata-
lysis with CYP3A4." For catalytic oxygen reduction, the cathodic
current increased up to 3-times with CYP3A4/SWCNT/SPE in
comparison to CYP3A4/DDAB/SPE. Additionally, CYP3A4 and
gold nanoparticles (AuNPs) stabilized by DDAB films on SPE
were used to investigate the effect of the B Vitamins (B1, B2, and
B6) on the hydroxylation of diclofenac.?®* Similarly, Cyt P450/
carbon nanofiber (CNF) films were used on electrodes without a
mediator layer and direct electron transfer between CNF and
CYP3A4 was observed at —0.30 V vs. Ag/AgCL'*° High catalytic
activity for oxygen reduction was found at CYP3A4/CNF com-
pared to other carbon electrode nanomaterials like carbon black.
Thus, catalytic activity of the enzyme electrode can often be
improved by using optimal nanomaterials.

3.3 Activation of Cyt P450s

The heme reactive center of Cyt P450s is activated for biocata-
lytic reactions through the electron transfer in the presence of
oxygen (see Scheme 2). In electrochemical reactions, electrons
are transferred from electrodes instead of the natural electron
donors NADPH or NADP.”* Direct electron transfer from elec-
trode to the heme iron was reported for electrocatalysis using
Cyt P450 as discussed previously.?** The reversible CV peaks for
Fe'""™ should be examined prior to any electrochemical cataly-
sis. For example, CYP2C18 immobilized in an insoluble DDAB
surfactant film on edge plane pyrolytic graphite (EPG) gave
reversible CV peaks for Fe""". Fig. 6 demonstrates the reversible
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Fig. 6 Background subtracted CVs of CYP2C18 in presence (solid curve)
and absence (broken curve) of 150 mM phenytoin at 100 mV s~* scan rate
(pH 8.0) showing reduction in upward direction. Reproduced from Elec-
trochem. Commun., 2005, 7, 437-442 with permission.?°® Copyright,
2005, Elsevier.
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Fe(m) — Fe(u) redox couple (anodic peak current (i,,)/cathodic
peak current (i,.) ~ 1) of CYP2C18. In the presence of trace
amounts of dioxygen, well-defined cathodic peaks with a slightly
positive shift could be seen and were assigned to catalytic
reduction to yield ferrous P450.%%

Electrocatalysis using Cyt P450s can be assessed using
oxygen reduction. CYP27B1 immobilized on an EPG electrode in
a DDARB film gave a significant increase in the cathodic current in
the presence of oxygen due to electrocatalytic reduction of dioxy-
gen to peroxide.”®® The catalytic oxygen reduction current showed
a significant increase along with the positive shift of potential
when CYP101 was embedded in DDAB films, as compared to pure
DDAB films. As mentioned in Section 3, LBL films of
microsomes>”” or supersomes can be electrochemically activated
as the natural catalytic cycle involving electron donation first from
electrode to CPR, then from CPR to Cyt P450s. Bioelectrochemical
oxidation with heme enzymes features specificity and regioselec-
tivity, but, electrochemical oxidation, in the absence of enzymes
does not provide this advantage. Direct comparisons of electro-
chemical and bioelectrochemical reactions are summarized in
Table 2. For example, electrochemical oxidation of diclofenac
catalyzed by CNT and/or metal nanoparticles (Pt and Ru) shows
more than one product (Table 2), while bioelectrocatalysis with
CYP3A4 and CYP2C9 is highly regioselective and gives 4-hydroxy-
diclofenac as the only product. Likewise, the enzymatic electro-
oxidation of styrene, benzo[o]pyrene, and tramadol shows similar
trends. With enzymes, the regioselective product is obtained;
while, in the absence of enzymes, often more than one product
are generated in electrooxidation. Therefore, bioelectrocatalysis
provides high selectivity, reduces the electrolysis time, lowers
electric energy input, and often produces targeted molecules with
no isolation from side-products (see Table 2).

Orientation of enzymes on the electrode surface may play a
significant role in maintaining its activity. Enzymes covalently
immobilized on electrodes in a single layer may be limited in
terms of mobility and configurational dynamics by their orienta-
tion. The electron transfer efficiency between electroactive site
and the electrode is controlled by the distance between the
electrode and enzyme electroactive site. However, it is important
to realize that orientation issues will be important mainly in
cases where the enzyme has little or no mobility after immobi-
lization, such as in covalent attachment to a solid electrode. In
some films, enzymes retain significant mobility to make orienta-
tion a non-issue, such as in liquid crystal surfactant films, LbL
polyion films, and hydrogel polymer films. In all of these films,
enzymes are present in more than a monolayer and electrons
transfer occurs predominantly by an electron hopping mecha-
nism involving a reduced enzyme-oxidized enzyme reaction
progressing through the film.>*®

Although mediated electron transfer using a molecular redox
mediator is possible, direct electron transfer at the enzyme-
electrode interface is more efficient with fewer steps and more
efficient enzymatic activation process. Therefore, the configu-
ration of heme enzymes in a monolayer, for example, needs to be
orientated to minimize the distance between the heme center
and electrode (within 14 A) as a so-called “electroactive”
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oriented enzyme-electrode interaction is of increasing interest.
Adding a short electrode-binding peptide at a specific terminal
of enzymes can guide the binding direction of enzymes to the
electrode and avoid the non-specifical orientation of enzymes.**®
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Fig. 7 7-Ethoxycoumarin (7-EC) activity assay on P450 BM3 specifically
(HSP) and P450 BM3 unspecific (hnoHSP) immobilization, (a) dealkylation of
7- EC to 7-hydroxycoumarin (7-HC) by P450 BM3 mutant (A74G, F87V,
L188Q). (b—d): Activity assay of noHSP and HSP on the production of
7-HC/pmol enzyme. (b) Set-up I: in solution, NADPH added. (c) Set-up II:
immobilized P450 BM3 variants on ITO, NADPH added. (d) Set-up llI:
immobilized P450 BM3 variants on ITO, electric potential of —0.6 V
applied. Reproduced from, ChemCatChem, 2018, 10, 525-530, with
permission.?** Copyrights, 2018, Wiley.

suggested that the second-order susceptibility of the LbL film was
greater than that of an electric-field-oriented film. However, this is
a special case, and enzymes in LbL films must rely on electron
hopping mechanisms involving enzyme throughout the film as
described above for thicker films but starting with electron transfer
between electrode and the nearest enzyme to the electrode layer.
All enzymes in the film may not be accessible for these reactions;
in some cases, they may be too far away or improperly oriented
from their neighbors. For example, in the LbL films of anionic
glucose oxidase with anionic poly(allylamine) modified by ferro-
cene (PAA-Fc) on an Au electrode, a good fraction of glucose
oxidase (~40%) was inactive.**® To resolve this issue in LbL films,
biocatalytic activity has been improved by the use of conductive
nanomaterials, as discussed in Section 3.2. The formation of
electrically conductive nanomaterial networks and the use of
conductive polymers in LBL films®*” can “wire” the electron
transfer throughout the film. For example, 4 nm underlayers of
conductive sulfonated polyaniline (SPAN) on rough PG were
coated with LBL films of polyions and proteins HRP or Mb. With

This journal is © The Royal Society of Chemistry 2023
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a SPAN underlayer present, >90% of protein electron transfer
was coupled to the electrode, but only 40% of enzymatic
electroactivity was found without SPAN.**” This allows utiliza-
tion of nearly all the enzymes in the LbL film. In this way, the
heterogeneous electron transfer rate constant (ks as discussed in
Section 2.1) and the catalytic efficiency of enzymes (k... see
Table 3) in these films can reach much higher values. However,
these more complex approaches are not always necessary, since
40-50% of enzymes as active in LBL films are often sufficient for
good catalytic performance in synthetic applications.

4. Reaction conditions: solvent and
beyond

Water is needed to hydrate enzymes and it is a major component
in bioelectrocatalytic systems. Other components in the fluid may
significantly influence the stability of the intermediates, reaction
selectivity and yields of products.’®® Supporting electrolyte in the
solvents provides conductivity; however, it does much more than
that. In general, any salts that dissociate to their ionic forms can
work as a supporting electrolyte. The more frequently used
supporting electrolytes contain cations including’s K*, Na', Li",
or H" and anions ClO,, Cl~, NO;~, HPO,>~ or SO,>". The
concentration of electrolytes is usually in the range of 0.1 to
1 M and they should be electrochemically inactive."** Tuning the
supporting electrolyte is important for maximizing the perfor-
mance of biocatalysts. Specific ion effects are ions interacting
specifically with enzymes, and should be avoided.'*® While a
higher concentration of electrolyte provides better conductivity, it
may enhance background signals.

The use of organic solvents is sometimes needed because
the solubility of substrates is limited in aqueous solution.
However, enzyme stability issues typically rule out more than
10-20% of organic solvent in water; and at even these levels,
organic solvents can denature enzymes by disrupting their inter-
nal hydrophobic interactions. Thus, organic solvents can be
detrimental to the activity of enzymes. Easterbrook et al. demon-
strated the influence of dimethyl sulfoxide (DMSO), acetonitrile
and methanol (MeOH) in human hepatocytes on activities of Cyt
P450s where organic solvents were present in water at of 0.1, 1
and 2% (v/v).”*® DMSO showed the highest enzyme inhibitory
effects for several Cyt P450s and activity retentions were approxi-
mately 40% (CYP2C9), 23% (CYP2C19), and 11% (CYP2E1)
compared to those observed for 0.1% acetonitrile. MeOH showed
a solvent-dependent drop of activity of CYP2E1 and CYP2C9, but
it had less impact on other Cyt P450s, while acetonitrile in the
range of 0.1-2 vol% had no observable effect on Cyt P450
activities.

