N

N
N

HAL

open science

From Enzyme Stability to Enzymatic Bioelectrode
Stabilization Processes

Charlene Beaufils, Hiu-Mun Man, Anne de Poulpiquet, Ilevgen Mazurenko,
Elisabeth Lojou

» To cite this version:

Charléne Beaufils, Hiu-Mun Man, Anne de Poulpiquet, levgen Mazurenko, Elisabeth Lojou. From
Enzyme Stability to Enzymatic Bioelectrode Stabilization Processes. Catalysts, 2021, 11 (4), pp.497.

10.3390/catal11040497 . hal-03199106

HAL Id: hal-03199106
https://hal.science/hal-03199106

Submitted on 15 Apr 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-03199106
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

catalysts

Review

From Enzyme Stability to Enzymatic Bioelectrode
Stabilization Processes

Charlene Beaufils, Hiu-Mun Man, Anne de Poulpiquet, Ievgen Mazurenko

check for

updates
Citation: Beaufils, C.; Man, H.-M.; de
Poulpiquet, A.; Mazurenko, I.; Lojou,
E. From Enzyme Stability to
Enzymatic Bioelectrode Stabilization
Processes. Catalysts 2021, 11, 497.
https:/ /doi.org/10.3390/ catal11040497

Academic Editor: Giovanni Gadda

Received: 17 March 2021
Accepted: 10 April 2021
Published: 14 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Elisabeth Lojou *

Aix Marseille University, CNRS, BIP, Bioénergétique et Ingénierie des Protéines, UMR 7281, 31, Chemin Joseph
Aiguier, CS 70071 13402 Marseille CEDEX 09, France; cbeaufils@imm.cnrs.fr (C.B.); hman@imm.cnrs.fr (H.-M.M.);
adepoulpiquet@imm.cnrs.fr (A.d.P.); imazurenko@imm.cnrs.fr (I.M.)

* Correspondence: lojou@imm.cnrs.fr; Tel.: +33-(0)491-164-144

Abstract: Bioelectrocatalysis using redox enzymes appears as a sustainable way for biosensing, elec-
tricity production, or biosynthesis of fine products. Despite advances in the knowledge of parameters
that drive the efficiency of enzymatic electrocatalysis, the weak stability of bioelectrodes prevents
large scale development of bioelectrocatalysis. In this review, starting from the understanding of the
parameters that drive protein instability, we will discuss the main strategies available to improve all
enzyme stability, including use of chemicals, protein engineering and immobilization. Considering
in a second step the additional requirements for use of redox enzymes, we will evaluate how far
these general strategies can be applied to bioelectrocatalysis.

Keywords: enzyme; metalloenzyme; catalysis; stability; electrochemistry; bioelectrochemistry

1. Introduction

In the search for a more sustainable way of life, our society must adapt nowadays
to reduce the use of harmful products or high carbon energy sources deleterious for our
planet, hence for our lives. Many industrial sectors are concerned by this revolution, from
fine product synthesis to environmental monitoring, clinical diagnosis or energy produc-
tion. Catalysis of the involved chemical reactions is a key process towards sustainability
by accelerating kinetics, or increasing selectivity. However, chemical catalysts themselves
are very often not produced and used in eco-friendly manner, requiring organic solvents
for their synthesis or being based on metals rare on earth. In that sense, enzymes can be
regarded as sustainable alternatives with great advantages directly linked to their intrinsic
properties required to sustain life [1] In particular, many different enzymes are involved
in a variety of reactions in microorganisms where they operate in mild conditions, devel-
oping high catalytic activity and specificity for their substrate. Their amazing functional
diversity directly originates from the chemistry and polarity of amino acids that fold in
a diversity of structures. In addition, they are produced in mild aqueous conditions and
are totally biodegradable. However, their weak stability and ability to maintain biological
activity during storage and operation, freeze-thaw steps, and in non-physiological environ-
ments lower their attractiveness. Development of strategies to enhance enzyme shelf life
while maintaining catalytic activity have been the subject of many researches during the
last decades [2—4].

Redox enzymes belong to a class of enzymes containing redox cofactors that are
necessary for their activity. These oxidoreductases transform their substrate by exchanging
electrons with their physiological partners in the metabolic chain. Intra-enzyme redox
components can be organic cofactors such as flavin adenine dinucleotide (FAD) for sugar
oxidation [5]. They can be metal centers, including copper for oxygen reduction [6], iron
and nickel for hydrogen evolution and uptake or CO; reduction [7-9], manganese for water
oxidation in photosynthesis [10], etc. Some others are dependent on nicotinamide adenine
dinucleotide phosphate (NADPH) to realize enzymatic transformations [11]. Such enzymes
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have been envisioned as biocatalysts in biosensors [12-14], biosynthesis reactors [15,16],
or biofuel cells [17,18]. This domain is referred as Bioelectrochemistry. As for non-redox
enzymes, one of the main limitations in the large-scale development of these biotechnolo-
gies is the weak stability of bioelectrodes based on redox enzymes. In particular, in the
different biotechnological devices listed just before, enzymes may face high temperatures
or high salt concentrations. They may have to operate at gas-liquid interfaces or even at
the three phase boundaries. In addition, to exploit the catalytic properties of these redox
enzymes in biotechnology, a further step is to ensure electron exchange between the protein
and a conductive surface [19-21]. This prerequisite imposes the enzyme adopts certain
configurations once immobilized, so that not only the structural conformation and dynamic
remains for substrate accessibility and activity, but also enzyme positioning and orientation
on the solid interface allows electron transfer.

The purpose of this review is to discuss whether general strategies available for all
enzyme stabilization can be applied for the special case of redox enzymes used in bioelec-
trochemistry. To reach this objective, the fundamental bases for all enzyme stabilization
by general reported strategies will be first detailed, with a focus on the immobilization
procedure as an important way for stabilization. In a second step, we will emphasize the
particular features of redox enzymes that must be considered before applying any available
stabilization strategies. Ultimately, we will discuss which additional specific strategies
must be set up for redox protein, and by extension for bioelectrode, stabilization. Because
the topic is very large, this review will not provide an exhaustive list of references but will
instead aim to highlight major issues related to enzyme and redox enzyme stability with
illustrations taken from papers published during the last few years.

