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Electrochemical transformations catalyzed by
cytochrome P450s and peroxidases

Neeraj Kumar, 22 Jie He (2% and James F. Rusling (&) *20<d

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 Fe'Y—0O
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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1. Introduction

Chemical transformations of organic compounds are fundamentally
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, biological 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 regioand 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 Cytochrome P450 (Cyt P450s, Scheme
1), are involved in up to 75% of metabolic reactions of existing drugs
and also covert toxic compounds like pollutant to less or more toxic
products. Enzymes can also be efficient in the remediation of
pollutants.®!! Thus, biocatalytic transformations have garnered lots of
attention in organic and pharmaceutical

syntheses, pollutant

remediation, and metabolism studies.
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activating small molecules as inspired by metalloenzymes.
In this
bioelectrocatalytic transformations of organic compounds using Cyt

review, we summarize recent advances of
P450s and peroxidases. Cyt P450s are an extensive family of enzymes
in mammals, bacteria and plants.'?>!3 They have an iron heme cofactor
(Scheme 1) imbedded within their polypeptide structures 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, CQC double bond epoxidation,
aromatic coupling, as well as more unusual reactions.’®?' They are
for of drugs, drug metabolites,?>?’

effective synthesis

bioremediation,?*3? and development of biosensors.?'3?

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 adenine dinucleotide
phosphate (NADPH).* In nature, CPR transfers two electrons from
NADPH to Cyt P450s (Scheme 2). Other redox partners also exist for
Cyt P450s,2% e.g., bacterial and mitochondrial systems with
NADPH-ferredoxin reductase and ferredoxin partners. Cyt P450s also

nicotinamide

have alternative activation pathways utilizing hydrogen peroxide
(called the H2O2 shunt) to facilitate oxidative reactions.’”*® All these
enzymatic reactions feature reduction of Fe(i) to Fe(i) that reacts
with oxygen or H20: to yield reactive Fe(1v)QO species to oxidize
substrates.* Cyt P450 oxidations have also been discussed in terms of
heme iron—oxygen enzyme forms called compound I (P*Fe(1v)QO),

using terminology from peroxidases.*’

This journal is © The Royal Society of Chemistry 2023
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Peroxidases use hydrogen peroxide (H202) 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 H202 shunt process of Cyt P450s
(eqn (1)—(3)). Peroxidases get activated by two-electron reduction of
H202 to yield high valent Fe(1v)QO species.
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PFe(i) + H202 - PFe(11)-0-O-H - P*Fe(1v)QO (Compound I)
+H0 ey

P"Fe(1v)QO + RH - Fe(1v)QO (Compound II) + R+ H*

PFe(1v)QO + RH + H' - PFe(m1) + H20 + R 3)

Initially, peroxidase PFe(mn) is oxidized by H20:2 to produce the two-
electron oxidized intermediate (compound I, eqn (1)) compound I
(P*Fe(1v)Q0).**® Compound I oxidizes a substrate to yield ferryl-
oxy intermediate compound II (Fe(1v)QO, eqn (2)), which is reduced
back to the Fe(m) by oxidizing another substrate molecule (eqn
(3)).44%-30In organisms, peroxidases destroy excess H202 and reactive
oxygen species (ROS) as well as oxidize numerous compounds.
Several types of peroxidases, e.g. lignin peroxidase,*’#831-5¢
horseradish peroxidase (HRP),*-37-6% chloroperoxidase (CPO),%-%4
manganese peroxidase,®% and haloperoxidases.’’? have been used
extensively in biocatalytic oxidations (e.g., the oxidation of alkanes to
alcohols) or chromogenic reactions in chemiluminescence.”® While
oxidation of these enzymes by H20x is required, their inactivation by
H202 may limit their use in industry.”’~7® Thus, recent studies have
focused on in situ production of H20z that potentially overcomes the
overoxidation issue.”™

Chem. Soc. Rev., 2023, 52, 5135-5171 | 5137
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Human P450s

PDB: 2HI4

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 fromnal. Chem,, 2016, 88, 4584—-4599 with
.. 26 . s

permission.”” Copyright, 2016, ACS publication.
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Scheme 2 Pathway for mammalian Cyt P450-catalyzed reactions.813:354142The 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

I'.1 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

5138 | Chem. Soc. Rev., 2023, 52, 5135-5171 This journal is © The Royal Society of Chemistry 2023
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the product ROH. Exposure of ferrous form 3 to carbon monoxide (CO) yields P-Fe(i)-CO complex 9, which absorbs 450 nm light, which gave these enzymes the name Cyt

P450s. Abbreviation: CPR, cytochrome 450 reductase.

clusters, e.g. [2Fe-2S], [3Fe-4S] and [4Fe-4S], and a 7 Fe ferredoxin
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 ferredoxin, and then to the
Cyt P450.7>-8! Mammalian microsomal Cyt P450s are called Class II
enzymes and the electron source is NADPH Cyt P450 reductase.”” "
The generally accepted electron transfer and reductant oxidation
pathway is presented in Scheme 2.77,82,83

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, CYP2EL, CYP2C8, 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 (i.e., 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-
benzoquinoneimine.®” CYP2B6 metabolizes cyclophosphamide into
4-hydroxy cyclophosphamide.”® CYP2A6, CYP2B6, CYP3A4,
CYP3AS, 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, CYP3AS, CYP3A43 and
CYP2B6) and CYP enzymes (CYP27BI, CYP27Al, CYP24Al,
CYP3A4, CYP2J2, CYP2RI1) are necessary for vitamin D
metabolism.3392%4 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.84,95,96

Peroxidase enzymes are found in plants, animal, and
microorganism tissues. They are classified into three classes based on
source.”” 1% Class I-intracellular prokaryotic peroxidases include
catalase, ascorbate peroxidase and cytochrome c peroxidase. Class II-
extracellular fungal peroxidases contain manganese peroxidase, lignin
peroxidase and versatile peroxidase, and class Ill-secretory plant
peroxidases comprise horseradish root peroxidase (HRP), wheat
peroxidase (WP), lignin-forming tobacco peroxidase (TOPA), tomato
peroxidase (TMP) and barley peroxidase (BP).*®!1°! Peroxidases can
use many types of peroxides as electron acceptors to catalyze

oxidative reactions.

This journal is © The Royal Society of Chemistry 2023

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.”31:32:102-108 We 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 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)

P450s and peroxidases in bioelectrocatalysis, including suitability of

To provide a comprehensive overview of the status of Cyt

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(in) to Fe(ir) in the heme group, and Fe(11) then reacts and
binds with oxygen to yield Fe(i1)-O-O. The second electron reduces
this species to Fe(in)-02, which eventually leads to the Fe(iv)QO
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.'”>!1%-112 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.?>!">1"* 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
constructs feature specific single Cyt P450’s (e.g., CYP3A4) and
include CRP in a predominantly lipid matrix. Microsomes are derived

Chem. Soc. Rev., 2023, 52, 5135-5171 | 5139
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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 pharmaceuticals and other fine chemicals where control
of stereochemistry is absolutely important and necessary.

There have been extensive efforts to overcome the limitations of
Cyt P450s in the past.''%!'7 Among those, electrochemical activation
can improve performance of Cyt P450s without the use of additional
Replacement of biological by
electrochemical processes where electrons are transferred directly
between electrodes and enzymes, or enzymatic systems offers a

chemicals. electron transfers

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.''®!1%-127 Electrochemical
techniques can also scale up the generation of metabolites in sufficient
amounts for investigation of metabolite or structural characterization.
However, activation has often been driven by the H202 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;
(i1) mild conditions 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.o4,128,129

Cyclic voltammetry (CV) can be used to examine fundamental
features of electrochemical transformations of enzymes. For example
the standard heterogeneous electron transfer rate constant 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.'3° 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)  (PEI)/(poly(sodium  4-styrene sulfonate)
(PSS)/P450 2E1)4 and PSS(/PEI/P450cam)a films on PG electrodes.
The peak current was proportional to scan rate as predicted for surface
bound species. In anaerobic buffers at pH B7, 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

5140 | Chem. Soc. Rev., 2023, 52, 5135-5171
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s1).130 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(1)
forms than reduction rates of Fe(ir) forms. This suggested that Cyt
P450s retain their enzymatic activity on the 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.'3° The rate
constant for chemical oxidation of Fe(1)-Cyt P450s in these films by
t-BuOOH to active Fe(1v)QO 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
activation 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.253! 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 P450.13! These stable films consisted of thin
layers of the polyions poly(diallyldimethylammonium chloride)
(PDDA) and PSS as six alternating layers with CYP2A1 microsomes
(containing CPR), denoted as PDDA/PSS(/CYP1A2/CPR)s 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 subtracted CVs of
the CPR/CYP2A1 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 (ks) was B40 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 B35
mV shift with addition of CO characteristic for Cyt P450s, and 20-
fold

This journal is © The Royal Society of Chemistry 2023
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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.13° Copyright, 2009, ACS
Publications.

smaller ks values than films with CRP and CYP2AI1. 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.