Electron paramagnetic resonance (EPR) spectroscopy and
Soret band optical absorbance suggested that the exposure of
the organic solvents decreased the local polarity in enzyme
active sites and shifted the Soret absorption band of the
Fe'"heme center.”*>**° The Soret band of horseradish perox-
idase (HRP) in pH 7 buffer is 403 nm, but different microenvir-
onments show a shift in the Soret absorption and intensity.>**
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Table 3 Electrochemical transformations catalyzed by CYPs

View Article Online

Chem Soc Rev

Product
identification
Electrode Substrate Product methods K Keat Ref.
CYP1A1/PBA-NGO/GCE Benzo[a]pyrene Benzo[a]pyrene-7,8-diol HPLC, GC/MS 26 M 1.9s! 228
CYP2C9, CYP2C9*1, CYP2C9*2/4- Tolbutamide 4-Hydroxytolbutamide HPLC 275 UM, 245 UM, 4.5 min %, 274
aminothiophenol/Au electrode and 722 uyM 2.3 min~",
and 1.9 min™"
CYP101/pyrene maleimide/GCE Camphor 5-exo-Hydroxycamphor  Electrospray — — 275
ionization mass
spectrometry
(ESI-MS)
CYP101/N-(4-carboxyphenyl) Camphor 5-exo-Hydroxycamphor  ESI-MS — — 190
maleimide(p-CPMI) SWCNT/CGE
CYP2C9/ITO/CS/GCE Tolbutamide 4-Hydroxytolbutamide =~ HPLC, MS 203 uM — 194
CYP2C9/AuNPs/TiO, NTA Tolbutamide 4-Hydroxytolbutamide HPLC, MS 4.8 yM 9.89 57! 176
CYP1A2 and CYP3A4/AuNP/CS/RGO  Clopidogrel 2-oxo-clopidogrel by LC-MS/MS 10.82 pM 242 s 122
CYP1A2, and clopido-
grel carboxylic acid by
CYP3A4
CYP2C19/CS-ceria-graphene Omeprazole 5-Hydroxyomeprazole LC-MS, ESI-MS 8.22 yM 5.72s" 276
CYP2C9/DDAB/GCE S-warfarin 7-Hydroxywarfarin HPLC — 4.28 min~" 277
Cyt P450 Vdh Vitamin D3 25-Hydroxyvitamin D3 HPLC — — 278
HLMs/PDA/Au@RGO Testosterone 63-OH-testosterone HPLC-MS 175 uM 8.9s" 279
CYP2D6-CPR-PEI-RGO/GCE Tramadol O-Dimethyl-tramadol HPLC-MS 23.9 pM 0.47 s 230
CYP2D6/AuNPs-CS-RGO and CYP1A1/ Tramadol O-Dimethyl tramadol LC-MS, GC-MS — — 280
PAA-AuNPs-CS-RGO
PSS-(CYP1A2-PSS), Styrene Styrene oxide GC — — 226
PGE/MWCNT/HLM and PGE/ Testosterone 6p-OH-testosterone HPLC 290 4+ 33 uM for — 281

MWCNT

The dissociation of Fe'heme from enzymes leads to a blue
shift to 398 nm. With organic solvents, the Soret band can
increase in the intensity without shifting A...>*° For example,
in H,0O/dioxane and H,O/methanol mixtures, an enhanced
Soret absorbance at 403 nm was seen without a shift of A...2>°
However, in H,O/acetonitrile, a peak broadening was found in
the range 370-425 nm. The native g values of EPR spectra of
HRP in aqueous buffer (pH 7), are observed near g =6 and g =2
because of high spin ferric heme iron, with a rhombic splitting
near g = 6.>*> There was no change observed in the spectrum in
80% v/v dioxane, while with further increasing dioxane, the EPR
spectrum broadened, suggesting the reduced spin-label flex-
ibility. Note that extremely high amounts of organic solvents
(e.g, 90% v/v acetonitrile, 95% v/v dioxane and 2% ethyl acetate
and 1% v/v aqueous buffer) will directly change the enzyme
structure and activity.

Hammett analysis was applied to examine the influence of
solvent on the transition-state structure of HRP-catalyzed
phenol oxidation.>*® In this analysis, Hammett coefficients
(p values) showed charge distribution in the reaction transition
state, which is highly sensitive to both microenvironment of
the transition state and the reaction mechanism. Therefore,
variations in p value for HRP catalysis in organic solvents may
suggest solvent penetration into the enzyme’s active site.>>°
A deviation in Hammett p values reflect changes in the transi-
tion state. The catalytic activity of the enzymes decreased as
much as 4 orders of magnitude in a mixed solvent containing
organic solvents like dimethyl sulfoxide, dioxan, dimethylfor-
mamide, tetrahydrofuran and acetonitrile. The catalytic activity
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PGE/MWCNT/
HLM and 480 +
51 uM PGE/HLM

of HRP decreased by 30% with only 30 vol% organic solvents
other than DMSO0.>*® In the case of DMSO, the activity of free
enzyme and immobilized enzyme decreased with respect to
concentration of DMSO. The stability of the enzyme can be
improved by covalent immobilization on silica nanoparticles
(NPs), where half-life in buffer at 50 °C was improved from 2 h
to 52 h. These covalently immobilized enzymes demonstrated
high catalytic activity and stability in comparison to free
enzyme.**® The optimum activity of rice peroxidase on silica
NPs was found at 30 °C at pH 7-8 and was stable up to 68 °C.
Shelf-life of rice peroxidase was 60 h in 1,4-dioxane (20%) and
12 h in ethanol. The activity of the rice peroxidase was
improved up to 12 h (shelf-life) with 0-40% ethanol or 0-30%
1,4-dioxane.>**

Cyt 450 BM3 can catalyze a broad range of industrially
significant compounds in water, but was rapidly inactivated in
organic solvents.”*®> The impact of acetonitrile, ethanol, acetone,
methanol and DMSO on the activity of Cyt P450s in rainbow trout
hepatic microsomes was investigated.>*® Acetonitrile, acetone,
methanol, ethanol and DMSO below 0.5% did not affect the Cyt
P450s BM3 activities. Methanol could be used up to 1% for CYP1A
and CYP3A, and up to 2% acetone could be used with CYP2E1.

Cyt 450 BM3 can catalyze a broad range of industrially
significant compounds in water, but was rapidly inactivated in
organic solvents.>*> The impact of acetonitrile, ethanol, acetone,
methanol and DMSO on the activity of Cyt P450s in rainbow
trout hepatic microsomes was investigated.>*® Acetonitrile, acet-
one, methanol, ethanol and DMSO below 0.5% did not affect
the Cyt P450s BM3 activities. Methanol could be used up to 1%

This journal is © The Royal Society of Chemistry 2023
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for CYP1A and CYP3A,;and up to 2% acetone could be used with
CYP2E1.

The pH of the reaction mixture is critical for maximizing
activity and electrochemical behavior of the enzyme. Enzymes
have a narrow pH range of activity, often near physiological pH
and they can denature at temperatures above 40 °C. There are 7
isoenzymes of HRP and in solution they exhibit the maximum
catalytic activity at pH 6.0-6.5.>” Enzymes in thin films may
have slightly altered pH-activity profiles and redox potentials
than in solution. Electrochemistry of bacterial Cyt P450.n
(CYP176A), which hydroxylates cineol in DDAB films gave a
significant pH dependence consistent with coupled electron/
proton transfer at pH 6 to 10.%** FAD-reductase and P4505;
immobilized in DDAB film electrodes had mid-point potential
of —0.402 V and —0.244 V vs. SCE, respectively. A negative shift
in the mid-point potential was found in 2 linear relations, one
between pH 3 to 8 and another between 8 to 10 pH.>** In another
study, CYP2C9 was immobilized in DDAB films on pyrolytic
graphite electrodes. Ionic strength and pH affected the electro-
chemical behavior of the CYP2C9.>*° The changes in pH led to a
shift in midpoint potential of about —55 mV per pH unit, close to
the theoretical value —59 mV per pH unit consistent with a single
electron, single proton transfer process. In 0.1 M buffer, the
change in pH led to a shift in midpoint potential of about —52.4
mV per pH unit (Fig. 8) between pH 5.8 and 8.0 in the absence
and presence of substrate. Changes in ionic strength from 0.1 to
1 M showed slightly anodic shifted midpoint potentials, at pH
5.8, ~22 mV and at pH 8.0, ~9 mV. The electron transfer rate
constant increased slightly with pH, 139 s™* at pH 6.0, 150 s~ " at
pH 7.4 and 165 s~ at pH 8.5.
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Fig. 8 The effect of ionic strength and pH on the midpoint potential of
purified CYP2C9 on DDAB modified PGE. The slope of each plot is 57.5 mV
pH™! for 1.0 M (open circles) and 52.4 mV pH™ for 0.1 M (filled circles).
Reproduced from Biochem. Pharmacol., 2005, 69, 1533-1541 with
permission.2>® Copyright, 2005, Elsevier.
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To this end, microemulsions provide another possible solvent
for bioelectrocatalysis, especially valuable for water-insoluble
reactants. Microemulsions are clear, stable fluids made of oil,
water, surfactant, cosurfactant and electrolyte featuring separate
oil and water microphases.””">*> They can be water-rich, typi-
cally 30-80%, which provides hydration of enzymes, and an
organic fluid to dissolve non-polar reactants. These fluids have
the capability to solubilize polar, nonpolar, and ionic reactants.
Cosurfactant is generally required to lower the interfacial tension
essential for their formation. Water as the continuous phase
contains salt or buffers that are required to enable conductivity
necessary for electrochemical synthetic reactors and maintain
high activity of enzymes. Structures feature oil droplets in water
known as oil-in-water microemulsions or bicontinuous struc-
tures of tortuously intertwined mixtures of water and oil, which
is often just a common organic solvent. Surfactants reside at oil-
water interfaces and decrease interfacial free energy to near zero
to stabilize the microemulsions, and additionally provide ionic
conductivity for electrolyte. Controlling the compositions of
these fluids can provide unique control over some reaction
pathways in electrochemical synthesis.>**">*® They are easily
prepared from published phase diagrams by mixing components
in the correct proportions.>**>*