2. Intrinsic (in)Stability of Enzymes

The metabolisms essential for life are catalyzed by enzymes. Over time, these proteins
may have undergone different changes resulting from mutations, which cause enzymes
to evolve to function in a particular cellular environment and will be very sensitive to
exogenous conditions. In addition, in the cell, enzymes can be subjected to various stresses,
which can lead to their denaturation or the formation of aggregates. Thanks to a perfectly
designed proteolysis machine, new fresh proteins are produced to replace the deactivated
proteins. These two fundamental concepts mean that using enzymes outside a cell is
expected to induce some loss of activity and eventually progressive denaturation, which
can be irreversible. The will to exploit enzymes for other works than predicted by evolution,
although highly attractive, imposes finding out strategies to preserve activity within
durations compatible with fundamental laboratory studies and with applications [3]. Before
reaching that objective, the prerequisite is to know which factors affect enzyme activity and
stability. A subtle balance between stability and flexibility is required to maintain activity,
so that stability can be the price to pay against activity. Each enzyme is composed of a
linear chain of amino acids that fold to produce a unique three-dimensional structure which
confers specific and unique enzymatic properties. The overall structure of an enzyme is
described according to fours levels which contribute to its specific function and stability
(Figure 1). The secondary structure refers to the arrangement of the polypeptide chain (the
primary structure) as random coil, o-helix, 3-sheet and turn stabilized by hydrogen bonds
between amino acid residues. While the primary structure is stable thanks to the strength
of the peptide bonds which are unlikely to be broken upon changes in the environmental
conditions, the secondary structure can be altered even during protein storage. The
tertiary structure is the three-dimensional arrangement of the amino acid residues, giving
the overall conformation of the polypeptidic chain. Hydrophobic interactions between
nonpolar chains as well as disulfide bonds and ionic interactions between charged residues
are involved in the stabilization of the tertiary structure. To fulfill the requirement of
enzyme localization in the cell, hydrophobic and hydrophilic groups are arranged within
the protein. For soluble proteins, hydrophobic side groups tend to be hidden in the protein
core while hydrophilic groups are exposed to the surrounding environment. These amino
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acid residues on the surface of the enzyme are more likely to be sensitive to the external
environment than the core amino acids.
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Figure 1. The four levels of protein structures determine the enzyme function.

Denaturation occurs upon unfolding of the tertiary structure to a disordered polypep-
tide where residues are no longer arranged for functional or structural stabilizing interac-
tions [22]. This process may be reversible. Irreversible loss of activity may also occur upon
external stresses. This leads to two different concepts to evaluate in vitro stability of a pro-
tein. The thermodynamic stability refers to the ability for a protein to unfold/refold after
being subjected to stresses (elevated temperature, extreme pH, or high organic solvent con-
centration). Methods to evaluate this stability range from scanning calorimetry to circular
dichroism (CD) and fluorimetry. Kinetic stability represents the duration of enzyme activity
before irreversible denaturation and is measured by activity assays. Actually, the native
active state of an enzyme is in equilibrium with the partially denatured, enzymatically
inactive state, and the folded /unfolded transition involves mainly intramolecular hydro-
gen bonds and hydrophobic interactions. This scheme is most certainly more complicated
since it was shown that a protein can oscillate between many different folded /unfolded
configurations. Each oscillation is governed by the second thermodynamic law, the entropy
decreasing as the protein folds, and hydrogen bond formation contributing to the enthalpy.
Each strategy that tends to increase rigidity in the enzyme architecture decreases entropy
and enhances stability [23]. Thermodynamic instability of enzymes can be partly attributed
to the lack of rigidity within the tertiary structure, caused by flexible random coils in
contrast to stable (3-sheets [24]. In addition to higher rigidity and compact packing, the
presence of x-helices with antiparallel arrangement contributes to stability. Water is the
natural environment in which protein molecules do exist and operate, and water molecules
play a key role in maintaining the entropic stability of the enzyme structure.

Any engineering towards enzyme structural rigidification must maintain the hydra-
tion shell and flexibility required for activity. Based on enzyme structural features, many
different agents are potential enzyme “killers”. When temperature increases, the enzyme
tends to unfold in a cooperative process. Disulfide bridges can be broken by reducing
agents, extreme pHs are going to affect hydrogen bonding and salt bridges, high salt
concentration may aggregate the protein, while charged components may form bonds
with charged amino acids modifying the tertiary structure. Organic solvents or detergents
will alter hydrophobic interactions, and stability of enzymes in organic solvents will be
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dependent on the ability of the solvent to strip the essential hydration layer from the
protein surface [25,26]. Last but not least, mechanical stress or radiation may disrupt the
delicate balance of forces that maintain protein structure [27]. Stabilizing the enzyme
means preventing these changes.

3. Strategies for All Enzyme Stabilization

Enzyme stability involves a balance between intramolecular interactions of functional
groups and their interaction with the protein environment. Water, as many protein natural
solvent, plays a key role in enzyme stability by controlling the hydration shell structure
and dynamics and by providing required plasticity for activity [28]. As a direct conse-
quence, many stabilization strategies target water activity in the environment of the enzyme
or inside the protein moiety, with the main objective of decreasing the enzyme motion
(Figure 2). However, this enhanced stability should not be achieved at the expense of
activity, so a delicate balance must be maintained between rigidification and sufficient
plasticity controlled by water. As another mere general rule, stabilization over one stress
tends to enhance stability against another stress.
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Figure 2. Strategies for all enzyme stabilization.

3.1. Addition of Stabilizers in the Medium
3.1.1. Chemical Stabilizer Addition

It has been known for long time that addition of polyols and polysaccharides such as
trehalose, glycerol, dextran, etc. helps stabilizing enzymes [29-32]. Protective effect of poly-
ols was reported in many recent studies in different experimental situations and exposition
to stresses (high pressure or high temperature, presence of non-aqueous solvents) [33-37].