This journal is © The Royal Society of Chemistry 2023
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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:CEo) pathway (eqn (4)—(6)), where Eois
electrochemical oxidation and E: is reduction of CPR. Initially, CPR
accepts an electron characterized by electrochemical rate constant
ksred (eqn (4)). Eqn (5) represents redox equilibrium between the

1A 1.8
d <
”)
o 0
-1 - - -1
-0.2 0.4 -0.6 -0.2 -0.4 -0.6
E (V vs SCE) o E (V vs SCE)
-0.42
= d
- | -
- Z-0.44; ()M
s ] -—
= -
g0 £ -0.46]
p :
- -
3 R e
&, { Reduction T .
-1 - . -0.5 . x
-0.2 04 -0.6 2 -15 -1 -0.5 0
E (V vs SCE) log v (Vs™)

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 0.3V s * 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) ExCEs-model
and parameters in Scheme 1 for CYP1A2 and CPR films at (b) 0.1,
(c) 0.2, (c) 0.3 Vs ! 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 theE.CEo
model. Reproduced from J. Am. Chem. Soc, 2011, 133, 1459-1465 with
permission,131 Copyright, 2011, American Chemical Society.

Fe'" to produce CPRox and Cyt P450-F ¢", followed by oxidation
CPRred and Cyt P4500f CPRred (€qn (6)).

CPRox+ e - CPRred E1 =230 mV vs. NHE; ksred= 0.4 s!

“)

CPRucg + PA50-Fel " CPRox+ P450-Fell ky Z Skrs! (5)
CPRred - CPRox+ € E1 =230 mV vs. NHE; ks ox =40 s!

(6)
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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 increment 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

50,2

[NNK] /uM
2 40. 200
&
3. 30 T '
10
'_"-] 20. 0

) (2nd scam)

0.
w »
-(]ol -002 -003 -()'04 - 05 -(io()
Y wy 7 &
E (Vvs SCE)
Fig. 3 Rotating disk voltammograms of Cyt P450s/CPR film with increasing 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.13! Copyright, 2011, ACS
publications.

Current/ pA
oo o &8 883

02 -04 -06
E/V (s.SCE,

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,

0.0 -0.8

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/

~
=
\n
—
<
°
o
I
o
Q
a
S
o
<
S
=
o
s}
=]
Q
=]
&
<
g
z
o
[a)
)
I
=)
Q
2
=
~
—_
=
s}
=]
Q
=
2
°
=
-t
S
]
21
<
172}
1721
Q
Q
Q
<
o
Q
a
@]

Q
Q
£
Q
.2
3
o
Q
=]
15}
&
=
-
<
o
=
2
Q
g
g
]
O
=
]
Z
=
5=
3]
=
2
£
<
v
=
1S
g
g
o
O
o
2
w
jo}
-
®)
<
-
[}
=]
£
=1
o
(]
172}
=
(o3
2
.4
2
.2
b=
<
B
=
E_<

[&@herre |

Chem Soc Rev

(d) 3.72, (e) 4.96, (f) 6.2 and (g) 7.44 mM. Regenerated from RSC Adv., 2012, 2,
12844 with the permission.12” Copyright, 2012, RSC.

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 concentration of
nifedipine from 0 to 7.44 mM 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 transfer to microsomal
reductase CPR then from CPR to the Cyt P450-heme-iron. We found
this to be true as well for both microsomes and supersomes, already
containing CPRs, in LbL films on electrodes.'3>!33 While prior work
revealed that electrodes 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 H2O> 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.”>2° The general procedure employs microfluidic arrays
featuring individual electrode wells coated with LbL films made with
different CYP microsomes, ruthenium polymer Ru(bpy)2-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)2PVP 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(i1) sepulchrate
trichloride can replace NADPH to activate recombinant fusion
enzyme rFP450 for the o-hydroxylation of lauric acid in solution.!3*
1,1°-Dicarboxycobaltocene can replace NADPH to activate P450sm3
that catalyzes hydroxylation of lauric acid.'*> Coupling with non-
natural electrochemical mediators can extend the practical
applicability of electrochemical mediation of electron transfer to
P450s as a catalyst for regioselectivity and stereo-selectivity.

This journal is © The Royal Society of Chemistry 2023
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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 complexes. In the case of
covalent binding, the enzyme is permanently 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.'3¢
The heme cofactor features a porphyrin ring with a central iron ion. It
is found in all known forms of life (bacteria to humans).'3”138 Iron
heme is the prosthetic group in hemoproteins such as myoglobin,
hemoglobin, peroxidase, cytochromes, catalase, albumin, prion
protein, guanylate cyclase and nitric oxide synthase

- /

HOOC COOH

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

peroxidases.

(Scheme 3).13%-141 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).!3¢ 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 energetically expensive and
may require additional co-substrate or additional enzymes.'*>-14¢ Co-
enzymes may also present challenges in terms of availability, and
recycling.'4

Mammalian Cyt P450 enzymes typically accept two electrons
originally from reducing agent NADPH that transfers them to
flavoprotein NADPH-Cyt P450 oxidoreductase (CPR), the immediate
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
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oxygen for Cyt P450 to catalyze the substrate hydroxylation. 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. '3

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, CYPI116B65,
CYP119, CYP119Al1, CYPI19A2, CYP154H1, CYP174Al,
CYP175A1, CYP174A1, and CYP231A2 can be used at higher
temperature than normal for enzymes.!*"133 The thermal stability of
these enzymes makes them attractive for industrial use. For example,
a CYP119/sol-gel film remained stable up to 60 1C, but the reduction
current decreased to B45% as compared to that at 30 1C. 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 1C (Fig. 5).15
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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, 06112156162 ¢ o 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
orelectrochemical potential cycling. For some films, roughening the
electrodes and introducing surface charges chemically can be

advantageous for film stability.!%3

(i)

casting, self-assembled monolayers (SAMs), incorporation into

Functionalize electrode surfaces with enzymes via drop

detergent or lipid films, LbL film growth, or chemical
attachment.106,112,164-166

(iii)) Age electrodes at 4 1C in a constant humidity chamber to
avoid complete dehydration and remove weakly adsorbed enzymes
from the surface by washing.'¢7-16

3.1.1 Covalent immobilization of enzymes. Covalent
2.0
+8el4H* /\A75°c
—_—
A8 CCl, T CH4/
cCl % / -
= 101 / “-s5°C
= 1 /
Q
E
2
o
0.5 / ~——25°C
CH, i /ﬁ
0.0 1
0 -300 -600 -900  -1200

Potential (mV vs. Ag/AgCl)

Fig. 5 Catalytic conversion of CClsinto CHausing CYP119/DDAB/PSS films (left). The effect of temperature on catalytic dehalogenation of CCla. Linear sweep voltammograms
of CYP119/DDAB/PSS in the presence of CClaat 25 1C, 55 1C, and 75 1C (right). Reproduced from, J. Am. Chem. Soc., 2004, 126,

8632-8633, with permission.1>* 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 CCls dehalogenation, the
formation rate of methane increased by 35-fold from 25 1C to 55 1C.
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 1C in 0.5 M of KCI with a
small potential shift of redox potential of B14 mV between 25 1C and
120 1C.' These results show that stability and electrochemical
activity of enzymes at temperatures much higher than for the free

5144 | Chem. Soc. Rev., 2023, 52, 5135-5171

immobilization of enzymes can be used to immobilize the enzyme on
the electrode surface. Functionalizations used in attachment of the
enzyme include amidization by -NH2and —COOH coupling catalyzed
by N-((3-dimethylamino)propyl)-N-ethyl carbodiimide hydrochloride
(EDC)-N-hydroxysulfosuccinimide ~ (NHSS),
clickchemistry usingcystine(see Table 1).Bioconjugationchemistry
using EDC-NHSS cross-linking can immobilize enzymes on electrode

and  thiol-ene

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 NH2 or COOH
can now react with enzymes through EDC-NHSS amidization.!7%72
Afterwards, chemically bound enzymes can be partially dried in a

This journal is © The Royal Society of Chemistry 2023
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constant humidity chamber.!7%173-176 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 Km as an indicator) of substrates in a high throughput
microtiter-based platform.!”> Cyt P450s were immobilized on
hydroxyoctanethiol 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. Km 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
(PtPLL) showed reversible electron transfer between heme iron of
CYP2B6 and electrode at 0.449 V at pH 7.4 in anaerobic solution.!”’
Kwm was lowered by two orders of magnitude as compared to CYP3A4
in microsomes.