Our group pioneered heme enzyme bioelectrocatalysis in
microemulsions.”®" Microemulsions are stable mixtures of
surfactant, co-surfactant, organic solvent, and water. Oil-in-
water and bicontinuous microemulsions look like homoge-
neous solvents, but have internal microstructures or nanos-
tructures of oil and water phases stabilized by surfactant layers
at their interfaces. They are excellent solvents for nonpolar
organic molecules, and provide water to hydrate enzymes in
films. The use of microemulsions can increase enzyme reactivity,
e.g., a 50-fold increase in the yield of styrene oxide from styrene
epoxidation catalyzed by and enzyme-like reaction of Fe™"heme
protein myoglobin (Mb) in CTAB/water/1-pentanol/tetradecane
(17.5/35/35/12.5, wt%) microemulsions compared to the reaction
in pH 7.4 buffer.>®" The electrochemical reduction of trichlor-
oacetic acid and 1,2-dibromocyclohexane catalyzed by Mb was
also demonstrated in microemulsions.”®> The binding and
catalytic rates of Mb were more effective for reduction of
1,2-dibromocyclohexane in microemulsion (2000-fold) than in
the buffer. For trichloroacetic acid, the faster rate was found in
buffer solution (100-fold) because of its hydrophilicity and
strong hydration in aqueous phase. The hydrophobic nature
of 1,2-dibromocyclohexane provided better access to hydrated
Mb in the surfactant film on the electrode and gave a faster
reaction rate, while the hydrophilic trichloroacetic acid almost
exclusively in the water phase had the poor access to catalyst
Mb in the film. Cross-linked films of enzyme-polylysine (PLL)
on electrode surfaces improved the thermal, and biocatalytic
activity up to 90 °C.*** The cross-linked Mb/PLL film was stable
in microemulsions, which improved the turnover rates for
styrene epoxidation compared to loosely cross-linked or non-
crosslinked Mb/PLL films.>*® UV circular dichroism supported
the stability and the stable conformation of the protein in the
film at moderate to high temperatures. UV circular dichroism
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(CD) spectra of enzyme-PLL films (HRP/PLL, Mb/PLL, soybean
peroxidase (SBP)/PLL) provided evidence of native protein
secondary structure in the films.”** Circular dichroism spectral
characteristics for the enzyme-PLL films appear at 193 nm
maxima, and 210 and 222 nm minima, when in contact with
microemulsion and buffer. All spectra suggested proteins
retained native conformations in films (HRP/PLL, Mb/PLL,
SBP/PLL) up to 90 °C in SDS microemulsion, and buffer.
However, a small change in ratio of 210/222 nm minima was
found with CTAB microemulsion in the HRP/PLL films (Fig. 9).

We used tert-butylhydroperoxide (¢-BuOOH) to examine the
catalytically active ferryloxy Mb radical formation.?®> Mb/PLL
films on a PG electrode were reacted with -BuOOH to generate
ferryloxy Mb, and the reaction followed Michaelis-Menten
enzyme kinetics. Heterolytic peroxide cleavage then formed
tert-butyl alcohol and Mb ferryloxy radical, while homolytic
cleavage led to formation of the alkoxy radical and nonradical
MbFe(iv)=0. The homolytic/heterolytic product ratio was
~0.50, and ~67% products were produced by the heterolytic
pathway. Catalytic current from RDV supported the generation
of ferryloxy radical, and peroxide-initiated styrene epoxidation
in the presence of the #BuOOH by the Mb/PLL films. RDV
studies were used to measure catalytic rates of Mb catalyst in
CTAB and SDS microemulsions and buffers. Acidic buffer and
acidity of the SDS microemulsions had an effect on the reaction
kinetics. The values of k., and Ky, were larger in neutral water
phases. Values of k., were close to each other for fluids with pH
2 and 12 water phases. Buffer at pH 6.5, neutral water SDS
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microemulsion (W/O), and neutral water CTAB micelles, had
the largest k., values.

5. Reactions catalyzed by Cyt P450s

Organic molecules that are commonly unreactive with most
chemical oxidants can be activated by Cyt P450s (Scheme 2).>%%*%”
High-valent iron-oxo species in these enzymes are strong oxidizing
agents capable of oxidizing inert C-H bonds through hydrogen
atom abstraction, e.g., transforming poorly reactive linear or cyclic
alkanes to alcohols and alkenes to epoxides.”” "> Fig. 10 sum-
marizes bioelectrochemical transformations catalyzed by Cyt P450s,
including heteroatom oxygenation, C-hydroxylation, S-oxidation,
N-hydroxylation, epoxide formation and heteroatom dealkylation.
Additionally, Cyt P450s have also been used in biosensors to
produce drug metabolites and inhibitors and some of those repre-
sentative compounds are also reviewed in this section. The success-
ful reactions catalyzed by Cyt P450s on electrode surfaces are listed
in Table 3. The Cyt P450 electrodes used for biocatalytic reactions
with Ky, kcar, SUbstrate and respective products are also summarized
in Table 3.

5.1 Activation of C-H bonds

Cyt P450s metabolize drugs and xenobiotics (Scheme 1) in
mammals through C-H bond activation.?®*"2%¢ Hydroxylation
of C-H on organic reactants is one of the most common
reactions catalyzed by Cyt P450s with addition of an OH group
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Fig. 9 UV CD spectra of enzyme-PLL films on fused silica slides: (a) HRP/PLL, and (b) Mb/PLL films in SDS, and (c) HRP/PLL, and (d) SBP/PLL films in
CTAB microemulsions at 25 and 90 °C. UV CD spectra recorded with pH 5.5 buffer + 0.1 M NaCl at 90 °C were added for comparison. Reproduced from,
Langmuir, 2008, 24, 10365-10370, with permission.2®* Copyrights, 2008, ACS Publications.
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that can be regio- and stereo-selective. The stereoselectivity
of enzymatic catalysis usually arises from specific binding
affinities of substrates with different chirality. In the case of
most natural Cyt P450s, the heme center is more selective for
binding S*-isomers than R-isomers, and/or to produce predo-
minantly an S*isomer product from an achiral reactant,
although this might vary for different species of Cyt P450s.
CYP2C9, as an example, can catalyze the hydroxylation of 5,5-
diphenylhydantoin (PPT) to produce the 5-(4’-hydroxyphenyl)-5-
phenylhydantoin (p-HPPH) through an arene-oxide insertion.
CYP2C9 is ~40 times more stereoselective towards S-p-HPPH,>®
but the S/R isomer ratio is dependent on the genetic polymorph-
ism of CYP2C9. In case of oxidation of nicotine by CYP2A6,
computational simulation suggests hydrogen transfer from either
the trans-5'- or cis-5"-position of (S)-(—)-nicotine.”®® The hydroxyla-
tion process involves two reactions, starting with the hydrogen
transfer from the 5’-position of (S)-(—)-nicotine to the oxygen of
compound I (known as the H-transfer step), followed by recombi-
nation of the (S)-(—)-nicotine moiety with an iron-bound hydroxyl
group, resulting in the formation of the 5’-hydroxynicotine product
(known as the O-rebound step). During the 5’-hydroxylation
process, there is a preferential loss of the trans-5"-hydrogen in a
stereoselective manner, because the trans-5'-hydrogen is spatially
closer to the oxygen of Cpd I, as compared to the cis-5"-hydrogen.
The calculated product stereoselectivity of S/R isomers for the
overall process is 97%, closely matching with the experimentally
observed stereoselectivity of 89-94%.

Biologically relevant molecules, e.g., drugs, usually go
through metabolic reactions catalyzed by Cyt P450 to form non-
toxic or toxic metabolites. This process can play a significant role
in development of safe and high-value drugs.?****° CYP2C9, as an
example, can catalyze the metabolic oxidation of tolbutamide.*”*
CYP2C9 was assembled on a p-aminothiophenol-modified Au
electrode. Thiol derivatives like 4-aminothiophenol, thiophenol,
4-hydroxythiophenol and 4-carboxythiophenol were attached by
Au-thiolate bonds overnight in 0.1 mM solutions in ethanol.

This journal is © The Royal Society of Chemistry 2023

CYP2C9 microsomes were drop-cast onto those thiol-modified
Au electrodes and incubated for 10-30 min at 25 °C. Well-
defined redox responses were only found on electrodes mod-
ified by thiophenol or 4-aminothiophenol and then coated with
CYP2C9 at pH 7.3. The peak potential and the charge transfer
rate constant (k) were —0.399 V vs. Ag/AgCl and 300 s~ * for
CYP2C9/4-aminothiophenol/Au electrode; and —0.330 V vs.
Ag/AgCl and 200 s ', at CYP2C9/thiophenol/Au electrode,
respectively. The oxidation of tolbutamide was done at
—0.45 Vvs. Ag/AgCl for 2 h with CYP2C9 with 500 uM tolbutamide
in pH 7.3 buffer containing 0.5 vol% of ethanol to give product
4-hydroxytolbutamide. The k., and Ky, for CYP2C9 were 4.5 min ™'
and 275 pM for CYP2C9*1; 2.3 min ' and 245 pM for CYP2C9*2;
and 1.9 min~" and 722 pM for CYP2C9*3, respectively. Similarly,
CYP2C9 with CRP coated on ITO with chitosan (CS)/GCE was used
to oxidize tolbutamide to 4-hydroxytolbutamide (Fig. 11)."°* The
oxidation was studied by titration of tolbutamide at —0.48 V in the
buffer solution. There was a clear increase of the cathodic current
that reached a stable value within less than 5 s (Fig. 11A). The
current increase was due to the catalytic conversion of tolbuta-
mide. The current vs. concentration curve was fitted with the
Michaelis-Menten model to obtain a Michaelis constant (Ky,
characteristics to analyze the binding of substrates to enzymes)
of 203 uM (Fig. 11B), close to the Ky; of CYP2C9 (60 to 400 uM) in
human liver microsomes. The electrolysis was done at —0.48 V
vs. SCE with 600 pM tolbutamide to give 4-hydroxytolbutamide.