Generally speaking, polyols stabilize proteins either in the dried state by serving as
water substitutes and preventing dehydration through hydrogen bonding, or in solution by
altering protein-solvent interactions [38]. Several mechanisms are discussed to account for
the effect of such chemical additives on the protein stabilization [23]. Hydrophilic polyols
tend to strengthen hydrophobic interactions among nonpolar amino acid residues resulting
in a more compact and spherical enzyme form with smaller surface area, preventing protein
dynamics and enhancing stability. Compressibility of proteins, a crucial thermodynamic
parameter that determines flexibility, is affected by polyol addition [39]. One accepted
mechanism is based on the different sizes between water and stabilizing molecules that
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preferentially exclude the latter from the protein surface. The preferential hydration of
proteins causes an unfavorable free energy change that the proteins tend to minimize by
favoring the more compact state over the structurally expanded state. Protective effect
is also explained in terms of influence of additives on water activity that results in an
increase of structural organization of water molecules contributing to the conservation of
low energy interactions favoring native protein conformation [25].

Surfactants, maltodextrine, sodium azide, or special buffers have also been used
as additives to maintain the native structure of proteins through purification steps [25].
Dimethyl sulfoxide (DMSO) acts as a stabilizer because it is preferentially excluded from the
protein surface [22,40,41]. Addition of DMSO but also of glycerol or ethylene glycol serve as
cryoprotectants preventing protein solutions from freezing at —20 °C and allowing multiple
use of a unique sample without freeze-thaw cycles [38,42]. Adding polymers in solution
such as poly(ethylene glycol) (PEG), alginate, or chitosan maintains a hydration shell
around the protein according to the exclusion mechanism [38,43-45]. Addition of polymers
also prevents protein aggregation by modifying protein-protein interactions and increasing
medium viscosity, thus decreasing enzyme motion. Macromolecular crowding, which
is the natural environment of enzymes in vivo, can explain the stabilizing effect of some
additives [46—-49]. It can be mimicked in vitro through the addition of high concentrations
of macromolecules such as dextran or PEG [50] and would favor the folded state of proteins
and compact conformation through the excluded volume effect [51-55]. However, the
stabilizing effect of in vitro crowding would not be universal as the properties of all
macromolecules in vivo are finely regulated under different physiological conditions [56].
Aggregation under crowded conditions can be enhanced because the activity of water is
decreased, and the refolding rate of proteins as a consequence of increased viscosity is
also decreased.

3.1.2. Salt Effect

Salt addition affects protein stability according to a combination of binding effect,
screening of protein surface electrostatic potential, and effect on protein/water interface.
Salts may contribute to hydrophobic interaction strengthening in proteins, hence to sta-
bilization, but salt binding to amino acids on the protein surface decreases the repulsion
between proteins and induces aggregation. The salting out process, or salt-induced pre-
cipitation, depends on the structure of the protein and in particular on the population of
hydrophilic amino acid residues. It also largely depends on the salt concentration. The
effect of salts on protein stabilization has been tentatively explained on the basis of the
Frank Hofmeister series [4,57-59] (Figure 3A). This series early ordered anions and cations
composing salts according at first to their ability to precipitate lysozyme, and later to
their ability to stabilize protein secondary and tertiary structure. They were respectively
classified at that time as water-structure formers (kosmotropes) or water-structure breakers
(chaotropes). Kosmotropes and chaotropes would be nowadays more understood as a
characterization of the degree of hydration, and different models are developed to consider
the various effects observed experimentally [60]. Ionic liquids (IL) would follow the same
tendency as salts where kosmotropic anions and chaotropic cations stabilize the enzyme,
while chaotropic anions and kosmotropic cations destabilize it [61]. While they can be
considered as eco-friendly solvents, many proteins are inherently inactive in ILs, requiring
the addition of water for activity recovery. This suggests ILs could affect the internal
water shell [61,62].

Recent examples in the literature illustrate the effect of salts on enzyme stability, and
most of them agree with the Hofmeister series. Changes in the secondary structure of
two proteins with helical and beta structural arrangement, respectively, were followed by
Fourier Transform Infra-Red spectroscopy (FTIR) in the presence of various salts. It was
shown that the stabilization effect of the salt follows the Hofmeister series of ions, although
some exceptions were observed with formation of intermolecular 3-sheets typical of amor-
phous aggregates [62]. Glucose oxidase (GOx) stability was studied using microcalorimetry
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in the presence of various salts [63]. At high salt concentrations (over 1 M), it was shown
that the Hofmeister effect on the temperature of inactivation was determined by the ion-
specific effect on the protein/water interface. Correlation between stability and activity of
lysozyme in the presence of various salts from the Hofmeister series suggested a role of
local stability /flexibility in enzyme activity [64]. The thermal stability of Aspergillus terreus
glucose dehydrogenase (GDH) was substantially improved by kosmotropic anions, retain-
ing more than 90% activity after 60 min of heat treatment at 60 °C. The stabilizing effect
followed the Hofmeister series and was anion concentration-dependent and strongly re-
lated to the structural stabilization of the enzyme, which involved enzyme compaction [65]
(Figure 3B). It was further shown that salts can stabilize proteins not only in vitro but
also in vivo or intracellularly, the stabilization level correlating with the Hofmeister series
of ions [66].

(A) (8)
NHS K Na® Li* Mg»  Ca* | I & I 50, ¥ CHCOO-

- 5 NOy-
Kosmotrope Chaotrope 80 = #

S02 HPO#Z CH;COO- CI° NOjy I ClOy SCN-

40 +

Residual activity / %

27

Na* Kt NH;* TMA*® No
additive

Figure 3. Salt effect on enzyme stability. (A) Hofmeister series and effect on protein properties.
(B) Stabilization effect of kosmotropic anions and cations on Aspergillus terreus GDH. Residual
activity after 1 h incubation at 50 °C as a function of added anions and cations. Reproduced with
permission from [65].

3.2. Chemical Modification of Enzymes, Directed Evolution

More than 95% of all charged components are located on the surface of proteins,
consisting mostly of hydrophilic moieties, while most of the hydrophobic ones are buried
deep inside the core. As already discussed above, the physico-chemical microenvironment
of the protein will be sensed intrinsically through those moieties, demonstrating the protein
surface to be an attractive target for protein engineering to enhance protein stability. The
efforts toward engineering enzyme catalysts with increased stability can be divided into
two groups: (i) chemical protein modification and (ii) protein engineering, such as site-
directed mutagenesis and directed evolution. The combination of these two approaches is
appealing for improving the catalytic properties of enzymes.