3.1.2 Incorporation of enzymes through non-covalent interactions.
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 comparison 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
a
H
_& Enzyme Enzyme
= . . o activity ~ Stability leakage Ref.
g Method Enzyme Crosslinker and mixture Incubation time Electrode
¢ Covalent Formate EDC and NHS 30 min for enzymes, (i) 4-ATP SAMs; (ii) Low High No 188
. binding dehydrogenase and 90 min for EDC/  4nitrophenyl
S NHS electrochemically grafted
o on Au electrode
E £ P450 BM3 Dendritic mesoporous silica with— 12 h CS/GCE 189
S g OH and -NH,
= < CYP101 N-(4-Caboxyphenyl) 30minat4 1C GCE 190
o & maleimide and SWCNT
g ch P450 BM3 (6] Cystamine- lhat41C Au(111) surfaces 191
Q.S Nsuccinimidyl
% £ 3-maleimidopropionate;
2: § (ii) dithiobismaleimidoethane
o g
@ é CYP 2B4 EDC/NHS 90 min at R.T. Carbon and Au SPE 170
<
—; E P450 2E1, cysteine  Dithio- 2 h for DTME Au 124
QO é mutant MUT261 or  bismaleimidoethane (DTME)
o & MUT268
o =
SIS . . X ITO Moderate Low Yes
> c Physical P450 BM3 adsorption — 30 min, at4 1C DDAB/SPE or MWCNT/ 192
= —3:; P450 3A4 — 12h,at4 1C SPE 193
= B
g }5 P450 3A4,2B4, 1A2, — 12 h,at4 1C, Humid Au nanoparticles- 157
g g 11A1 (P450scc), and chamber DDAB/PG
= = 51bl
é é CYP2B6 Au-chitosan mixed with CYP2B6  12hat4 1C GCE 158
A~ S
_%; § CYP2C9 ITO and CS mixed with enzyme — GCE 194
Ef
% a Mb, HRP or hemin ~ Mb, HRP or hemin mixed with Covered with vial and PG dry 181
3 DDAB overnight (B12 h)
g 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 PEL PDDA and PSS 15 min for polyions Au 187
NADPH-cytochrome PDDA and PSS 20 min for polyions PG and 195
P450reductase 1 h for enzymes
CYP3A4 PDDA GCE 125

Films of insoluble surfactants can accommodate a wide variety of
enabled
electrochemical reduction of Fe'heme cofactors. These detergent-

enzymes and heme proteins and have reversible
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

didodecyldimethylammonium bromide (DDAB) and phospholipids,

chain surfactants such as
with the proteins residing between the detergent bilayers. These
interlayer regions also contain considerable amounts of water that is

available to hydrate the enzymes.!”'8! Direct immobilization of Cyt

5146 | Chem. Soc. Rev., 2023, 52, 5135-5171

P450s has been achieved in electrodesupported lipid bilayer
membranes, similar to those developed for hydrophobic membrane
enzymes.'®>!183 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 oxidation peaks of the Fe"heme were obtained in CVs.
The midpoint potential (Emia) for CYP2C9, CYP2C9*2 and
CYP2C9*3 were

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

This journal is © The Royal Society of Chemistry 2023
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CYP2C9 with B50 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 Michaelis constants
(Km) 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.!3L184+186 In 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

Negatively charged electrode

Consecutive addition of
olycation and then polyanion

adsorption, with washing
Enzym_‘s.layer

M\ Addition of enzyme solution

then wash (negatively
charged)

Polycation solution, wash

Repeat steps for desired number
of layer

Scheme 4 lllustration 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.'9>!8%:18 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,

This journal is © The Royal Society of Chemistry 2023
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DNA or PDDA. The Cyt P450cam film was grown with layers of PSS
or PDDA. LbL films of Cyt P450s using microsomes or supersomes
can be assembled on electrodes similarly, as discussed above (see
Table 1.)13!

32 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 mm 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) ket

(N

where Kelect is the synthetic rate constant and t is the reaction time. The
reaction rate decreases exponentially with t as the decrease of the

reactant concentration. The synthetic rate A constant Kelect % mo__,
where mo is mass transfer coefficient,
v

A is the electrode area, and V is the solution volume, respectively.

DO
The mass transfer coefficient mo is calculated as __, where

do;

do is the Nernst diffusion layer thickness and Do is the diffusion

coefficient. More efficient stirring gives a smaller do, leading to faster

196

mass transfer and synthetic rate. The concentration of the reactant at
any given reaction time is C(t),
A
Catb % Coe™V, ®)
where Co is the initial reactant concentration, and the current I¢at an
any given reaction time is given by

A
m t

It % Ioe ov

)

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 (A/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 placement 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
Ot

Qi Idt
0

(10)

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

Binding of the enzymes on the working electrode depends to a
certain extent on the electrode material and surface pretreatments.
Several electrode materials including glassy carbon (GC), PG,
graphitic carbon, carbon felt, carbon cloth, indium tin oxide (ITO),
platinum, gold, reticulated carbon, and screenprinted carbon (SPE)
have been used to immobilize enzymes.!23157:15%,170.197-201 Ay ig often
used for immobilization in smaller scale projects because it can
covalently bind with sulfide groups (e.g., thiol, disulfides, thiolate,
and thioesters), 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)).

The biocatalytic activity of the electrode can sometimes be
improved by using nanomaterials such as metal nanoparticles,
conducting polymers, carbon nanomaterials, and thiolate compounds
for protein-electrode attachment. When oxidized, these materials can
provide functional groups to effectively interact with enzymes and
shuttle electrons. The efficiency of the electrochemical synthesis can
be improved by using nanostructured surface modifiers on the
electrode. 37159198201 For example, multi-walled carbon nanotubes
(MWCNTs) and DDAB on screen printed carbon electrodes (SPE)
were compared for electrocatalysis 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/AgC1.!%
High catalytic activity for oxygen reduction was found at
CYP3A4/CNF compared to other carbon electrode nanomaterials like
carbon black. Thus, catalytic activity of the enzyme electrode can
often be improved by using optimal nanomaterials.
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3.3 Activation of Cyt P450s

The heme reactive center of Cyt P450s is activated for biocatalytic
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.2% Direct electron transfer from electrode to the heme iron was
reported for electrocatalysis using Cyt P450 as
previously.?%* The reversible CV peaks for Fe'"! should be examined

discussed

prior to any electrochemical catalysis. 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 Fe(t) - Fe(ir) redox couple (anodic peak
current (ipa)/cathodic peak current (ipc) B 1) of CYP2CI18. 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 P450.2%5

Electrocatalysis using Cyt P450s can be assessed using oxygen
reduction. CYP27B1 immobilized on an EPG electrode in a DDAB
film gave a significant increase in the cathodic current in the presence
of oxygen due to electrocatalytic reduction of dioxygen 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 regioselectivity, but, electrochemical oxidation, in the
absence of enzymes does not provide this advantage. Direct
comparisons of electrochemical 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-
hydroxydiclofenac as the only product. Likewise, the enzymatic
electrooxidation 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-

This journal is © The Royal Society of Chemistry 2023
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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 Electrochem. Commun., 2005, 7,
437-442 with permission.2°> Copyright, 2005, Elsevier.