Other approaches have been developed using enzymes with
nanomaterials on surfaces of electrodes to improve turnover
numbers, and selectivity. When enzymes are immobilized on
electrodes, their electrochemical activity depends upon various
factors discussed in Section 3. The electrodes with different
nanomaterials, nanostructured materials, or ionic surfactants
including carbons, conductive polymers, polyions, DDAB, etc.,
generally improved the activity of Cyt P450s as discussed in
Section 3.>>%?*%2%! The crystallinity of electrode materials var-
ies the activity as well, e.g., a higher electroactivity of CYP3A4

Chem. Soc. Rev,, 2023, 52, 5135-5171 | 5151
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was fund on polycrystalline indium tin oxide (ITO) as compared
to that supported on amorphous ITO.**' CYP3A4 immobilized
on polycrystalline ITO enhanced the rate of oxygen reduction
and specific coupled with oxidation of drugs (quinidine and
testosterone) by oxidation. Similarly, CYP3A4 immobilized with
DDAB on a graphite screen-printed electrode (SPE) was highly
active for hydroxylation of diclofenac.”®> CYP1A1 on the
pyrenebutyric acid modified nitrogen-doped graphene com-
posite (PB-NGO) electrodes can catalyze the oxidation of
benzo[a]pyrene (B[a]P) to benzo[a]pyrene-7,8-diol.>*® The redox
peak was seen for CYP1A1/PB-NGO/GC electrode at a potential
of —0.48 V, while the peak to peak separation was 56 mV at a
scan rate of 100 mV s~ in 0.1 M phosphate buffer (pH 7.4)
under nitrogen to confirm a one-electron transfer. The Michae-
lis constant (Ky;) was 26 uM and the catalytic rate constant (kca)
was 1.9 s~ . In addition, the linkage of enzymes to electrode can
also change the enzymatic activity. For example, bacterial Cyt
P450 (CYP101) immobilized on GC through pyrene maleimide
enhanced the activity for hydroxylation of camphor.?”> The rate
constant of electron transfer (ks) was ~2.5 times higher, in
comparison to non-specifically bound enzymes.
Nanostructured materials can usually provide a large surface
area to improve the activity of Cyt P450s, e.g., on the surface of
nanostructured Au and reduced graphene oxide. CYP2C9 when
immobilized on AuNPs supported on TiO, nanotube arrays
(NTAs) was highly active for metabolic reactions of tolbutamide
(Fig. 12)."7° NTAs were synthesize by anodization where hollow
TiO, nanotubes with diameters of 50-100 nm and length up to a
few micrometers could be prepared on a Ti foil. Afterwards, the
electrochemical deposition of AuNPs (~5.5 nm) on TNAs was
performed by cyclic voltammetry. CYP2C9 was immobilized on

5152 | Chem. Soc. Rev., 2023, 52, 5135-5171

AuNPs/TNAs/Ti foil by dip coating in the solution of 1.0 pM
CYP2C9 in phosphate buffer 7.4 at 4 °C for 24 h. The electron
transfer rate constant (k) of CYP2C9 was calculated to be 7.8 s~
at a scan rate of 0.1 V s~ ', about 1.3 times greater than CYP2C9
coated on an Au electrode directly. The Michaelis constant (Ky)
increased with the tube aspect ratio where the binding of
substrates become more difficult in NTAs with a larger dia-
meter. As compared to CYP2C9 directly immobilized on the
surface of Ti foil by electrostatic interaction, the Ky, decreased
by 10-folds from 145.6 uM to approximately 10 pM, indicating
that the high surface area favors the binding of substrates. The
keae could reach 9.9 s™' at an optimized tube aspect ratio to
produce 4-hydroxytolbutamide. Other conductive nanomaterials
e.g., reduced graphene oxide can be used to improve the activity
of enzymes as well. CYP2C19 can be immobilized on reduced
graphene oxide and CeO, nanocomposites for metabolic oxida-
tion of omeprazole into 5-hydroxyomeprazole.”’® The electron
transfer rate constant (k) of CYP2C19 was 1.77 s~ at the scan
rate of 0.1 V s~ '. For the Michaelis-Menten fitting of catalytic
current and reactant concentration, the Michaelis constant (Ky)
of omeprazole to CYP2C19 was calculated to be 8.22 uM and the
catalytic rate constant k., was 5.72 s~ ', indicating the faster
turnover of substrates. The yield of 5-hydroxyomeprazole was
17% after 4 h electrolysis at —0.520 V vs. SCE.

Cyt P450s are active for oxidation of natural drugs as well.
Vitamin D3 (VD3) is essential for calcium metabolism in the
human body. It is not active in its native form and the activation
through 25-hydroxylation catalyzed by Cyt P450s is needed for
its biological activity. Human CYP3A4, CYP3A5 and CYP3A7 as
examples are active to convert VD3 to 25-dihydroxyvitamin D3
(or denoted as 25(0H) D;).%° The bioelectrocatalysis method was

This journal is © The Royal Society of Chemistry 2023
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used for this hydroxylation of VD3 into 25(OH) D; by using
ferredoxin and other molecules as mediators with Cyt P450
vitamin D; hydroxylase (Cyt P450 Vdh) (Fig. 13).>’® In solution,
Cyt P450 VdH with NADPH produced 2.3 nmol of 25(0H) D;
after 30 min using NADH as an electron source. However, Cyt
P450 VdH produced 4.8 nM of 25(0H) D; at a 0.9 cm? electrode
by electrolysis at —0.5 V vs. SHE for 30 min. The yield of 25(0OH)
D; was nearly doubled in later case without the use of NADPH.

Cyt P450s in human liver microsomes (HLMs) can catalyze
the conversion of testosterone into 6B-OH-testosterone on a
polydopamine decorated Au-graphene (PDA/Au@RGO) nano-
composite electrode.>”® Fig. 14A shows electrochemical beha-
vior of the HLMs on PDA/Au@RGO. The electrode showed the
well-defined redox peak with an anodic peak at —0.37 V and a
cathodic peak at —0.45 V vs. SCE, under anaerobic conditions,
while no peak was observed without microsomes. Fig. 14B
shows that the enzymatic electrocatalytic oxygen reduction
current and binding of oxygen to reduced iron heme was
observed at —0.5 V under aerobic conditions (curve b). However,
the oxygen reduction currents on PDA/Au@RGO-CS surface with

OH

CH;

H;C,

cH; WG,

CH; CH;

m——

Cyt P450
B
Vitamin D3 hydroxylase (Vdh)

CH, CH,

Ho\\\*". Ho\\\\"’
Vitamin D3 25-Hydroxyvitamin D3

Fig. 13 Conversion of vitamin D3 to 25-dihydroxyvitamin D3 by Cyt P450
vitamin D3 hydroxylase.

This journal is © The Royal Society of Chemistry 2023

microsomes were very low. Thus, microsomal heme proteins
catalyzed the oxygen reduction through electron transfer from
electrode to reduce CPR then to the heme. In curve c (Fig. 14B),
the cathodic current increased on addition of testosterone into
the electrolyte, known as a catalytic process. In control study,
the testosterone did not make any significant changes in the
current (curve c in the insert of Fig. 14B). Electrolysis at —0.5 V
in oxygen saturated phosphate buffer was done for testosterone
(250 mM) in water/methanol (0.5%) for 2 h. The rate constant
and Ky, were 8.9 s~ and 175 uM, respectively. The product was
confirmed by HPLC-MS (Fig. 14C) and MS (Fig. 14D) where
305.4 (m/z) and 343.0 (m/z) were assigned to [M + H|" and
[M + K]" of 6B-OH-testosterone, respectively.

As mentioned previously, our group used LbL films of DNA,
an ECL-generating polymer [Ru(bpy),(PVP)10]** {(PVP = poly(4-
vinylpyridine)} (Ru-PVP) and many different human CYPs in
supersomes contain CPR on multi-well microfluidic arrays built
on top or PG electrodes to make metabolites that damage DNA.
Test compounds flow into the array, and the bioelectrocatalytic
enzyme film under potential control produces the metabolites
close to the DNA layers. If the metabolite is reactive, DNA is
damaged and detected by a subsequent electrochemilumines-
cence measurement in the same array as described earlier.>*™>
Multiple wells in the array can accommodate many different
types of Cyt P450s in a single experiment (Fig. 15).>> Here we
provide a few examples of this approach. A microfluidic 64-
nanowell chip array was used to evaluate genotoxicity of meta-
bolites formed by liver, lung, kidney and intestinal Cyt P450
enzymes. LbL films contained DNA, RuBPY and the metabolic
enzymes. Multiple enzyme reactions for a reactant are run via
bioelectrocatalysis, then ECL measuring the DNA damage is
recorded with a sensitive camera in a dark box. LC-MS studies
of the same reactions are used for confirmation of array results,
and to detect specific products. Results reveal rates and nucleo-
base adducts from DNA damage, enzymes responsible from