3.2.1. Chemical Modification of Enzymes

Chemical protein modification can be achieved either by modification of one sort of
amino acid on the protein surface or by polyfunctional modification using reticulating
agents or by conjugation to water-soluble polymers. One widely used method consists
in reticulation through cross linking via glutaraldehyde (GA) that increases the protein
rigidity and mimics disulfide physiological bonds or salt bridges [25]. Activity is however
very often affected. Stabilization of proteins through cross-linked-enzyme-aggregates
(CLEAs) will be further discussed below in Section 4 [67,68]. Conjugation through water-
soluble polymers such as PEG, chitosan, alginate, dextran, etc. has also been widely
reported [38,69,70]. Those polymers present either one functionality or are bifunctional to
enable reaction with N- or C-terminal or with one individual amino-acid residue on the
protein. Increase in the half-life of proteins is frequently observed [71,72]. Other polymers
responding to temperature stimuli can tailor the temperature dependence of enzyme
stability [73]. Two different methods can be carried out to synthesize the bioconjugate. In
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the “grafting to” strategy, the polymer is first synthetized; then, an end-group functionality
is attached to one amino-acid on the protein surface. As an example, a mono-PEGylated
arginase was constructed by linkage of PEG-maleimide to a cysteine residue on the enzyme
surface [74]. The protein was protected against proteases thanks to the shielding effect of
PEG, allowing the modified arginase to operate as a promising anticancer drug candidate.
In the “grafting from” method, radical polymerization occurs at sites attached to the
protein. A recent work describes the ligation of Atom Transfer Radical Polymerization
(ATRP) initiators to lysine residues on the surface of a laccase [75]. The polymer-enzyme
hybrid obtained by this “grafting-from” procedure showed enhanced solvent and thermal
stability, as well as a clear enhancement of activity in a much wider pH range than the
free enzyme. Combination of PEGylation and chemical modification by GA can also be
efficient [76]. GOx was first PEGylated to provide steric protection; then, it was cross-
linked with GA which stabilized the tertiary and quaternary structures. Intermolecular
crosslinking-induced aggregation was prevented by the PEG shield. The GA-modified
PEGylated GOx retained 73% of activity after 4 weeks at 37 °C against 8.2% for the control
(Figure 4).
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Figure 4. PEGylation of GOx (B) followed by chemical modification (C) enhances enzyme stability,
while preventing intermolecular crosslinking contrary to direct cross-linking (A). Reprinted with

(c

authorization from [76].

3.2.2. Enzyme Engineering

Protein engineering is another relevant strategy to enhance stability [4,77,78] (Figure 5).
Rational design takes benefit of structures and sequences of already known stable proteins.
Through identification of amino acids which are assumed to participate in (de)stabilization,
new variants of proteins of interest are created through site-directed mutagenesis [79]. As an
example, asparagine is a thermolabile residue prone to deamination which can be mutated
into threonine or isoleucine, with similar geometry but more thermostable. Replacement
of lysines (or histidines) by arginine residues increases thermostability by increasing in-
tramolecular or inter-subunit salt bridges. Otherwise, we will discuss further in this review
the interest in the screening of biodiversity to search for more stable enzymes such as in
extremophilic organisms. However, because the production of extremophile enzymes may
be delicate, genes from hyperthermophiles can be implemented into suitable mesophilic
hosts, coupling advantages of high productivity and high thermostability [22,80]. Use of
directed evolution to design more stable enzymes is now common. With this method,
mutant libraries are created by random changes, and the most promising variants are
subjected to further rounds of evolution [81-85]. Rational approach based on molecular
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dynamic (MD) and QM /MM simulations may help in identifying and redesigning variants
with increased stability [86].
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Figure 5. Protein engineering methods to improve enzyme stability. Reprinted with permission

from [87].

3.3. Screening of the Biodiversity and Outstanding Properties of Extremophiles

Screening in the biodiversity for “exotic” enzymes such as extremophiles presenting
unusual and/or outstanding properties is an attractive strategy to be considered. Although
this research topic is increasingly growing, there is no doubt that Nature still retains
many secrets that would allow new opportunities for stable biocatalysis. However, the
harsh conditions required for the growth of extremophiles very often limit their laboratory
studies. Extremophiles have evolved to survive in ecological niches presenting extreme
temperatures (thermophiles and psychrophiles living at high (>80 °C) and low (<20 °C)
temperatures, respectively), extreme pH (acidophiles and alkalophiles), high pressures
(barophiles), high salt concentrations (halophiles), or in the presence of heavy metals
(metallophiles)). These extreme environments are found in deep-sea hydrothermal vents,
hot springs, volcanic areas, or mine drainage [88-90]. Ancestral microorganisms are
another source of stable enzymes because distant ancestors of current organisms were
thermophiles and would be composed of proteins that are more thermostable than their
current homologues [91-93].

Extremophilic enzymes present specific structural characteristics that afford them
to resist in extreme conditions. Interestingly, the same structural features often induce
enhanced stability of such enzymes at normal conditions or in the presence of non-aqueous
solvents. Moreover, “extremostable” enzymes, thermostable, halostable, acidostable, etc.
isolated from extreme environments or obtained by protein engineering can support
large number of mutations due to their robustness, leading to eventually even more
stable enzymes.