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 immobilization, such as in covalent
attachment to a solid electrode. In some films, enzymes retain
significant mobility to make orientation 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 mechanism involving a reduced enzyme-oxidized enzyme
reaction progressing through the film.208

This journal is © The Royal Society of Chemistry 2023
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mediator is possible, direct electron transfer at the enzymeelectrode
interface is more efficient with fewer steps and more efficient
enzymatic activation process. Therefore, the configuration 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” configuration.2*2!! HRP, for
example, has a molecular radius of 30 A2'2that would block the direct
electron transfer, since the heme sites buried in the protein frameworks
may be too far away from the electrode. Previous literature suggested
that the selectivity and stability of enzymes can also be controlled by
varying the orientation of enzymes on the electrode surface.?'
Although the orientation of enzymes can be significantly impacted by
film formation condition, e.g., pH and ionic strength, there are several
methods to control the orientation of enzymes on electrodes, including
anchor chain molecular system,?!421 site-specific attachment,?!” and
antibody-based immobilization.?!8-222

Covalent attachment onto a specific site of enzymes may provide
some degrees of control over the orientation of enzymes on the surface
of electrode.?'*?! The common strategy is to use the cysteine-based
selective surface attachment, including cysteine-electrode binding??
(or metal—-thiolate coordination) and thiol-ene click reaction.!?233 For
example, CYP2E1 wildtype and cysteine mutants (MUT261 and
MUT?268) can be covalently immobilized on an Au electrode using the
crosslinking chemistry of dithiobismaleimidoethane (DTME).!?*
DTME is a maleimide crosslinker for cysteines. This covalent linkage
enables the binding of MUT261 and MUT268 in a way that
orientation of the proximal electron transfer side of the heme is close
to the electrode; while, the distal substrate-binding side is oriented
towards the bulk solution for easy access of the substrate. Efficient
electron transfer between heme and electrode can be achieved where

This journal is © The Royal Society of Chemistry 2023
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MUT261 and MUT268 produced B2.5 and 2.0 times more products
compared to that of wild-type CYP2E1. The site-specific attachment
at residues 261 and 268 on proximal side of cysteine mutants are more
efficient for electrocatalysis.

Site-specific modification on enzymes that can provide the
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.?%° This method can provide the
oriented immobilization of Cyt P450s.23 P450 BM3 C-terminally
high specific peptide (HSP), as an example can be immobilized on an
ITO electrode binding peptide (HSP) made of sequence (RTRHK)a.
HSP has a profound effect on the protein orientation thus the electron
transfer rate. P450 BM3 without HSP were highly active for de-
ethylation of 7-ethoxycoumarin (7-EC) in solution (Fig. 7). When
immobilized on the ITO, the orientation of enzymes induced by HSP
improved the activity of P450 BM3 in either NADPH-mediated or
direct electron transfer pathways. In case of direct electron transfer,
P450 BM3 with HSP on ITO under a fixed orientation enhanced the
activity of the enzymes up to 10-fold in comparison to that without no
HSP (Fig. 7b—d), because random orientation of enzymes limited
active center available for electron transfer.

With polyelectrolytes, LbL films can provide a partitioned
microenvironment that is hydrated and conductive to allow fast
diffusion of ions and substrates as discussed in Section 3.1. LbL films
of bacteriorhodopsin with polycations had a high degree of
by
electrostatically adsorption from solution onto an electrode. The

orientation.”?>  Bacteriorhodopsin  could be  oriented

nonlinear optical coefficient from the second harmonic generation
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Fig. 7 7-Ethoxycoumarin (7-EC) activity assay on P450 BM3 specifically
(HSP) and P450 BM3 unspecific (noHSP) 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 tI
immobilized P450 BM3 variants on ITO, NADPH added. (d) Set-up IlI:
immobilized P450 BM3 variants on ITO, electric potential of 0.6 V

applied. Reproduced from, ChemCatChem, 2018, 10, 525-530, with

permission.234 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 ferrocene (PAA-Fc) on an Au electrode,
a good fraction of glucose oxidase (B40%) 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

237 can “wire”” the electron

use of conductive polymers in LBL films
transfer throughout the film. For example, 4 nm underlayers of

conductive sulfonated polyaniline (SPAN) on rough PG were coated
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with LBL films of polyions and proteins HRP or Mb. With a SPAN
underlayer present, 490% of protein electron transfer was coupled to
the electrode, but only 40% of enzymatic electroactivity was found
without SPAN.?*’ This allows utilization of nearly all the enzymes in
the LbL film. In this way, the heterogeneous electron transfer rate
constant (ksas discussed in Section 2.1) and the catalytic efficiency of
enzymes (kear, 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 C104, Cl, NO3, HPO4? or SO42. The concentration of
electrolytes is usually in the range of 0.1 to 1 M and they should be
electrochemically inactive.'33 Tuning the supporting electrolyte is
important for maximizing the performance of biocatalysts. Specific
ion effects are ions interacting specifically with enzymes, and should
be avoided.!3* 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
by disrupting their hydrophobic
interactions. Thus, organic solvents can be detrimental to the activity
of enzymes. Easterbrook et al. demonstrated 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).2*® DMSO showed the
highest enzyme inhibitory effects for several Cyt P450s and activity
retentions were approximately 40% (CYP2C9), 23% (CYP2C19), and
11% (CYP2E1) compared to those observed for 0.1% acetonitrile.
MeOH showed a solvent-dependent drop of activity of CYP2EI 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.

denature enzymes internal

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.?3%24° The Soret band
of horseradish peroxidase (HRP) in pH 7 buffer is 403 nm, but

This journal is © The Royal Society of Chemistry 2023
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transition state. The catalytic activity of the enzymes decreased as

intensity.?*! much as 4 orders of magnitude in a mixed solvent containing organic
Table 3 Electrochemical transformations catalyzed by CYPs
Product
identification
methods
Electrode Substrate Product Kwu Keat Ref.
CYP1A1/PBA-NGO/GCE Benzo[a]pyrene  Benzo[a]pyrene-7,8-diol ~ HPLC, GC/MS 26 mM 1.9s! 228
CYP2C9, CYP2C9*1, Tolbutamide 4-Hydroxytolbutamide HPLC 275 mM, 245 mM, 4.5 min', 2.3 274
CYP2C9*2/4aminothiophenol/Au electrode and 722 mM 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 mM — 194
CYP2C9/AuNPs/TiO, NTA Tolbutamide 4-Hydroxytolbutamide HPLC, MS 4.8 mM 9.89s! 176
CYP1A2 and CYP3A4/AuNP/CS/RGO  Clopidogrel 2-oxo-clopidogrel by LC-MS/MS 10.82 mM 2.42s! 122
CYP1A2, and clopidogrel
carboxylic acid by
CYP3A4
CYP2C19/CS-ceria-graphene Omeprazole 5-Hydroxyomeprazole LC-MS, ESI-MS 8.22 mM 5.72s! 276
CYP2C9/DDAB/GCE S-warfarin 7-Hydroxywarfarin HPLC — 4.28 min' 277
Cyt P450 Vdh Vitamin D3 25-Hydroxyvitamin Ds HPLC — — 278
HLMs/PDA/Au@RGO Testosterone 6b-OH-testosterone HPLC-MS 175 mM 8.95! 279
CYP2D6-CPR-PEI-RGO/GCE Tramadol O-Dimethyl-tramadol HPLC-MS 23.9 mM 0.47s' 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/ MWCNT  Testosterone 6b-OH-testosterone HPLC 290 33 mM for — 281
PGE/MWCNT/
HLM and 480
51 mM PGE/HLM
The dissociation of Felheme from enzymes leads to a blue shift to solvents like dimethyl sulfoxide, dioxan, dimethylformamide,

398 nm. With organic solvents, the Soret band can increase in the
intensity without shifting Imax.>*® For example, in H2O/dioxane and
H20/methanol mixtures, an enhanced Soret absorbance at 403 nm was
seen without a shift of Imax.2** However, in H2O/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 thombic
splitting near g = 6.24> 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 flexibility.
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 (r 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 r value for HRP catalysis in
organic solvents may suggest solvent penetration into the enzyme’s
active site.3° A deviation in Hammett r values reflect changes in the

This journal is © The Royal Society of Chemistry 2023

tetrahydrofuran and acetonitrile. The catalytic activity of HRP
decreased by 30% with only 30 vol% organic solvents other than
DMSO.?® 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 1C was improved from 2 h to 52 h. These covalently
immobilized enzymes demonstrated high catalytic activity and
stability in comparison to free enzyme.>*3 The optimum activity of rice
peroxidase on silica NPs was found at 30 1C at pH 7-8 and was stable
up to 68 1C. 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

Chem. Soc. Rev., 2023, 52, 5135-5171 | 5153
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activities. Methanol could be used up to 1% for CYP1A and CYP3A,
and up to 2% acetone could be used with CYP2EL.

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.