Chem. Soc. Rev., 2023, 52, 5135-5171 | 5153
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(A) CVs on (a) without microsomal PDA/Au@RGO-CS/GCE, (b) with microsomal PDA/Au@RGO-CS/GCE and (c) background subtracted

response of curve b in anaerobic 0.1 M PBS (pH 7.4). (B) Cyclic voltammograms on microsomal PDA/Au@RGO-CS/GCE, (a) anaerobic, (b) aerobic PBS
and (c) with testosterone (200 mM) Insert: curves on without microsomal PDA/AU@RGO-CS/GCE in (a) anaerobic, (b) aerobic PBS and (c) with
testosterone (200 mM). (C) HPLC of the electrolysis at —0.5 V for 2 h and (D) the mass spectra of the product observed after the reaction. Regenerated

from Electrochimica Acta, 2017, 258, 1365-1374 with the permission.?”® Co

different organs, and pathways of genotoxic chemistry.>** DNA
damage rates were found using the cell-free array and corre-
lated with organ-specific cell-based DNA damage. In DNA,
deoxyguanosine is the oxidized into 8-oxo-7,8-dihydroxy-2-
deoxyguanosine (8-oxodG) by reactive oxygen species, which is
an important oxidative DNA damage product in humans.?**?°

We developed similar arrays to measure DNA oxidation facilitated
by redox-active metabolites formed by the Cyt P450s. The metabo-
lites of nitrosamines from cigarette smoke can lead to DNA oxidation
and genotoxicity.”*® Metabolites of nitrosamines 4-(methylnitrosa-
mino)-1-(3-pyridyl)-1-butanone (NNK) and N-nitrosonornicotine
(NNN) were formed by bioelectrocatalysis in a 3d-printed

5154 | Chem. Soc. Rev,, 2023, 52, 5135-5171

pyright, 2017, Elsevier.

microfluidic array loaded with thin films of DNA, CYPs and
other enzymes that make metabolites in presence of Cu>" and
NADPH to obtain relative rates of DNA oxidation. Here, electro-
chemiluminescence (ECL) measurements employing a soluble ECL
dye, [Os(tpy-benz-COOH),]** were carried out to detect the pri-
mary DNA oxidation product 8-oxo-7,8-dihydro-2-deoxyguanosine
(8-ox0dG, Fig. 15). Results showed that metabolites of NNK and
NNN + Cu®" + NADPH generated high rates of DNA oxidation by
forming reactive oxygen species (ROS) in a complex pathway as
the ultimate oxidants.**®

In biological catalysis, multiple enzymes can mediate multi-
step conversions. Clopidogrel as a thienopyridine antiplatelet

This journal is © The Royal Society of Chemistry 2023
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agent is used for treatment of cardiovascular diseases. The
activation of clopidogrel is a two-step reaction both catalyzed by
Cyt P450s.%%” The first oxidation is clopidogrel to 2-oxo-clopidogrel
as a sp> C-H activation and the second step is the ring opening of
2-oxo-clopidogrel into a thiol-containing active form (Fig. 16).
Metabolic reaction of clopidogrel was done using a bi-enzymatic
system on the surface of a AuNP/chitosan/reduced graphene oxide
(RGO) nanocomposite (Fig. 16)."*> Two enzymes, namely CYP1A2
and CYP3A4, were co-immobilized on an electrode to catalyze the
two cascade reactions. CYP1A2 was covalently attached to primary
amine sites of chitosan with glutaraldehyde and CYP3A4 by
hydroxyl sites of chitosan via amide bonds using carbonyldiimi-
dazole. Enzymes were immobilized on the surface to provide
consecutive oxidation of clopidogrel into 2-oxo-clopidogrel cata-
lyzed by CYP1A2 and 2-oxo-clopidogrel converted into clopidogrel
carboxylic acid catalyzed by CYP3A4. The co-loading of the two
enzymes provides good electron communication to the two heme
centers with a fast heterogeneous electron transfer rate constant
(k) 13.09 s~ . The Michaelis constant (Ky) of clopidogrel metabo-
lism by the two enzymes was calculated to be 19.6 pM and the
catalytic rate constant k., was 1.33 s !, suggesting the two
enzymes working cooperatively. The conversion of clopidogrel to
clopidogrel carboxylic acid was up to 7.2% in 1 h electrolysis at
—0.53 V (vs. SCE).

This journal is © The Royal Society of Chemistry 2023

In native Cyt P450s, high-valent iron-oxo species oxidize C-H
bonds by oxygen transfer as discussed previously (Scheme 2).
Conversion of C-H into C-OH bonds was been reported even for
non-biologically relevant substrates, e.g., 4-cyclohexylbenzoic acid
hydroxylation by CYP199A4,>°® butane and propane hydroxylation
by CYP450cam,”*® methane oxidation by CYP153A6,>*° ethane and
octane hydroxylation by P450 BM3,*°"*%* cyclohexane hydroxyla-
tion by Cyt P450 from Acidovorax sp. CHX100 in recombinant
P. taiwanensis VLB120,”* and Synechocystis sp. PCC 6803,’** and
toluene oxidation by P450 2A13.>°® These non-biologically relevant
substrates may have weak binding to Cyt P450s as not being their
biologically relevant function. Therefore, the yield is low in
solution or in electrosynthesis.**®***" Similarly, the amination
of C-H bonds by Cyt P450s is difficult with low selectivity.**® To
increase the reactivity of enzymes, protein engineering on either
heme or the secondary coordination sphere of heme has been
used. Engineered enzymes can provide customized binding
pockets for non-biologically relevant substrates. For example,
replacing the heme cofactor of CYP119 by an iridium porphyrin
(Ir(Me)-PIX), Ir(Me)-CYP119 can provide catalytic insertion of
nitrenes into C-H bonds in sulfonyl azide derivatives with an
enantiomeric excess of 95:5, er.>*” Similarly, the modification
of the secondary coordination sphere close to the Fe-heme
center can enhance the demethylation activity of CYP2D6.10.

Chem. Soc. Rev., 2023, 52, 5135-5171 | 5155
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Fig. 16 Electrochemical investigation of metabolites of clopidogrel by using 2 Cyt P450 enzymes at AuNPs/chitosan/rGO/GCE. Reproduced from
Electrochimica Acta, 2015, 165, 36—44 with permission.*?> Copyright, 2015, Elsevier.
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Fig. 17 Electroenzymatic conversion of S-warfarin into 7-hydroxywarfarin at DDAB/GCE.

CYP2D6-C, with valine (V) at position 122 instead of alanine (A)
present in CYP2D6.10 was twice as active in converting codeine
into morphine with a yield of >70%.>°® CYP2C9 and its poly-
morphic variants CYP2C9-FLD prepared through CYP2C9 gene
fusion at a genetic level with D. vulgaris flavodoxin (FLD) redox
module showed altered catalytic activity to oxidize S-warfarin
into S-7-hydroxywarfarin (Fig. 17).””” CYP2C9-FLD immobilized
in DDAB films on a GC electrode (DDAB/GCE) was 4 times more
active for this hydroxylation reaction, as compared to CYP2C9
under the same conditions.

5.2 Epoxidation

Epoxides are useful synthetic precursors to produce chiral
molecules via ring-opening. Chiral epoxides are used widely
in the pharma industry for synthesis of drugs.>***'® Manganese
(Mn) chiral salen complexes are useful for enantioselective

5156 | Chem. Soc. Rev.,, 2023, 52, 5135-5171

epoxidations.*"! Epoxidation is considered to proceed through
multiple mechanisms and different reactive intermediates."'*'?
The enzyme can catalyze the oxygenation of alkenes (non-chiral
substrates) to produce chiral epoxides.***"*"*'* Predicting epoxide
formation in drugs usage is difficult but important because the
formation of epoxide is often linked with drug toxicity.*'®*"”

P450s are capable of converting alkenes into epoxides.
Several chemical reactions based on enzymes Cyt P450 BMS3,
CYP152A1, CYP199A and CYP199A4 have been reported for epox-
idation, e.g., linolenic acid, linear aliphatic alkenes, 4-vinylbenzoic
acid and styrene. Cyt P450 BM3 can catalyze stereo- and regio-
selective epoxidation of linolenic acid to epoxy-linolenic acid.***
The epoxidation is highly regioselective (100%) where only the

316,318-323

C15=—C16 vinyl group is converted among the three vinyl groups
in linolenic acid. The configuration of epoxy-linolenic acid is
identified to be 15(R),16(S)-epoxyoctadeca-9,12-dienoic acid with

This journal is © The Royal Society of Chemistry 2023
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an enantiomeric ratio excess of 60%. Epoxidation of 4-vinylbenzoic
acid was reported using bacterial CYP199A4 as a biocatalyst with a
high stereoselectivity and activity to produce (S)-epoxide with an
enantioselectivity of 99%.>'® In another approach, H,O, also drives
the epoxidation of styrene to styrene epoxide catalyzed by Cyt P450s,
although selectivity is much lower.>*> However, most alkenes are
very hydrophobic with a limited solubility in aqueous reaction
media. At a low concentration of substrates, Cyt P450s also reduce
oxygen through two-electron pathways to produce H,O, that can
oxidize alkenes directly or activate the Cyt P450 via the peroxide
shunt (Scheme 2) to epoxide or aldehyde as a mixture.>**?>>32¢

In our group, the LBL films of pure CYP1A2, and bacterial
Cyt P450cam with conductive polymer PSS on a carbon cloth
electrode were used for electrochemical oxidation of styrene to
styrene oxide.** The epoxidation was facilitated at —0.6 V vs. SCE
by initial biocatalytic reduction of molecular oxygen to H,O,
which activates iron heme enzymes to PFe’Y—0 by a complex
mechanism (Fig. 10) for catalytic oxidation of styrene. Here, iron
porphyrin (PFe™) reacts with bioelectrocatalytically-formed
hydrogen peroxide to form high valent PFe™=0 oxidant, which
oxidizes styrene to styrene oxide. The turnover rate was 39 h™* to
produced styrene oxide at PSS-CYP1A2-PSS), by electrolysis at
—0.6 Vvs. SCE for 1 h. The yield of styrene oxide and benzalde-
hyde were found to be 8.8 and 22 nmol, respectively.