3.3.1. Thermophiles

Thermostability refers to two different concepts: thermotolerance, which is the tran-
sient ability to maintain activity at high T°, and thermostability, which is the ability to
resist irreversible inactivation at high T° [94]. In addition to the ability to resist to high
temperatures, thermostable enzymes usually also present higher resistance to chemical
denaturants and extreme pHs. Such cross-adaptations are highly interesting to get stable
enzymes in many different extreme conditions. Furthermore, due to their stability at
elevated temperatures, enzymatic reactions are faster and less susceptible to microbial
contaminations. Many different structural characteristics have been demonstrated to be
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involved in thermostability. Compared to mesophiles, protein packing, a high number of
hydrophobic residues, increased helical fold content, a high number of disulfide bonds,
density of internal hydrogen bonds and salt bridges, and distribution of charged residues
on the surface are some of the features often shared by thermostable enzymes [95-97].
Proportion of certain amino acids is also significantly different between extremophiles
and mesophiles. For instance, in thermostable enzymes, lysines are replaced by arginines;
asparagine/glutamine content is lower while proline content is higher [22,98-100]. The
most widespread explanation is that these structural features contribute to reducing the
flexibility of the enzyme and to allowing optimal conformation at higher temperatures
than mesophiles, with no denaturation [101]. MD simulations confirmed that hydrophobic
packing and electrostatic interaction network provided by salt bridges explain enzyme ther-
mostability [102]. Dimerization can also be a key factor for enhanced thermostability [103].

3.3.2. Halophiles

Halophiles grow in the presence of high concentrations of salts. In order to avoid
osmotic shock, they accumulate inorganic salts or small organic molecules in the cytoplasm
until the intracellular osmolarity equals the extracellular ion concentration [101]. They
also require their proteins to operate under extreme ionic conditions. Actually, halophilic
enzymes require high salt concentrations for activity and stability (1-4 M range) [104].
Stabilization of proteins in high salinity environments is linked to the interaction of hy-
drated ions with negatively charged surface residues. A highly ordered shell of water
molecules is formed that protects the protein and prevents denaturation [105]. Compared
to non-halophilic proteins, halophilic enzymes present less non-polar residues and more
charged residues on the protein surface, a higher frequency of acidic (Asp and Glu) over
basic residues (Lys), and low hydrophobicity [105] (Figure 6). This high surface charge
is neutralized mainly by tightly bound water dipoles [22]. Such excess of acidic over
basic amino acid residues makes them more flexible at high salt concentrations in con-
ditions where non-halophilic proteins tend to aggregate [106,107]. Halophilic proteins
seem to be specially adapted to have multiple crossover adaptations, especially to pH
and temperature.

Sr - front Sr - bac Hm - front Hm - back

Figure 6. Coulombic surface maps for both sides of the Salinibacter ruber (Sr), Haloarcula mori-
mortui (Hm), Haloferax volcanii (Hv) and Methylobacterium extorquens (Me) malate dehydrogenases.
The halophilic structures display negative surface areas (in red), a common feature of halophilic
proteins. Reprinted with permission from [101].
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3.3.3. Cross-Stabilities of Extremophiles

Many examples are reported in the recent literature that highlight the enhanced and
cross-stabilities of extremophilic enzymes. Thermostability can be accompanied with pH,
salts, metals, or solvent resistance [108,109]. Key enzymatic reaction may benefit from
these cross-stabilities. Transformation of cellulose into biofuels is a promising eco-friendly
process. However, it requires the enzymes involved in the process to be thermostable,
halostable and organic solvent-stable. A cellulase presenting all these characteristics was
identified through metagenomic from a deep sea foil reservoir which could be a valuable
candidate [110]. Hydrogen is considered as an energy vector for a low carbon economy.
Its production and conversion by enzymes should be promoted through operation on a
wide range of temperatures. The hyperthermophilic hydrogenase (HASE) from Aquifex
aeolicus was demonstrated not only to be able to operate at high temperatures for Hp
oxidation but was also much more stable at room temperature than the HASE from Ralstonia
eutropha, a mesophilic homologue [111] (Figure 7). The structure of this hyperthermostable
enzyme reveals more salt-bridges compared to mesophilic HASE, that contribute to its
thermostability [112].
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Figure 7. A. aeolicus and R. eutropha are two homologous NiFe HASEs with different thermostability.
(Left) Structural alignment of mesophilic R. eutropha (blue) and hyperthermophilic A. aeolicus (green)
HASEs, (right) remaining activity of the two HASESs after 360 s incubation at increasing temperatures.
Adapted with permission from [111].

4. Strategies for Enzyme Stabilization in the Immobilized State

The discussion above has emphasized that the less flexible enzymes are, the most stable
they are. In line with this assessment, it is quite straightforward that the immobilization
of an enzyme on a support will decrease the movement of the protein, tightening the
structure by single or multipoint binding and hence will increase its stability. The extent of
the stabilization will depend on the enzyme, the nature of the support and the mode of
enzyme attachment to the support (simple adsorption, covalent attachment, entrapment
in pores, etc.) This means that the support must be amenable to surface modification for
further enzyme attachment. The material acting as a support must also be biocompatible,
stable, and able to host high enzyme loadings. A delicate balance between stability and
activity of the enzyme will be engaged, with an additional advantage of immobilization
being that the support itself can help in the stabilization by consumption of inhibitors
or by providing buffer properties as examples [47]. In the following, we will especially
discuss immobilization strategies that can enhance enzyme stability. We will not report
an exhaustive list of the coatings that can simply prevent enzyme leaching, but we will
emphasize the role of the support structuration on the enzyme conformation, hence its
stability, although both concepts are closely linked. We will extend the discussion to modes
of immobilization that do not require any carrier, like cross-linking of enzyme aggregates
(Figure 8).
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Figure 8. Strategies for enzyme stabilization in the immobilized state.

4.1. Some Fundamentals on Enzyme Immobilization on a Solid Support
4.1.1. Various Types of Interactions

The key point to develop immobilization strategies able to enhance protein stability
is to understand how the interactions between the support and the immobilized enzyme
may modulate the enzyme internal motion and conformation. The specific structural
features of enzymes make their immobilization process very different from rigid particles
that simply attach to or detach from a support with certain adsorption and desorption
probabilities. The interactions that drive protein adsorption range from high energy
covalent bonds (disulfide bridges 320 kJ/mol) to electrostatic interactions (35-90 kJ/mol),
hydrogen bonds (840 kJ /mol), van der Waals interactions and hydrophobic interactions
(4-12 kJ/mol) [113]. Using the concept of “hard” and “soft” proteins based on structural
rigidity scale, it can be categorized that adsorption of “hard” proteins will be driven by
electrostatic interactions, while “soft” proteins will be able to adsorb either on hydrophobic
or hydrophilic surfaces [114].