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 1C. There are 7 isoenzymes of HRP
and in solution they exhibit the maximum catalytic activity at pH 6.0—
6.5.247 Enzymes in thin films may have slightly altered pH-activity
profiles and redox potentials than in solution. Electrochemistry of
bacterial Cyt P450cn (CYP176A), which hydroxylates cineol in
DDAB films gave a significant pH dependence consistent with
coupled electron/ proton transfer at pH 6 to 10.2* FAD-reductase and
P450sm3 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 electrochemical
behavior of the CYP2C9.2° 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
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 pHfor 0.1 M (filled circles). Reproduced from Biochem.
Pharmacol., 2005, 69, 1533-1541 with permission.250 Copyright, 2005, Elsevier.

organic molecules, and provide water to hydrate enzymes in films.
The use of microemulsions can increase enzyme reactivity, e.g., a 50-
fold increase jgotl_le yield of styrene oxide from styrene epoxidation
catalyzed by and epzyme-like reaction of Fe"heme protein myoglobin
(Mb) in CTAB¥w4ter/1-pentanol/tetradecane (17.5/35/35/12.5, wt%)
microemulsions camﬁared to the reaction in pH, 7.4 buffer.?®! The
electrochemical’ feduction of trichloroacet{c’”4¢id and 1,2-
dibromocyglo?@xane ‘catalyzed by Mb was al¥6""@monstrated in
microemulﬁ_ons.zf’2 The bin?ing ?nd catalytic rates of Mb were more
effective fef retfidtion of 12-dibromocyclohexane in microemulsion
(2000—f01d§tha12) in the buffer. Fgr trichloroacetic acid, the faster rate
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potentials, at pH 5.8, B22 mV and at pH 8.0, B9 mV. The electron
transfer rate constant increased slightly with pH, 139 s'at pH 6.0, 150
slat pH 7.4 and 165 s! at pH 8.5.

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.?’!?2 They can be water-rich, typically 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
structures 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.>* 2% They are easily prepared from published phase
diagrams by mixing components in the correct proportions.?*%-26°

Our group pioneered heme enzyme bioelectrocatalysis in
microemulsions.?®! Microemulsions are stable mixtures of surfactant,
Oil-inwater and

co-surfactant, solvent, and water.

bicontinuous microemulsions look like homogeneous solvents, but

organic

have internal microstructures or nanostructures of oil and water phases
stabilized by surfactant layers at their interfaces. They are excellent
solvents for nonpolar

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 1C.2%3 The cross-linked
MDb/PLL film was stable in microemulsions, which improved the
turnover rates for styrene epoxidation compared to loosely cross-
linked or noncrosslinked 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

(CD) spect;ﬁl of eizyme-PLL films (HRP/PLL, Mb/PLL, soybean microemulsion (W/O), and neutral water CTAB micelles, had peroxidase

(SBP)/PLIZ previgied evidence of natilve protein the largest keat values.
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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 1C 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 (t-BuOOH) to examine the
catalytically active ferryloxy Mb radical formation.>®> Mb/PLL
films on a PG electrode were reacted with t-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)~O. The homolytic/heterolytic product ratio was
B0.50, and B67% 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 t-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 kcat and Knv were larger in neutral water
phases. Values of kcarwere close to each other for fluids with pH
2 and 12 water phases. Buffer at pH 6.5, neutral water SDS

40
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5. Reactions catalyzed by Cyt P450s

Organic molecules that are commonly unreactive with most
chemical oxidants can be activated by Cyt P450s (Scheme 2). 266267
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

267273 Big 10 sum-

alkanes to alcohols and alkenes to epoxides.
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 Kng, keas, 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.2827286Hydroxylation
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 1C. UV CD spectra recorded with pH 5.5 buffer + 0.1 M NaCl at 90 1C were added for comparison. Reproduced from, Langmuir, 2008, 24, 10365-10370, with

permission.264 Copyrights, 2008, ACS Publications.

(o)
PFe(I11) —> PFe(I)—>PFe(II1)-O,
e, H*
HO-O-PFe(IIl)
H+
Hzol
PFe(IV)=0
activated

H,0

2e, 2H*

Electrode

o

o
0] Ol

Epoxidation

L

C-H activation
(") OH
/S\

Sulfur oxidation

/N\

N-hydroxylation HO

O-dealkylation

Fig. 10 Schematic representation of products of bioelectrocatalytic reactions catalyzed by Cyt P450s. The down arrow near the electrode with H20 on it represents the
H202 shunt. With Cyt P450s in microsomes or supersomes, electron transfer proceeds first to CRP, and CPR donates electrons to the Cyt P450 iron heme as shown in

Scheme 2 and discussed previously. The same products can form by either pathway.
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 predominantly 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 5,5diphenylhydantoin (PPT) to produce the 5-(4°-hydroxyphenyl)-
Sphenylhydantoin (p-HPPH) through an arene-oxide insertion.
CYP2C9 is B40 times more stereoselective towards S-p-HPPH,?7 but
the S/R isomer ratio is dependent on the genetic polymorphism 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 hydroxylation 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 recombination of the (S)-()-nicotine moiety
with an iron-bound hydroxyl group, resulting in the formation of the
50-hydroxynicotine product (known as the O-rebound step). During
the 5%-hydroxylation process, there is a preferential loss of the trans-
59-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 nontoxic or toxic
metabolites. This process can play a significant role in development
of safe and high-value drugs.?®?°° CYP2CY, as an example, can
catalyze the metabolic oxidation of tolbutamide.?’* CYP2C9 was

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

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.

CYP2C9 microsomes were drop-cast onto those thiol-modified Au
electrodes and incubated for 10-30 min at 25 1C. Welldefined redox
responses were only found on electrodes modified by thiophenol or 4-
aminothiophenol and then coated with CYP2C9 at pH 7.3. The peak
potential and the charge transfer rate constant (ks) 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
V vs. Ag/AgCl for 2 h with CYP2C9 with 500 mM tolbutamide in pH
7.3 buffer containing 0.5 vol% of ethanol to give product 4-
hydroxytolbutamide. The kea and Ky for CYP2C9 were 4.5 min' and
275 mM for CYP2C9*1; 2.3 min' and 245 mM for CYP2C9*2; and
1.9 min' and 722 mM 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 tolbutamide. The
current vs. concentration curve was fitted with the Michaelis—Menten
model to obtain a Michaelis constant (Kwm, characteristics to analyze
the binding of substrates to enzymes) of 203 mM (Fig. 11B), close to
the Km of CYP2C9 (60 to 400 mM) in human liver microsomes. The
electrolysis was done at 0.48 V vs. SCE with 600 mM tolbutamide to
give 4-hydroxytolbutamide.

This journal is © The Royal Society of Chemistry 2023
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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 3.226228291 The crystallinity of

electrode materials varies the activity as well, e.g., a higher

View Article Online

Review Article

the activity for hydroxylation of camphor.?”> The rate constant of
electron transfer (ks) was B2.5 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 TiO2 nanotube arrays (NTAs)
was highly active for metabolic reactions of tolbutamide (Fig. 12).!7¢
NTAs were synthesize by anodization where hollow TiO2 nanotubes

(0] (0]
O<§ N~ “NH O=5s—N~ “NH
H H
0,
CYP2C9/CPR-microsomes/ITO/CS
[ —1 J
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Fig. 11 Bioelectrocatalysis of tolbutamide oxidation: (A) Currentvs. time plot of consecutive addition of tolbutamide in 0.1 M PBS (pH 7.4) with saturated

Oa.
permission.194 Copyright, 2012, Royal Society of Chemistry.

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.>*> CYPIA1 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.228 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
1

electroactivity of CYP3A4 scan rate of 100 mV s in 0.1 M phosphate
buffer (pH 7.4) under nitrogen to confirm a one-electron transfer. The
Michaelis constant (Km) was 26 mM and the catalytic rate constant
(keat) 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

This journal is © The Royal Society of Chemistry 2023

B) Calibration plots demonstrating current vs. concentration of tolbutamide. Reprinted from Chem. Commun, 2012, 48 (63), 7802 with

AuNPs/TNAs/Ti foil by dip coating in the solution of 1.0 mM
CYP2C9 in phosphate buffer 7.4 at 4 1C for 24 h. The electron
transfer rate constant (ks) of CYP2C9 was calculated to be 7.8 s !
at a scan rate of 0.1 V' s 1, about 1.3 times greater than CYP2C9
coated on an Au electrode directly. The Michaelis constant (Kwm)
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 Km decreased
by 10-folds from 145.6 mM to approximately 10 mM, indicating
that the high surface area favors the binding of substrates. The
Keat could reach 9.9 s ' at an optimized tube aspect ratio to

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 (B5.5 nm) on TNAs was performed by cyclic
voltammetry. CYP2C9 was
hydroxytolbutamide. Other conductive nanomaterials e.g., reduced

immobilized on produce 4-

graphene oxide can be used to improve the activity of enzymes as

Chem. Soc. Rev., 2023, 52, 5135-5171 | 5157
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well. CYP2C19 can be immobilized on reduced graphene oxide and
CeO2 nanocomposites for metabolic oxidation of omeprazole into 5-
hydroxyomeprazole.?’® The electron transfer rate constant (ks) 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 (Km) of omeprazole to CYP2C19 was calculated
to be 8.22 mM and the catalytic rate constant Kca 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, CYP3AS and CYP3A7 as examples are
active to convert VD3 to 25-dihydroxyvitamin D3 (or denoted as