5.3 Oxidative N-, and O-dealkylation

Products formed through O-dealkylation and N-dealkylation
follow similar reaction mechanisms to remove alkyl groups to
yield alcohols, carbonyls, or amines. Oxidative N-dealkylation is
commonly catalyzed by Cyt P450s in secondary and tertiary
amines, and related N-alkylated amines.*”” In the first step,
hydroxylation takes place at an o-carbon atom or carbon-
adjacent heteroatom, leading to the formation of carbinol
species which further undergo chemical rearrangement fol-
lowed by dealkylation on the heteroatom. The dealkylation
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can be initiated either by single electron transfer or hydrogen
atom transfer.**® %> For oxidative N-dealkylation,****° two
elementary steps are involved, ie., hydrogen atom transfer
and single electron transfer. N-Oxidation proceeds through
charge transfer to the oxo-ferryl group, followed by the for-
mation of radical cation and homolysis of the iron-oxygen bond
to generate the new N-O bond. For example, O-dealkylation of
tramadol was done using CYP2D6 and CPR in a PEI film on
graphene-modified GCE (Fig. 18).>*° The electron transfer rate
constant and Michaelis constant (Ky) were 0.47 s ' and
23.9 uM, respectively. Electrolysis was done at —0.52 V vs. SCE
for 2 h at CYP2D6/PEI-RGO/GC electrode (RGO = reduced
graphene oxide) with 300 pM tramadol. The conversion of
tramadol into O-desmethyl tramadol was confirmed by MS with
am/z of 250.18 and the yield was ~15% after electrolysis for 2 h.
Bioelectrochemical conversion of tramadol to O-desmethyl tra-
madol was done by using CYP2D6 and CYP1A1 immobilized on
AuNPs-chitosan (CS), RGO, and polyacrylic acid on GCE (Fig. 19).>%
The modification of AuNPs-CS-RGO/GCE with PAA gave the net
negative charge on the electrode that further immobilized CYP2D6
and CYP1A1 through electrostatic interaction. PAA, while increasing
the size of the gold nanoparticles from ~15 to ~25 nm, led to the
potential shift from —492 to —513 mV for CYP2D6 and —504 mV to
—509 mV for CYP1A1, respectively. The presence of PAA resulted in
the decrease of the electron transfer rate constant (k) from 5.19 s~ *
to 4.10 s~' for CYP2D6 and 3.24 s' to 2.78 s~' for CYPIAL,
respectively. The electrolysis converted tramadol to O-desmethyl
tramadol at —0.530 V for 1 h, as confirmed by HPLC, GC-MS and
LC-MS. The conversion per unit time was 2.3 h™* for CYP2D6/PAA-
AuNPs-CS-RGO and 3.2 h™" for CYP2D6/AuNPs-CS-RGO.

6. Reactions catalyzed by peroxidases

As mentioned earlier, peroxidases are universal oxidoreduc-
tases that use hydrogen peroxide or organic hydroperoxides to

‘ N
HO™ ™~

/CYP2D6/PEI-RGO
- e |
GCE HO
ramadel O-demethyl tramadol
T dol
o / ramado
@@@& - cYP206 e-f
PEI-RGO @ 1h 4°C overnight K
O-demethyl
tramadol

Fig. 18 Scheme of bioelectrocatalytic oxidation of tramadol. Reproduced from Langmuir, 2014, 30, 11833-11840, with permission.?*® Copyright, 2014,

ACS Publications.
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oxidize prosthetic group metal atoms to higher valent oxidants.
These enzymes catalyze reactions via free radicals where reactants
get oxidized or in some cases polymerized (Fig. 20). Peroxidases are
synthesized by bacteria, fungi, and plants. The reactive centers can
be heme, selenium, cysteine thiols, manganese, and other chemical
moieties.>* Several types of peroxidases have been used frequently
for catalyzing organic and inorganic reactions such as Fe heme-
containing (e.g., HRP, soybean peroxidase (SBP), chloroperoxidase
(CPO)) and non-heme containing (e.g:, manganese peroxidase, lignin
peroxidase). Heme-containing peroxidases predominantly oxidize
Fe(m) into highly reactive Fe(iv/—O species by reducing hydrogen
peroxide or other peroxides and catalyzing the reactions as discussed
in Section 1 (see eqn (1)-(3)). However, the activation of peroxidases
requires the use of H,0, to produce the oxidative compound I form.
In bioelectrochemistry, in situ H,O, production through electroche-
mical oxygen reduction can also be used to activate the heme center
for catalytic conversions. There is a fundamental need for direct
electrochemical activation of peroxidases on an electrode for catalytic
oxidation of organic compounds.**!

HRP is obtained from the roots of the horseradish plant,***

and has been widely used in biocatalytic oxidations of many
organic and inorganic substrates.>” SBPs obtained from soybean
plants carry out reactions similar to HRP.>** Chloroperoxidases
are heme-containing enzymes found in fungi and catalyze
chlorinations.>** In the same fashion, non-heme containing
peroxidases, not our focus in the current review, also generate
highly reactive species by reaction with peroxides. Manganese
peroxidase as an example is a lignin-modified peroxidase found
from wood-colonizing basidiomycetous fungi.**> This non-heme
peroxidase is oxidized from Mn(u) to highly reactive Mn(i) by
peroxides. It is stabilized by chelation with dicarboxylic acid and
catalyzes the oxidation of phenolic lignin.

While pure peroxidases are less expensive compared to Cyt
P450s, they are unstable under a higher temperature (e.g., >40 °C)
or in the presence of excess peroxide.>****” In our group, Guto
demonstrated that chemical cross-linking in an LbL film can
stabilize peroxidases, like HRP, Mb and SBP, for biocatalytic
applications up to 90 °C.>** In the thin crosslinked LbL films with

\\O

Alcohol oxidation

?—Ilalogenciltion L
1,0, Peroxidase » .
¢ & Hydroxylation
0, Q N
N
Electrode Oxidation

Sulfide oxidation

Fig. 20 Bioelectrocatalytic reactions catalyzed by peroxidases.
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PLL on PG electrodes, HRP, SBP and Mb were catalytically stable
for about 9 h at 90 °C; but were denatured completely in 20-30 min
at 90 °C in solution. The HRP-PLL film was 3-fold more active than
the SBP-PLL film at 25 °C; whereas, at 90 °C, SBP gave 8-fold better
catalytic activity compared to HRP-PL. This is related to the
inherent temperature stability of SBP as well as stabilization by
the film where the unfolding of enzymes is limited by chemical
cross-linking. The oxidation of o-methoxyphenol to 3,3’
dimethoxy-4,4"-biphenoquinone by crosslinked peroxidase-PLL
films also showed better yields at 90 °C than 25 °C. Results
demonstrated that peroxidase catalytic activity can be enhanced
at elevated temperatures. Microemulsions of oil, water, and sur-
factant were used as supporting electrolytes for biocatalysis and
bioelectrocatalysis at low and high temperature by using PLL-HRP,
PLL-SBP and PLL-Mb activated by +-BuOOH.*** The enzyme-PLL
films were stable at 90 °C for >12 h in microemulsions. Oxidation
of o-methoxyphenol into 3,3’-dimethoxy-4,4"-biphenoquinone gave
3-5 times better yield in microemulsion at 90 °C than at 25 °C.
Product yields increased 5-fold with increasing the temperature
from 25 to 90 °C for both HRP and SBP in CTAB microemulsions
and ~ 3 fold in SDS microemulsions.

As mentioned, peroxides may be unstable and potentially
inactivate by peroxidases at a higher concentration, although
these enzymes are stable at mM peroxide concentrations.
Continuous electrocatalytic synthesis of hydrogen peroxide by
reduction of oxygen is a strategy to activate peroxidases while
avoiding high levels of peroxide. Using dissolved oxygen in
water, in situ reduction can generate hydrogen peroxide by, (i) a
two-electron process at the electrode surface as a cathode, or (ii)
enzymatic reduction of oxygen by glucose oxidase.***73* In situ
generation of hydrogen peroxide was effective for activation of
peroxidase enzymes. For example, in situ generated hydrogen
peroxide was achieved at pH 3.0 at applied potentials +0.2 to
—0.4 V vs. Ag/AgCl by oxygen reduction by using Pt-coated
titanium and vitreous carbon.>*®> The generation of hydrogen
peroxide increased at the more negative potential, but a higher
concentration of hydrogen peroxide decreased the activity of
catalyst lignin peroxidase. The optimal potential was +0.1 V vs.
Ag/AgCl for generation of hydrogen peroxide and bioelectroca-
talytic degradation of 2,4,6-trinitrotoluene by lignin peroxidase
into 4-diamino-6-dinitrotoluene. The peroxidase-driven bioelec-
trocatalytic reactions are summarized in Table 4.

6.1 Oxidation of alcohols, aldehydes, and related compounds

HRP can catalyze oxidation of organic compounds like phenols,
alcohols, aldehydes, and chlorinated organics.®®*°737> HRP
can be covalently immobilized on beads. The covalently bound
HRP can be activated by H,0, produced electrochemically to
catalyze the oxidation of organic compounds. For example,
HRP immobilized on beads via aminopropylation with 3-
aminopropyltriethoxysilane and glutaraldehyde can oxidize
phenol derivatives in an electrochemical reactor.®*® In situ
electro-generation of H,O, by reduction of dissolved oxygen
was carried out using Pt coated on a Ti plate as the anode and
stainless steel as the cathode. To generate the hydrogen per-
oxide, initially protons were generated by anodic oxidation of

This journal is © The Royal Society of Chemistry 2023
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water (2H,0 — O, + 4H" + 4e”) and combined with dissolved
oxygen to produce hydrogen peroxide at the cathode (O, +
2H+ + 2e~ — H,0,). The aqueous phase of phenol was
converted to p-benzoquinone, other organic acids, and carbon
dioxide. The removal efficiency of the phenol reaction was 93%.