4.1.2. Enzyme Orientation on the Surface

Upon immobilization of an enzyme onto a support, several processes are going to
take place: change in the state of hydration of the enzyme surface, enzyme structural
rearrangements, redistribution of charge groups, or surface aggregation [115]. These are
slow processes since they involve a whole cascade of rotations. While proteins can rotate
freely in solution, they will adopt on a surface one preferential orientation that exposes
one part of the enzyme to the surface and the other part to the bulk solution. However,
the final orientation can be very different from requirements for optimal activity. Favored
orientation is linked to the minimum free energy resulting from attractive coulomb and
van der Waals interactions, hydrogen bonds, and the entropy gain of solvent molecules
or counter ion release [115]. In addition, rotation of the enzyme can occur even in the
adsorption state when local conditions change [116]. In the case of immobilized enzyme, it
was expected that only the amino acids on the surface of the enzyme will sense the support.
However, by looking at the rigidity profile obtained by Brownian dynamics simulations, it
was very recently shown that even amino acids in the core of the enzyme can be affected
depending on the surface charge of the support [117].
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4.1.3. Conformation Changes upon Immobilization

While electrostatic interactions between the enzyme and the support may drive the
adsorption process and prevent enzyme leaching, strong interactions between two charged
entities can affect the structure of the enzymes. Flattening of the structure was for exam-
ple observed when proteins were immobilized on gold metal [118], while no change in
the secondary structure was detected when immobilization occurred on a gold surface
modified by a self-assembled-monolayer (SAM) of thiol [116]. In the course of adsorption,
protein density increases on the surface, and enzyme/enzyme interactions may surpass
enzyme/support interactions. Low surface coverage can induce modification of the confor-
mation because the enzyme molecules maximize their contact surface. At higher enzyme
loading, it can be expected that protein-protein interactions decrease the interaction with
the surface and preserve enzyme conformation. Protein—protein interactions may otherwise
induce repulsion between the neighbors which increases with the decrease of the distances
between the adsorbed proteins. A variety of methods exists to gain information on the con-
formation of the enzyme in the immobilized state including CD, surface plasmon resonance
(SPR), ellipsometry, fluorescence, and Raman and FTIR spectroscopies. However, charac-
terization methods that can separate effects due to complex coupled mechanisms upon
enzyme immobilization are lacking, and data often result in spatial and temporal averages.

4.1.4. Adsorption Versus Multipoint Attachment

Adsorption of proteins on surfaces is a straightforward protocol that is susceptible to
maintain high enzyme activity, but it may induce enzyme leaching. Covalent attachment
fixes the enzyme on the surface, thus preventing enzyme leaching, but must be carefully
considered because the mode of attachment can greatly affect the protein structure, hence
both stability and activity. Different protocols can be used to attach an enzyme covalently to
a support [20]. The most widely used methods are maleimide and carbodiimide coupling,
amine aldehyde condensation and various click chemistry reactions. They allow covalent
coupling between one available functional group naturally available or engineered on the
surface of the enzyme and a complementary function created on the support where the
enzyme is immobilized [20]. A spacer can be added to induce some flexibility required
for the activity [119]. Multipoint attachment has been widely suggested to be more suit-
able than one-point attachment for increased stability because of reduced dynamics of
the protein [120-122]. On the other hand, a multipoint attachment is challenging, and
both the reactive groups on the support and on the enzyme must be carefully chosen to
prevent steric hindrance. Furthermore, the decrease in the essential motion of the folded
enzyme state required for catalysis often affects the activity. Stabilization factors more
than 1000 were for example reported for formate dehydrogenase or alcohol dehydrogenase
after immobilization on activated glyoxyl-agarose, while activity decreased by 50 and 10%,
respectively [123].

4.2. Nanomaterials for Stabilizing Enzyme in the Immobilized State

Interest in nanomaterials is increasingly growing thanks to their intrinsic physicochem-
ical properties that allow to envision many applications when combined with enzymes for
energy conversion, biosensing, drug delivery, etc. The most attractive feature of nanoma-
terials is their large surface-to-volume ratio that enables enhanced catalysis thanks to an
increased loading of enzymes. Nanomaterials are easily functionalized for further enzyme
attachment via classical covalent coupling or click chemistry. However, they also present
heterogeneity in terms of size of particles [124], number of sites on the surface available for
enzyme attachment, or local curvature that will greatly influence enzyme immobilization.
Particle agglomeration, caused by low colloidal stability of the particles in buffer, can also
hamper the storage stability of the immobilized biosystems [125].

Nanoparticles (NP) are widely used in medicine, cosmetics, or food industries. Hence,
the effect of enzyme immobilization on NPs on both activity and stability has been largely
studied over the last ten years. Enhanced thermal or storage stability are reported, the
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reasons being often related to the mode of attachment of the enzyme [126,127]. As examples,
enhanced thermal and long term stabilities, resistance to urea or to acidic conditions were
shown for GOx on ferritin [128] or on Fe;O4-based NPs [129], for lipase on Fe3O4-based
NPs [130], for galactosidase on ZnO-NPs [131], or for cellulase on magnetic NPs [132]. The
linkage to the NP was assumed to prevent unfolding of the enzyme no matter of the NP
intrinsic property.

Other aspects that account for enzyme stability enhancement on NPs need to be
discussed. One of the challenges is the control of the number of grafted enzymes, which
may have a direct impact on enzyme flexibility, hence stability. Beyond conjugation of the
enzyme to the NP that can affect aggregation, role of the charge, size, and morphology of
the NP, local pH and ionic strength may be key parameters involved in the stabilization
process [127]. For instance, NP size was shown to have a direct effect on the stability of the
enzyme [133]. Varying the size of NPs induces the variation of the NP surface curvature,
that will offer distinguished surface of contact for the enzyme. High NP surface curvature
(diameters of NP less than 20 nm) was shown to preserve enzyme native conformation [134].
Smaller area for protein contact as well as suppression of unfavorable protein—protein
lateral interactions are most probably the reasons that can account for stabilization effect
of nanomaterials [135,136]. Curvature-based stabilization of enzymes can be extended
to other nanomaterials such as carbon nanotubes (CNT) [4,135]. Morphology of the NP
was also reported to tune the enzyme stability. For example, switching from nanospheres
to nanorods decreases enzyme stability, most probably because of the impact of the flat
cylindrical axial surface of nanorods [137].