Anodization

Ti foil

CYP2C9 () B "

Electrostatic interaction

View Article Online

Chem Soc Rev

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
PDA/Au@RGO-CS surface with microsomes were very low. Thus,

oxygen reduction currents on
microsomal heme proteins catalyzed the oxygen reduction through
electron transfer from electrode to reduce CPR then to the heme. In
curve ¢ (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

Electrodeposition
HAuCl,

Product

CYP2C9/Auw/INA/TI

Fig. 12 Synthesis of TiO2 nanotube arrays system for investigation metabolite of tolbutamide into 4-hydroxytolbutamide. Regenerated from Anal. Chem., 2014, 86(15),

8003-8009 with permission.17¢ Copyright, 2014, ACS Publications.
25(0OH) D3).%® The bioelectrocatalysis method was used for this
hydroxylation of VD3 into 25(OH) D3 by using ferredoxin and other
molecules as mediators with Cyt P450 vitamin D3 hydroxylase (Cyt
P450 Vdh) (Fig. 13).278 In solution, Cyt P450 VdH with NADPH
produced 2.3 nmol of 25(OH) D; after 30 min using NADH as an
electron source. However, Cyt P450 VdH produced 4.8 nM of 25(OH)
Dsat a 0.9 cm? electrode by electrolysis at 0.5 V vs. SHE for 30 min.
The yield of 25(OH) D3 was nearly doubled in later case without the
use of NADPH.

Cyt P450s in human liver microsomes (HLMs) can catalyze the
testosterone into  6b-OH-testosterone on a
polydopamine decorated (PDA/Au@RGO)

nanocomposite electrode.?” Fig. 14A shows electrochemical behavior

conversion of
Au-graphene

5158 | Chem. Soc. Rev., 2023, 52, 5135-5171

mM) in water/methanol (0.5%) for 2 h. The rate constant and Km were
8.9 s' and 175 mM, 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
[Ru(bpy)2(PVP)10]**  {(PVP =
poly(4vinylpyridine)} (Ru-PVP) and many different human CYPs in

ECL-generating  polymer
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

This journal is © The Royal Society of Chemistry 2023
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Fig. 13 Conversion of vitamin D3 to 25-dihydroxyvitamin D3 by Cyt P450 vitamin D3
hydroxylase.

close to the DNA layers. If the metabolite is reactive, DNA is damaged
and detected by a subsequent electrochemiluminescence 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).2°> Here we provide a few examples of this
approach. A microfluidic 64nanowell chip array was used to evaluate
genotoxicity of metabolites 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 nucleobase adducts from
DNA damage, enzymes responsible from

This journal is © The Royal Society of Chemistry 2023
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Fig. 14 (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.2’° Copyright,

2017, Elsevier.

different organs, and pathways of genotoxic chemistry.®> DNA
damage rates were found using the cell-free array and correlated with
organ-specific cell-based DNA damage. In DNA, deoxyguanosine is
the oxidized into 8-ox0-7,8-dihydroxy-2deoxyguanosine (8-oxodG)
by reactive oxygen species, which is an important oxidative DNA
damage product in humans.?**2%

Wedeveloped similar arrays tomeasureDNA oxidationfacilitated
by redox-active metabolites formed by the Cyt P450s. The

metabolitesofnitrosamines fromcigarettesmoke canlead

5160 | Chem. Soc. Rev., 2023, 52, 5135-5171

toDNAoxidation and genotoxicity.?*® Metabolites of nitrosamines 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone  (NNK) and N-
nitrosonornicotine (NNN) were formed by bioelectrocatalysis in a 3d-
printed microfluidic array loaded with thin films of DNA, CYPs and
other enzymes that make metabolites in presence of Cu?>* and NADPH
to  obtain DNA Here,
electrochemiluminescence (ECL) measurements employing a soluble
ECL dye, [Os(tpy-benz-COOH)2]** were carried out to detect the
primary  DNA product  8-oxo0-7,8-dihydro-2-

relative  rates  of oxidation.
oxidation

This journal is © The Royal Society of Chemistry 2023
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deoxyguanosine (8-oxodG, 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 multistep
O
N

XX
N N “NH,
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sites of chitosan with glutaraldehyde and CYP3A4 by hydroxyl sites
of chitosan via amide bonds using carbonyldiimidazole. Enzymes
were immobilized on the surface to provide consecutive oxidation of
clopidogrel into 2-oxo-clopidogrel catalyzed by CYP1A2 and 2-oxo-
clopidogrel converted into clopidogrel carboxylic acid catalyzed by

O

H
N NH

0 |

0=<N N/J\NHZ

chip contains a flow cell, and 64-well PG electrode with each w
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Cyt P450s.

2-oxo-clopidogrel into a thiol-containing active form (Fig.
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Fig. 15 Conceptual representation of (a) microfluidic bioelectrocatalytic arrays to determine DNA damage by ECL, combined with (b) biocataly
reactive metabolite-DNA adduct formation and measurements by LC-MS/MS; (c) representation of reactive metabolite-DNA adducts formation; (d) E

ell containing LbL films of different CYPs, DNA, and Ru-PVP. Reproduced fror8hem.

Sci., 2015, 6, 2457—2468 with permission2°® Copyright, 2015, RSC.

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

16).  hydroxylation by CYP199A4, **® butane and propane hydroxylation

agent is used for treatment of cardiovascular diseases. The activation of

clopidogrel is a two-step reaction both catalyzed by

297 The first oxidation is clopidogrel to 2-oxo-clopidogrel
as a sp? C—H activation and the second step is the ring opening of

conversions. Clopidogrel as a thienopyridine antiplatelet 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

This journal is © The Royal Society of Chemistry 2023

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 (ks) 13.09 s'. The Michaelis constant
(Km) of clopidogrel metabolism by the two enzymes was calculated
to be 19.6 mM and the catalytic rate constant kea was 1.33 s,
suggesting the two enzymes working cooperatively. The conversion
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of clopidogrel to clopidogrel carboxylic acid was up to 7.2% in 1 h
electrolysis at 0.53 V (vs. SCE).

by CYP450cam,*” methane oxidation by CYP153A6,3% ethane and
octane hydroxylation by P450 BM3,3%1:392 cyclohexane hydroxylation
by Cyt P450 from Acidovorax sp. CHX100 in recombinant P.
taiwanensis VLB120,3% and Synechocystis sp. PCC 6803,3 and
toluene oxidation by P450 2A13.3% 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.??®3! 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.
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 470%.3° CYP2C9 and its polymorphic
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).2”” 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.

5162 | Chem. Soc. Rev., 2023, 52, 5135-5171
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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.’®3!® Manganese (Mn) chiral salen
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Fig. 16 Electrochemical investigation of metabolites of clopidogrel by
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aliphatic alkenes, 4-vinylbenzoic acid and styrene. Cyt P450 BM3 can
catalyze stereo- and regioselective epoxidation of linolenic acid to
epoxy-linolenic acid.’?* The epoxidation is highly regioselective
(100%) where only the C15QC16 vinyl group is converted among the
three vinyl groups in linolenic acid. The configuration of epoxy-

H_ COOCH;

= N

S Cl

Intermediate

Product

using 2 Cyt P450 enzymes at AuNPs/chitosan/rGO/GCE. Reproduced from

Electrochimica Acta, 2015, 165, 36—44 with permission.122 Copyright, 2015, Elsevier.

OH 0

N CYP2C9
O
0] 0 HO 0] (0]

S-warfarin

7-Hydroxywarfarin

Fig. 17 Electroenzymatic conversion of S-warfarin into 7-hydroxywarfarin at DDAB/GCE.

complexes are useful for enantioselective epoxidations.’'!
Epoxidation is considered to proceed through multiple mechanisms
and different reactive intermediates.’!!3!> The enzyme can catalyze
the oxygenation of alkenes (non-chiral substrates) to produce chiral
epoxides.*0313315 Predicting epoxide formation in drugs usage is
difficult but important because the formation of epoxide is often
linked with drug toxicity.3'%317 Cyt P450s are capable of converting
alkenes into epoxides.?'%318-323 Several chemical reactions based on
enzymes Cyt P450 BM3, CYP152A1, CYP199A and CYP199A4

have been reported for epoxidation, e.g., linolenic acid, linear

This journal is © The Royal Society of Chemistry 2023

linolenic acid is identified to be 15(R),16(S)-epoxyoctadeca-9,12-
dienoic acid with 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%.3!® In another approach,
H20> also drives the epoxidation of styrene to styrene epoxide
catalyzed by Cyt P450s, although selectivity is much lower.3?
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

Chem. Soc. Rev., 2023, 52, 5135-5171 | 5163
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H20z that can oxidize alkenes directly or activate the Cyt P450 via the
peroxide shunt (Scheme 2) to epoxide or aldehyde as a

mixture 309325326

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 H202 which activates iron heme

enzymes to PFeIVQO 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'VQO oxidant, which oxidizes styrene to styrene oxide. The

turnover rate was 39 h' to produced styrene oxide at PSS-(CYP1A2-
PSS)2 by electrolysis at 0.6 V vs. SCE for 1 h. The yield of styrene
oxide and benzaldehyde were found to be 8.8 and 22 nmol,
respectively.