Combining peroxidases with electrochemistry can be
applied to remove environmental hazards in biochemical pro-
cesses. For example, bisphenol-A has biological toxicity to
aquatic organisms and humans. HRP has high activity for
oxidizing bisphenol-A in the presence of H,0,. Bioelectrocata-
Iytic oxidation of bisphenol-A by HRP was done in a membrane-
less electrochemical reactor.>”® Silk fibroin (a natural fibrous
protein), Fe;O, nanoparticles and poly(amido amine) were
dispersed in a phosphate buffer (pH = 7.4, 50 mM) for 8 h to
assemble into magnetic composite nanoparticles (~50 nm).
Those magnetic nanoparticles were filtered and transferred to
phosphate buffer containing HRP and 25% glutaraldehyde.
After incubation at 4 °C for 8 h, the resulting magnetic particles
decorated with HRP were isolated magnetically. In 0.1 M PBS
buffer, H,0, was produced by oxygen reduction on a carbon
fiber cathode. The removal efficiency of bisphenol-A was 80%
with an applied potential of 1.6 V, pH 5.0, and 25 mL min~"
oxygen flow rate at 25 °C.

Chloroperoxidase (CPO) is a fungal heme-thiolate enzyme
that also has peroxidase activity. CPO is negatively charged, and
it can assemble with polycations. For example, CPO and PDDA
could assemble on a 3-mercaptopropanesulfonic acid-coated
Au electrode. These PDDA-CPO-PDDA films were stable and
retained 97% activity after storage for 48 h in pH 5 buffer.>”*
CPO films can electrochemically oxidize cinnamyl alcohol.>*®
CPO could be assembled on a DDAB/Nafion film on a GC
electrode for bioelectrocatalytic oxidation of cinnamyl alcohol
into cinnamyl aldehyde (Fig. 21A). GC modified with a Nafion
film could hold a DDAB-CPO film after coating with chitosan. A
well-defined, quasi-reversible redox pair for CPO at —0.2 V vs.
SCE (phosphate buffer, pH 4.5) was obtained (Fig. 21B, curve a)
with an electron transfer rate constant (k) of 2.3 s~'. CPO
reduced oxygen electrochemically to H,0,. Under saturated
oxygen, a catalytic reduction peak was assigned to the produc-
tion of H,0, by CPO in the film as shown in Fig. 21B (curve b).
H,0, generated in situ by electrochemical reduction further
drives the catalytic oxidation of cinnamyl alcohol, also cata-
lyzed by CPO in the composite films. Cinnamyl aldehyde was
formed at a yield of 52% after electrolysis for 2 h at —0.6 V vs.
SCE. The product formation was confirmed by GC-MS.

Lignin peroxidase (LPO) activated by H,O, can catalyze
oxidative degradation of organic biopolymers, nonphenolic
veratryl-type compounds, and a wide range of organic pollutants,
such as phenol and non-phenolic compounds.*’?”>*° Lee and
Moon reported the oxidation of veratryl alcohol into veratralde-
hyde catalyzed in by LPO in solution with H,O, generated by
electrochemical reduction of oxygen.**” H,0, was produced on a
reticulated vitreous carbon cathode. The formation rate of vera-
traldehyde was 30 uM min~" at —0.4 V vs. Ag/AgCl in a broad pH
range of 2.5-5.5. The concentration of the veratraldehyde pro-
duced during the reaction was measured by UV-vis.
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Table 4 Electrochemical transformations catalyzed by peroxidase
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Product
identification
Electrode Substrate Product methods Yield Ref.
CS-DDAB-CPO-Nafion/GCE ~ Cinnamyl alcohol Cinnamyl aldehyde GC-MS 52% 356
LPO Veratryl alcohol Veratraldehyde UV-vis 30 M min ™" 357
CPO Thioanisole (R)-Methylphenylsulfoxide GC, NMR 30gL " d" 341
CPO Thioanisole (R)-Methylphenylsulfoxide HPLC 104gL " d" 358
CPO Methyl p-tolyl sulfide (R)-Methyl p-tolyl sulfoxide GC, NMR 76% (ee 93%) 359
N-MOC-i-methionine methyl ester (R)-N-MOC-L.-methionine 60% (dr 81:19)
methyl ester sulfoxide
1-methoxy-4-(methylthio)benzene (R)-Methoxyphenylmethylsulfoxide 83% (ee 99%)
CPO Thioanisole Methyl phenyl sulfoxide GC-MS 23gL ' d™? 360
Monochlorodimedone Dichlorodimedone 95¢gL td!
Indole Oxindole 83gL'd
CPO-Au@HMS Ethylbenzene R-1-phenylethanol GC ~1.6 mMin12h 361
AaeUPO Ethylbenzene 1-Phenethyl alcohol, acetophenone ~ GC ~1gL'h? 362
Vanadium chloroperoxidase 4-Pentenoic acid Bromolactone GC 1.4 g (~80% yield) 363
in24h
CPO-ILEMB/rGO/PEI/carbon Phenol o-Chlorophenol and p-chlorophenol HPLC — 364
cloth
+e”
PFe!l ——= _PFe'
A . e \0'2 100 B
zoz PFe'-0, 4+ ol —_— e
a
PFe" 2e.2H | 100
PFe'V-
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=
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Fig. 21 (A) Oxidation of cinnamyl alcohol. (B) CVs of the CS-DDAB-CPO-Nafion/GCE (a) in nitrogen-saturated and (b) in oxygen-saturated phosphate

buffer solution (50 mM, pH 4.5) at 100 mV s~ scan rate. Reproduced from ChemCatChem, 2012, 4, 1850-1855 with permission.>*® Copyright, 2012,

John Wiley & Son.

6.2 Oxidation of sulfur-containing compounds

Peroxidases can oxidize organo-sulfur compounds like thiols,
sulfides and disulfides.*®** The oxidation of aromatic sulfides has
been reported by using LPO, SBP and CPO. The yield of sulfoxide
decreased with electron donating power of substituents.**> Manga-
nese peroxidase was reported to cleave the sulfide bond in di(2-
methylpent-2-enyl) sulfide.®® The oxidation of omeprazole sulfide
to (S)-omeprazole was catalyzed by SBP in CTAB/isooctane/n-butyl
alcohol/water water-in-oil microemulsions.®®” A bioelectrocatalytic
system was developed with CPO for oxidation of thioanisole to
(Rrmethylphenylsulfoxide (Fig. 22).**' H,0, generated by
electroreduction of dissolved oxygen at the cathode could
activate CPO to oxidize thioanisole. The enantioselectivity was
>98% for R-methylphenylsulfoxide. The yield was 30 g L™ " d ™"
at —0.5 Vvs. Ag/AgCl in 300 mL sodium citrate buffer containing
30 vol% of t-butanol at pH 5. Similarly, the conversion of
thioanisole into (R)}-methylphenylsulfoxide was performed by using
CPO.>*® The electrolysis at a constant current produced H,O,
(eqn (11) and (12)). The product was (R)-methylphenylsulfoxide at

5160 | Chem. Soc. Rev., 2023, 52, 5135-5171
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Fig. 22 A schematic representation of electroenzymatic sulfoxidation
with chloroperoxidase.

formation rate 104 g L™' d' as confirmed by HPLC and the
product up to 1.2 g (enantiomeric excess >98.5%, purity >98%)
was obtained.

This journal is © The Royal Society of Chemistry 2023
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The oxidation of methyl p-tolyl sulfide, N-MOC-L-methionine
methyl ester and 1-methoxy-4-(methylthio)benzene into methyl
p-tolyl sulfoxide, N-MOC-L-methionine methyl ester sulfoxide
and methoxyphenylmethylsulfoxide was catalyzed by CPOs.**°
Using a similar approach, H,O, was generated electrochemi-
cally by reduction of oxygen at —0.5 V vs. Ag/AgCl. Under
saturated oxygen, an irreversible reduction peak was found
for reduction of oxygen to hydrogen peroxide between —0.5 V
to —1.0 V vs. Ag/AgCl. The product conversion was 60% for
N-MOC-t-methionine methyl ester, 76% for methyl p-tolyl sul-
fide, and 83% for 1-methoxy-4-(methylthio)benzene. The pro-
ducts of the reaction were identified by GC and NMR.

Cathode reaction:

0, +2H" +2¢~ - H,0,

(11)
Anode reaction:

H,0 — 2e  +1/20, + 2H" (12)

Gas-diffusion electrodes have also been used for the peroxidase-
catalyzed reactions. Gas-diffusion electrodes provide high con-
centrations of H,0, in the vicinity of the enzyme.**® These gas-
diffusion electrodes consisted of solid, liquid and gaseous inter-
faces and catalyst (e.g., carbon materials or carbon particles) for
electrochemical reaction between liquid and gaseous phase,
polytetrafluoroethylene (PTFE) and additives. PTFE provided a
hydrophobic matrix to bind the catalyst and liquid attracting
materials. Hydrogen peroxide produced at gas-liquid-solid
interface diffuses into the liquid phase to the enzyme. For
example, the gas-diffusion electrode was applied for enzymatic
sulfoxidation, chlorination and oxidation by using CPO.**° The
turnover numbers of enzymatic conversions of thioanisole to
methyl phenyl sulfoxide, monochlorodimedone to dichlorodi-
medone, and indole to oxindole could reach 3120, 203 100 and
39000, respectively. The reaction products were identified by GC-
MS. The space time yields (STYs) for each reaction were observed
23,9.5 and 8.3 g L' d", respectively (Fig. 23).