4.3. Encapsulation in Porous Materials
4.3.1. Key Role of Pore Size

Porous materials are attractive and versatile supports for enzyme stabilization. Once
encapsulated, the enzyme should be protected from the environment, while being able to
be attached via suitable chemical modification of the walls of the pores. The chemical con-
ditions used for the porous material synthesis, as well as pore size and interconnectivity in
the matrix for diffusion of substrate and product in and out, while ensuring that the protein
cannot diffuse out are main issues to be considered. Depending on the materials and the
synthetic procedure, the diameter of pores can be tuned and adapted to a specific enzyme.
We should distinguish here micro, meso and macroporosity that are described by the
diameter of pores being, respectively, less than 2 nm, between 2 and 50 nm and more than
50 nm. While mesopores are required for enzyme encapsulation, macroporosity will enable
substrate diffusion. Hence, getting a material with hierarchical porosity is highly desirable
in most cases. In general, pore size close to enzyme size favors stabilization. Multipoint
interactions may be one explanation for such a result [138]. It was also suggested that mod-
ification of the water structure in nano-containers can induce higher enzyme stability [23].
Given the average size of enzymes in the range of about 3-10 nm, some microporous
materials with controlled pore size and geometry are unfortunately not suitable for enzyme
encapsulation. This is the case of silica films presenting vertically aligned pores [139],
or of the well-known silica SBA15 porous matrix [140]. However, porous materials, with
pore size compatible with enzyme diameter, can be obtained by different strategies [141].
Carbonization of MgO-templated precursors yields a pore size-tunable material (from
around 30 to 150 nm) with interconnected mesopores [142]. Increased half-life stability was
shown when the pore size was the closest to the hydrodynamic enzyme diameter [143].

4.3.2. Metal-Based Porous Matrix

Nanoporous gold (NPG) can be obtained by acidic treatment of alloys containing
20-50% gold, or by electrochemical treatment (dealloying process). NPG structure presents
interconnected ligaments and pores of width between 10 and several hundred nm. NPG
displays various surface curvatures that offer a different environment for enzyme im-
mobilization. Different enzymes have been immobilized in NPG for various purposes
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showing a pore size-dependent enhanced stability as compared to enzyme in solution [144].
Alternatively, enzymes can be encapsulated in gold nanocages within a 3D gold network
obtained by in situ reduction of gold salts in the presence of the enzyme [145]. Complexes
formed between cations such as Cu(ll) and protein molecules can serve as nucleation sites
for micrometer-size particles with unique flower petal-like morphology. Enzymes confined
in such structures exhibit enhanced stability [146]. Other hierarchical materials presenting
mesoporous structures can be obtained by using networks of CNT or nanofibers [19].

Polymeric metal-organic-frameworks (MOFs) are matrices currently under great con-
sideration. They consist of metal ions or clusters coordinated to organic ligands to form
two- or three-dimensional structures. Cavities of mesoporous MOFs are greatly suitable for
enzyme immobilization. In addition to enhanced enzyme loading and reduced leaching,
the strictly controlled pore size can provide selectivity for substrates. Enzymes can be
immobilized by infiltration process, requiring MOF pore size larger than protein size. En-
zymes can alternatively be encapsulated in the lattices of the MOF structure by mixing the
enzyme with the metal and the ligand. In this case, encapsulation proceeds through a nucle-
ation mechanism where the enzyme acts as a nucleus for MOF growth, leading to enzymes
protected in pores with size close to the radius of gyration of the protein [147]. However,
in the latter case, synthesis conditions must be mild enough to avoid protein denaturation.
It is admitted that the framework around the enzyme maintains the conformation of the
active enzyme species [148]. Many studies report increased stability of various enzymes
when embedded in the pores of MOFs. Enhanced thermal and pH stability was observed
for different enzymes, as well as protection against inhibitors, or maintaining of activity in
non-aqueous solvents [149-154]. MOF can also be used to encapsulate cascade of enzymes
with enhanced stability and spatial control of the proteins inside the lattices [155]. However,
care should be taken with solubility of MOFs in the presence of various compounds such
as amino acids, some organic acids or buffers that present high affinity for the MOF-metal,
inducing leaching of the enzyme via MOF dissolution [156,157]. Covalent organic frame-
works, only composed of light elements (H, C, B, N, and O) and covalent bonds, with
higher stability than MOFs, can be alternatives as efficient matrices for enzymes [158].

In MOFs, enzymes are statistically entrapped. It should be even more elegant to
encage each individual enzyme with well-defined protecting shell surrounding it [159].
This strategy, known as single enzyme nanoparticles (SEN), is based on the controlled
formation of a shell of polymer around one enzyme by in situ polymerization from the
enzyme surface. The shell is thin and permeable so that substrates can freely diffuse to
the enzyme core. SEN strategy is reported to enhance thermal stability, organic solvent,
and acid/base tolerance even in aggressive environments [160,161]. Both protection by
biocompatible polymer shell and multipoint covalent attachments within the nanocapsule
were suggested to explain the enhanced enzyme stability. This last strategy recalls less
recent examples reported in Section 2 of this review and based on polymer protection
around the enzyme.

4.3.3. Other Polymeric Matrices

Hydrogels are polymeric networks that are of great interest for protein immobilization
because they present the double advantage of high water content and a tunable porous
structure [162]. Natural polysaccharides such as alginate can produce beads when cross-
linked with certain metals. Alginate concentration can be tuned to control the porosity of
alginate beads (in the range 5 to 200 nm diameter) and to find the best compromise between
substrate diffusion and enzyme conformation preservation and leaching [163]. Enzymes
embedded in DNA hydrogels often show enhanced thermal stability and improved stability
during freeze-thaw cycles or in the presence of denaturants such as organic solvents.
Conformation of the enzyme is proposed to be maintained thanks to extensive inter- and
intra-strand weaving of long DNA building blocks. The hydrophilicity of the hydrogel
further protects the enzyme against organic solvent [164]. Gel nanofiber made of Zn?* and
adenosine monophosphate was also used to encapsulate an enzyme cascade for glucose
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detection. The biomaterial exhibited enhanced stability against temperature variation,
protease attack, extreme pH, and organic solvents. Porosity and water content of the gel
allowed to maintain 70% of the activity after 15 days storage while free enzymes lost
activity [165].