5.3 Ogxidative 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 a-carbon atom or carbonadjacent heteroatom, leading to the
formation of carbinol species which further undergo chemical
rearrangement followed by dealkylation on the heteroatom. The
dealkylation can be initiated either by single electron transfer or
hydrogen atom transfer.328-333 For oxidative N-dealkylation,>3¢-3% two
elementary steps are involved, i.e., hydrogen atom transfer and single
electron transfer. N-Oxidation proceeds through charge transfer to the

View Article Online
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oxo-ferryl group, followed by the formation 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).2° The
electron transfer rate constant and Michaelis constant (Kwm) were 0.47
s'and 23.9 mM, 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 mM tramadol. The conversion of tramadol into O-
desmethyl tramadol was confirmed by MS with a m/z of 250.18 and
the yield was B15% after electrolysis for 2 h.

Bioelectrochemical conversion of tramadol to O-desmethyl
tramadol was done by using CYP2D6 and CYP1A1 immobilized on
AuNPs-chitosan (CS), RGO, and polyacrylic acid on GCE (Fig.
19).280 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 B15 to B25 nm, led
to the potential shift from 492 to 513 mV for CYP2D6 and 504 mV to
509 mV for CYP1AL, respectively. The presence of PAA resulted in
the decrease of the electron transfer rate constant (ks) from 5.19 s!
t0 4.10 s! for CYP2D6 and 3.24 s' to 2.78 s! for CYP1A1, 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/PAAAuNPs-CS-
RGO and 3.2 h! for CYP2D6/AuNPs-CS-RGO.

6. Reactions catalyzed by peroxidases

As mentioned earlier, peroxidases are universal oxidoreductases that
use hydrogen peroxide or organic hydroperoxides to

~ ”"’ff///N\
HOY

-
7CYP2D6/PEI-RGO

Ny @ |
GCE HO
O-demethyl tramadol
Tramadol Y
Tramadol
NH; NH, NH, /
GA cYP206 K "
PE-RGO GCE 1h 4 °C overnight
O-demethyl
tramadol

Fig. 18 Scheme of bioelectrocatalytic oxidation of tramadol. Reproduced from Langmuir, 2014, 30, 11833-11840, with permission.23° Copyright, 2014, ACS Publications.
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Fig. 19 Immobilization of enzymes on nanocomposite modified electrode and electrochemical system for metabolism of tramadol. Reproduced from J. Electroanal. Chem.,

2016, 772, 46-51 with permission.28° Copyright, 2016, Elsevier.

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
(e.g., HRP, (SBP),
chloroperoxidase (CPO)) and non-heme containing (e.g., manganese

hemecontaining soybean  peroxidase

peroxidase, lignin peroxidase). Heme-containing peroxidases
predominantly oxidize Fe(ir) into highly reactive Fe(1v)QO 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 H202 to produce the
oxidative compound I form. In bioelectrochemistry, in situ H202
production through electrochemical oxygen reduction can also be
used to activate the heme center for catalytic conversions. There is a
direct electrochemical

catalytic

fundamental need for

activationofperoxidasesonanelectrodefor
341

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

Alcohol oxidation cl

reactions similar to HRP.3** 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.?*3
This non-heme peroxidase is oxidized from Mn(11) to highly reactive
Mn(r) 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., 440 1C) or in the
presence of excess peroxide.**3*7 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 1C.2%3In
the thin crosslinked LbL films with PLL on PG electrodes, HRP, SBP
and Mb were catalytically stable for about 9 h at 90 1C; but were
denatured completely in 20-30 min at 90 1C in solution. The HRP-
PLL film was 3-fold more active than the SBP-PLL film at 25 1C;
whereas, at 90 1C, 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%imethoxy-4,4%-biphenoquinone by crosslinked peroxidase-

\\0

Cl
Halogenation OH

CH,

v

Peroxidase

This journal is © The Royal SocieE]ectrode

Fig. 20 Bioelectrocatalytic reactions catalyzed by peroxidases.
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PLL films also showed better yields at 90 1C than 25 1C. Results
demonstrated that peroxidase catalytic activity can be enhanced at
elevated temperatures. Microemulsions of oil, water, and surfactant
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 t-BuOOH.?** The enzyme-PLL
films were stable at 90 1C for 412 h in microemulsions. Oxidation of
o-methoxyphenol into 3,3%-dimethoxy-4,4%-biphenoquinone gave 3—5
times better yield in microemulsion at 90 1C than at 25 1C. Product
yields increased 5-fold with increasing the temperature from 25 to 90
1C for both HRP and SBP in CTAB microemulsions and B3 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.?*¥3%*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 bioelectrocatalytic degradation
of 2,4,6-trinitrotoluene by lignin peroxidase into 4-diamino-6-
dinitrotoluene. The peroxidase-driven bioelectrocatalytic 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.®%363-372 HRP can be
covalently immobilized on beads. The covalently bound HRP can be
activated by H20: produced electrochemically to catalyze the
oxidation of organic compounds. For example, HRP immobilized on
beads via aminopropylation with 3aminopropyltriethoxysilane and
glutaraldehyde can oxidize phenol derivatives in an electrochemical
reactor.>*® In situ electro-generation of H2Oz 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 peroxide,
initially protons were generated by anodic oxidation of water (2H20 -
O2 + 4H" + 4e) and combined with dissolved oxygen to produce
hydrogen peroxide at the cathode (O2+ 2H+ + 2e - H20z2). 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%.

Table 4 Electrochemical transformations catalyzed by peroxidase
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Combining peroxidases with electrochemistry can be applied to
remove environmental hazards in biochemical processes. For
example, bisphenol-A has biological toxicity to aquatic organisms and
humans. HRP has high activity for oxidizing bisphenol-A in the
presence of H2Oz. Bioelectrocatalytic oxidation of bisphenol-A by
HRP was done in a membraneless electrochemical reactor.3” Silk
fibroin (a natural fibrous protein), Fe3O4 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 (B50 nm). Those
magnetic nanoparticles were filtered and transferred to phosphate
buffer containing HRP and 25% glutaraldehyde. After incubation at 4
1C for 8 h, the resulting magnetic particles decorated with HRP were
isolated magnetically. In 0.1 M PBS buffer, H2O2 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 1C.

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
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 (ks) of 2.3 s'. CPO reduced oxygen electrochemically to
H202. Under saturated oxygen, a catalytic reduction peak was
assigned to the production of H2O2 by CPO in the film as shown in
Fig. 21B (curve b). H202 generated in situ by electrochemical
reduction further drives the catalytic oxidation of cinnamyl alcohol,
also catalyzed 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.

for

Lignin peroxidase (LPO) activated by H202 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.*’37338 Lee and Moon reported the
oxidation of veratryl alcohol into veratraldehyde catalyzed in by LPO
in solution with H202 generated by electrochemical reduction of
oxygen.>’” H202 was produced on a reticulated vitreous carbon
cathode. The formation rate of veratraldehyde was 30 mM min' at 0.4
V vs. Ag/AgCl in a broad pH range of 2.5-5.5. The concentration of
the veratraldehyde produced during the reaction was measured by UV-
vis.

This journal is © The Royal Society of Chemistry 2023
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CS-DDAB-CPO-Nafion/GCE  Cinnamyl alcohol Veratryl Cinnamyl aldehyde GC-MS 52%30mM 356
£hem Soc Rev alcohol Veratraldehyde UV-vis min' Review Ar%@'ﬁ
CPO Th%oan%sole (R)-Methylphenylsulfoxide GC,NMR 30gLidi104 g 341
CPO Thioanisole (R)-Methylphenylsulfoxide HPLC Lidi 358
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1-methoxy-4-(methylthio)benzene (R)-Methoxyphenylmethylsulfoxide o
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Vanadium chloroperoxidase 4-Pentenoic acid 1-Phenethyl alcohol, acetophenone GC 83gLidi 363
Phenol Bromolactone o-Chlorophenol and p- Bl.6mMin 12 h
ClP?l-ILEMB/rGO/PEI/carbon eno chlorophenol HPLC BlgLihi 364
clot 1.4 g (B80% yield)
in24h
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(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

Fig. 21  ..5) at 100 mV s!scan rate. Reproduced from ChemCatChem, 2012, 4, 1850—1855 with permission.3¢ Copyright, 2012, John Wiley & Son.