6.3 Hydroxylation

Selective hydroxylation of C-H bonds is typically slow with
peroxidases.*®® CPO was used for selective bromo-hydroxylation of
alkenes,* halo-hydroxylation of monoterpenes,*" and hydroxyla-
tion of C-H bonds in ethylbenzene (Fig. 24).>®" Asymmetric
hydroxylation of ethylbenzene to R-1-phenylethanol was carried
out in the presence of in situ H,O, generation by oxidation of
monosaccharides catalyzed by gold nanoclusters (AuNCs). AuNCs
were incorporated into mesoporous silica with hydroxyl groups
(HMS-OH), denoted Au@HMS. CPO was loaded on the surface of
Au@HMS (CPO-Au@HMS) and placed into the reaction solution
with acetate buffer (pH 5.5), ethylbenzene and galactose for 12 h at
30 °C. The oxidation of galactose by AuNCs produced a high
concentration of H,0, (1.2 mM) that further activates CPO. The
yield of R-1-phenylethanol was ~1.6 mM in 12 h when 120 mM of
galactose was used in this consecutive reaction.

In recent years, unspecific peroxygenases (UPOs) containing
heme-thiolate have attracted much attention to catalyze
monooxygenation of various organic compounds with H,0,.

This journal is © The Royal Society of Chemistry 2023
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Fig. 23 Biocatalytic reactions catalyzed by chloroperoxidase.
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Fig. 24 Hydroxylation of C—H bond using chloroperoxidase to convert
ethyl benzene into 1-phenethyl alcohol. Reproduced from Chem-
CatChem, 2022, 14(4), e202101732 with permission.*®* Copyright, 2022,
John Wiley & Son.

UPOs can be isolated from the natural fungus, e.g., the edible
mushroom Agrocybe aegerita.’*>*°® Similar to other peroxi-
dases, UPOs do not catalyze the reductive activation of oxygen,
but it directly uses H,O, to generate the catalytic active
oxyferryl.>*> An excess of H,0,, however, can decrease perox-
ygenase activity; and in some cases, it can drive over oxidation
which leads to low turnover and byproduct formation. Electro-
enzymatic hydroxylation of ethylbenzene to 1-phenethyl alcohol
with UPOs produced by fungus Agrocybe aegerita (AaeUPO) has
been demonstrated by Horst et al.>*> Oxygen was used from
ambient air and protons from the buffer for electrochemical
in situ generation of H,0, on a carbon black gas diffusion
electrode. The current efficiency was 65-78% in 30 mL of
reaction mixtures containing AaeUPO (50 nM) with phosphate
buffer (100 mM, pH, 7.0) containing 3 vol% of acetone and 500
pL of ethylbenzene. The product was quantified on a GC. The
highest turnover number was 400 000 at —10 mA cm ™~ after 4 h
electrolysis and the space-time-yield was up to ~1 g L™" h™".
However, the AaeUPO was non-specific to produce 1-phenethyl
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(a) Scheme for fabrication of CPO-ILEMB/rGO/PEIl/carbon cloth electrode and (b) electroenzymatic protocol on carbon cloth to synthesis of

ortho-chlorophenol. Reproduced from ACS Sustainable Chem. Eng., 10, 12497-12503 with permission.*®* Copyright, 2022, ACS Publications.

alcohol and 10-20% of acetophenone as an overoxidized
byproduct was seen under constant-current electrolysis.

6.4 Halogenation

CPO and vanadium peroxidase are active for enzymatic
halogenation.?*®?%*** CPO can catalyze the halogenation by
using free halide ions and H,O,. Bioelectrochemical synthesis
of chlorinated barbituric acid was studied by using CPO.*%
H,0, was produced in an electrolytic cell at —0.5 V vs. SCE and
activates CPO in a membrane chamber to produce 5-
chlorobarbituric acid. The conversion of barbituric acid into
5-chlorobarbituric acid was >96% after 24 h. The enzymatic
conversion of 4-pentenoic acid to bromolactone was catalyzed
by vanadium chloroperoxidase with in situ generation of
H,0,.>* An oxidized carbon nanotube (0-CNT) gas-diffusion
electrode was used as a cathode where H,0, was produced from
oxygen reduction. Vanadium chloroperoxidase was used in
solution for conversion of 4-pentenoic acid to bromolactone
product identified by GC. The isolated yield of bromolactone
was 1.4 g (~80% yield) in 24 h. Chlorination of phenol was
demonstrated with ionic liquid modified CPO (CPO-ILgpg)
assembled on a reduced graphene oxide electrode (rGO)/PEI
(rGO/PEI).*** The enzymatic reaction was performed in the
range —0.3 V to —0.7 V vs. SCE with chloride ions (Cl") as the
source for chlorination. The composite of rGO/PEI and CPO-
ILgvp catalyzed ortho-selective phenol chlorination (Fig. 25). At
—0.3 Vto —0.7 V, the yield of ortho-chlorophenol increased with
potential. Two products, o-chlorophenol and p-chlorophenol,
were found only at —0.6 V vs. SCE. The protocol was selective at
—0.3 V and —0.4 V for synthesis of o-chlorophenol. Catalytic
efficiency was improved 5.5-fold as compared to manually
added H,O0, and 2.3-fold compared to the use of free CPO.
The products were confirmed by HPLC.

7. Conclusions and prospective

Selective oxidations are of critical importance in organic and
pharmaceutical syntheses. Effective bioelectrocatalytic approaches
using heme-containing enzymes, especially Cyt P450s and perox-
idases, have been demonstrated to serve this purpose as described

5162 | Chem. Soc. Rev., 2023, 52, 5135-5171

above, and have attracted tremendous interest. While bioelectro-
catalytic reactions are important as a synthetic tool, a major goal is
to refine the methodologies to generate products with high yields
and high selectivity. The practical utility of bioelectrocatalysis is
heavily impacted by the stability of enzymes, and selected immo-
bilization methods can achieve high stability and large turnover
numbers. For example, crosslinking enzymes into thin polyion
films enables high enzyme stability and reaction chemistry at
temperatures well above the solution decomposition temperature
of the enzyme and provide much higher reaction rates at much
higher temperatures than those where unmodified enzymes are
stable in solution.

Key challenges with enzymes include thermodynamics,
kinetics, and non-aqueous solvent stability (e.g, in organic sol-
vents). The first two aspects have been addressed well by cross-
linking and other film strategies, while non-aqueous solvents can
be used in microemulsions that do not denature enzymes in films.
In addition, genetic molecular engineering by site-directed muta-
genesis of enzymes offers a pathway to high thermodynamic and
kinetic stability as well as improved reactivity of enzymes, some
resistance to organic solvents, accessibility to new or improved
reactions, and alternative product selectivity.’*>*°” These geneti-
cally engineered enzymes can play a significant role for highly
specific and selective organic synthesis. For example, Arnold et al.
reported a number of engineered heme-containing enzymes, e.g,
P450g,; as high efficient and specific for C-H activation.**® In a
recent study, engineered P450 nitrene transferase was demon-
strated for conversion of aliphatic C-H bonds to chiral amines and
cyclohexane C-H bonds to acetamide.”® These engineered
enzymes have not been used much in bioelectrocatalysis, but
could offer effective pathways to improve the specificity and access
to organic molecules that natural enzymes do not catalyze. How-
ever, the cost of genetically engineered enzyme production is an
important issue compared to natural enzymes that are often easily
obtained from natural sources.

As mentioned above, immobilizing enzymes in stable films,
e.g., crosslinked LbL films using polyions with amine groups,
offers excellent promise for high stability and retention of
activity under synthetic conditions at relatively high tempera-
tures. This has been demonstrated for peroxidases up to 90 °C
in aqueous buffer and in microemulsions. More attention

This journal is © The Royal Society of Chemistry 2023
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should be paid to electrocatalysis in microemulsions, which pro-
vides solvation of water-insoluble hydrophobic reactants, as well as
the sufficient water to hydrate enzymes in films and allow them to
function in a close-to-natural environment at a relatively low cost.

As discussed, for Cyt P450s in microsomes or supersomes,
electron transfer proceeds from electrodes to Cyt P450 reductase
(CPR), then to the Cyt P450 Fe™heme, and subsequently formed
species utilize molecular oxygen directly as in the natural pathway
(Scheme 2). For peroxidases, however, an external source of
peroxide is required to activate the enzyme. In situ, on-demand,
controlled generation of H,0O, is attractive for this purpose to
enhance atom economy, yields, and enzyme stability. Thus, more
feasible and effective total systems are required to provide hydro-
gen peroxide using electrochemical or alternative approaches. For
example, complete flow reactor systems that catalytically produce
and biocatalyze synthetic reactions have so far seen little attention.
Photocatalytic production of H,O, from O, is also a viable option
and could be combined with an electrochemical cell to activate
enzymes. In our opinion, Fe" heme enzymes are the most stable,
versatile, and best utilized for biosynthetic applications in thin
films on an electrode or on nanoparticles with electrochemical
generation of activators such as H,0,. In view of scaleup, new
designs of effective reaction cells and protocols which can produce
product at larger scale or in a high-throughput fashion are very
important future goals.

Finally, bioelectrocatalytic synthesis is limited somewhat by
the numbers and types of enzymes available. Biological reac-
tions are often catalyzed by a group of enzymes in sequence,
and this approach may also have a role in chemical syntheses. A
good example of such chemoenzymatic pathways was reported
by Cai et al.**® who demonstrated the enzymatic conversion of
CO, into starch using 11 sequential reactions. The surface of
electrodes in bioelectrochemical synthesis indeed can support
the formation of multienzyme complexes with spatial proximity
to catalyze cascade reactions, but there are few reports of
bioelectrocatalytic syntheses involving consecutive reactions.
Alternatively, using synthetic catalysts to replace some recalci-
trant enzyme steps in multienzyme syntheses could also be a
viable alternative for scaleup. In a recent study, an electro-
biosystem was reported using nanostructured copper to convert
CO, to acetate and genetically engineered Saccharomyces cere-
visiae to then produce glucose from the acetate.*”' Integrating
synthetic catalysts with multienzyme syntheses may be able to
improve overall reaction efficiency and could broaden synthetic
capacity and the applications of bioelectrocatalytic synthesis.
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