6.2 Oxidation of sulfur-containing compounds

Peroxidases can oxidize organo-sulfur compounds like thiols, sulfides

=Q

and disulfides.’!3% 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.’®> Manganese | —0,
peroxidase was reported to cleave the sulfide bond in di(2methylpent- Q/\ 2H*
2-enyl) sulfide.® The oxidation of omeprazole sulfide to (S)-

wn

y, ,’”/

H,0

Chlorgperoxidase
omeprazole was catalyzed by SBP in CTAB/isooctane/n-butyl e

387

alcohol/water water-in-oil microemulsions.’®’ A bioelectrocatalytic

H,0
system was developed with CPO for oxidation of thioanisole to (R)- 22
(Fig. 22)34 M0

electroreduction of dissolved oxygen at the cathode could activate

methylphenylsulfoxide generated by
ode

A schematic representation of electroenzymatic sulfoxidation with
oxidase.

CPO to oxidize thioanisole. The enantioselectivity was

498% for R-methylphenylsulfoxide. The yield was 30 g L'd! Fig. 22

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

This journal is © The Royal Society of Chemistry 2023 Chem. Soc. Rev., 2023, 52, 5135-5171 | 5167
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thioanisole into (R)-methylphenylsulfoxide was performed by using formation rate 104 g L' d' as confirmed by HPLC and the CPO.3>® The

electrolysis at a constant current produced H202 product up to 1.2 g (enantiomeric excess 498.5%, purity 498%) (eqn (11) and (12)). The

product was (R)-methylphenylsulfoxide at was obtained.

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.3* Using a
similar approach, H202 was generated electrochemically 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-L-methionine methyl ester, 76% for
p-tolyl  sulfide, 83%
(methylthio)benzene. The products of the reaction were identified by
GC and NMR. Cathode reaction:

methyl and for  1-methoxy-4-

02+ 2H" + 2e- H202 (11)
Anode reaction:
H20 - 2¢+ 1202+ 2H*
(12)
Gas-diffusion electrodes have also been used for the

peroxidasecatalyzed reactions. Gas-diffusion electrodes provide high
concentrations of H202 in the vicinity of the enzyme.’®® These
gasdiffusion electrodes consisted of solid, liquid and gaseous
interfaces 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.3*® The turnover numbers of enzymatic
conversions of thioanisole to methyl phenyl sulfoxide,
monochlorodimedone to dichlorodimedone, and indole to oxindole
could reach 3120, 203100 and 39000, respectively. The reaction
products were identified by GCMS. 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 hydroxylation
of C-H bonds in ethylbenzene (Fig. 24).3°' Asymmetric hydroxylation
of ethylbenzene to R-1-phenylethanol was carried out in the presence
of in situ H20O2 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

5168 | Chem. Soc. Rev., 2023, 52, 5135-5171

(pH 5.5), ethylbenzene and galactose for 12 h at 30 1C. The oxidation
of galactose by AuNCs produced a high concentration of H202 (1.2
mM) that further activates CPO. The yield of R-1-phenylethanol was
B1.6 mM in 12 h when 120 mM of galactose was used in this
consecutive reaction.

In recent years, unspecific peroxygenases (UPOs) containing
attracted much attention to catalyze

heme-thiolate have

monooxygenation of various organic compounds with H20x.

Chl{)roperondase
H* HIOZ, cr
'Hz

Monochlorodlmcdone Dichlorodimedone

H (‘hloropermldas

z 0,
_[-[z

Indole Oxindole

s.C Chloroperoxidase

H", Hzoz
_[-[2

Thioanisol Methyl phenyl sulfoxide

Fig. 23 Biocatalytic reactions catalyzed by chloroperoxidase.

Galactose
CPO

Au@HMmsM §

Fig. 24 Hydroxylation of C—H bond using chloroperoxidase to convert ethyl benzene

into 1-phenethyl alcohol. Reproduced from ChemCatChem, 2022, 14(4),
€202101732 with permission.36! Copyright, 2022, John Wiley & Son.
UPOs can be isolated from the natural fungus, e.g., the edible

mushroom Agrocybe aegerita.®*>*3 Similar to other peroxidases,
UPOs do not catalyze the reductive activation of oxygen, but it

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/

Open Access Article. Published on 17 July 2023. Downloaded on 10/30/2023 6:01:50 PM.

Bition-NonCommercial 3.0 Unported Licence

This article is licensed under a CreativiehE

Chem Soc Rev

directly uses H202 to generate the catalytic active oxyferryl.*? An
excess of H2O2, however, can decrease peroxygenase activity; and in
some cases, it can drive over oxidation which leads to low turnover
and byproduct formation. Electroenzymatic hydroxylation of
ethylbenzene to 1-phenethyl alcohol with UPOs produced by fungus
Agrocybe aegerita (AaeUPO) has been demonstrated by Horst et al.3%2
Oxygen was used from ambient air and protons from the buffer for
electrochemical in situ generation of H202 on a carbon black gas
diffusion electrode. The current efficiency was 65-78% in 30 mL of
reaction mixtures containing AaecUPO (50 nM) with phosphate buffer
(100 mM, pH, 7.0) containing 3 vol% of acetone and 500 mL of
ethylbenzene. The product was quantified on a GC. The highest
turnover number was 400000 at 10 mA cm? after 4 h electrolysis and
the space-time-yield was up to B1 g L' h'. However, the AacUPO was
non-specific to produce 1-phenethyl

7 Carbon cloth (CC)

%
2 i

CPO-ILeyg/ FGOIPEICC

dropping
‘t‘
1

CPO-ILgye! FGOIPEI

Fig. 25
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CPOILEgwms catalyzed ortho-selective phenol chlorination (Fig. 25). At
0.3 V to 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 H202 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
and

using heme-containing enzymes, especially Cyt P450s

®

|9

o+ Glu 183,5 ¢

:.ﬂ" ) Cl J‘g 1o
Compound I Compound X

H

(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.364 Copyright, 2022, ACS Publications.

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

6.4

CPO
halogenation.3¢%333% CPO can catalyze the halogenation by using
free halide ions and H20:. Bioelectrochemical synthesis of chlorinated
barbituric acid was studied by using CPO.3** H202 was produced in an
electrolytic cell at 0.5 V vs. SCE and activates CPO in a membrane
chamber to produce Schlorobarbituric acid. The conversion of
barbituric acid into 5-chlorobarbituric acid was 496% after 24 h. The
enzymatic conversion of 4-pentenoic acid to bromolactone was

Halogenation

and vanadium peroxidase are active for enzymatic

catalyzed by vanadium chloroperoxidase with in situ generation of
H2023% An oxidized carbon nanotube (0-CNT) gas-diffusion
electrode was used as a cathode where H2O2 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 (B80% yield) in
24 h. Chlorination of phenol was demonstrated with ionic liquid
modified CPO (CPO-ILems) 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

This journal is © The Royal Society of Chemistry 2023

peroxidases, have been demonstrated to serve this purpose as
described above, and have attracted tremendous interest. While
bioelectrocatalytic 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
immobilization 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 solvents). The first
two aspects have been addressed well by crosslinking 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 mutagenesis 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.?*%3%7 These genetically 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-
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containing enzymes, e.g., P450Bms3 as high efficient and specific for
C-H activation.’® In a recent study, engineered P450 nitrene
transferase was demonstrated 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.
However, 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 temperatures. This has been
demonstrated for peroxidases up to 90 1C in aqueous buffer and in
microemulsions. More attention should be paid to electrocatalysis in
microemulsions, 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

which provides

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 H20: is attractive for this purpose to enhance atom
economy, yields, and enzyme stability. Thus, more feasible and
effective total systems are required to provide hydrogen 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 H2O: from Oz 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 H20z. 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 reactions 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 COz 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
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recalcitrant enzyme steps in multienzyme syntheses could also be a
viable alternative for scaleup. In a recent study, an electrobiosystem
was reported using nanostructured copper to convert COz to acetate
and genetically engineered Saccharomyces cerevisiae 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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