4.4. Cross-Linked Enzyme Aggregates (CLEAs)

The addition of salts, water miscible organic solvents, or non-ionic polymers to protein
solution induces their precipitation as physical protein aggregates, held together by non-
covalent bonding. Enzyme tertiary structure can be maintained in the aggregates. Note this
is also the traditional procedure for protein purification (in particular see in Section 3 the
discussion about salting-out processes) [166]. Subsequent cross-linking of these physical
aggregates renders them permanently insoluble while maintaining their pre-organized
structure (Figure 9). Covalent binding or cross-linking of enzyme to enzyme to form
aggregates is commonly referred to as CLEAs. CLEAs constitute a simple way of enzyme
immobilization which is carrier-free and can be used in any reaction medium [22,167,168].
One more advantage of CLEAs is that they can be formed starting from crude enzyme
preparations and do not require highly purified enzymes. Typical cross-linking agents are
GA, ethylene glycol diglycidyl ether (EGDGE), and dextran, but also polyethyleneimine
(PEI) that can generate covalent bonds between two or more biomolecules in the system
through the enzyme amino and/or carboxyl surface groups [169]. FTIR analysis of CLEAs
highlighted changes in the secondary structure of enzymes, with an increase in 3-sheet
and o-helix components and a decrease in 3-turns compared to free enzymes, showing the
ability of CLEAS to stabilize enzymes [169-171].
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Cross-linking
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Stable enzyme aggregates Saluhle"e‘n‘zymes

Figure 9. (A) formation and redissolution of enzyme aggregates, (B) stable CLEA preparation.

A wide variety of enzymes, including hydrolases, oxidoreductases, lyases, and trans-
ferases have been used as CLEAs especially for organic synthesis [172,173], displaying
enhanced stability under various conditions: protection against organic solvents [174],
enhanced thermostability [175], reduced substrate inhibition [176,177], enhanced stability
in acidic or alkaline conditions [178,179] or under storage [180]. Magnetic CLEAs combined
the advantages of CLEAs and covalent immobilization onto Fe3O4 magnetic particles and
may show increased stability to changes of pH and temperature [181,182]. Enzyme cascade
can also be combined as CLEAs showing enhanced thermal and pH stability [183,184].
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Despite a high enzyme concentration per unit volume, decrease in activity is often
observed using CLEAs. Diffusional limitation of mass transfer is one of the main issues.
Alteration of the enzyme tertiary structure by one of the components required for CLEA
preparation or steric hindrance within the aggregate of high particle size hampering inner
enzyme activity can also explain the decrease in activity. Hence, the choice of precipitant,
cross-linker, and ratio of cross-linker protein is a critical step for maintaining required
flexibility of the structure for high activity [185]. These parameters strongly depend on the
enzyme, making the CLEA technology delicate [174].

4.5. Bio-Surface Display of Enzymes

Bacteriophages, spores, yeast, and bacterial cells can be used as enzyme carriers in so-
called surface protein display systems [186,187]. E. coli bacterium is one of the most studied
cells for enzyme surface display. Surface display of the targeted enzyme (the passenger) is
realized by genetically fusing it to a carrier protein, which facilitates export across the cell
envelope (inner membrane and outer membrane separated by the periplasm). The protein
of interest is ultimately secreted and immobilized on the cell wall. Interestingly, enzymes
are thus simultaneously produced and immobilized on the bio-component. The anchoring
motif can be fused to the N- or C- end of the protein, or the protein can be inserted within
the sequence of the anchor protein. The anchor protein must be able to ensure transport
of the heterologous protein through the secretory pathway, proper folding of the fusion
protein, and strong binding at the cell wall surface. Contrary to purified immobilized
proteins, expressing enzymes on cell surfaces is considered advantageous as enzymes can
be used repeated for extended periods with no loss of enzyme activity. Stability of immobi-
lized proteins by such a natural procedure against organic solvents, extreme pH, or high
temperature has been reported [188,189]. Yeast and spores are also currently explored as
enzyme display surfaces allowing enzyme enhanced thermal stability [190,191]. However,
the efficiency of the display systems in terms of immobilized enzyme amount and specific
activity needs to be improved for envisioning any biotechnological application [192].

5. Specificity of the Stabilization of Redox Enzymes on Electrodes for Bioelectrocatalysis
5.1. Bioelectrocatalysis: When Enzymes Meet a Foreign Conductive Surface
5.1.1. Electron Transfer in Metabolic Energy Chains

Most cellular functions, such as cell motility, key molecule biosynthesis or transport
across membranes, require energy. Life energy is generated by redox transformations of
nutrients present in the environment or by sunlight to create the proton gradient across
the membrane. This gradient is later used to produce ATP, the universal molecular “coin”
driving metabolic reactions. In these processes, complex but highly specific molecular
chains are involved that couple electron transfer (ET) to the diffusion of protons across cell
membranes. Focusing on bacteria, a wide range of energy substrates can be metabolized:
lactate, glucose, Hy, H,S, O, sulfate, fumarate, etc. thanks to the presence of a large
variety of redox enzymes interacting with membrane lipids or with redox proteins acting as
electron shuttles. To enable metabolism achievement, ET must proceed fast through highly
specific protein—protein interactions. According to Marcus theory, the distance between
the donor and the acceptor will drive the rate of ET [193]. It is admitted that electrostatic
interactions serve for pre-orientation of interacting partners; then, hydrophobic interactions
drive a rearrangement of the transitory complex allowing ET [194]. Pre-orientation is
guided by the heterogeneity of charge distribution on the protein surface which induces
dipole moments that can be as high as thousands of debyes [112]. As such, one or more
amino acids defining a charged patch on the surface of one protein partner are often
involved for the specific interaction with the other partner.

5.1.2. Electron Transfer Mechanisms Involving Redox Enzymes at Electrochemical Interfaces

Redox enzymes can operate very efficiently in bioelectrocatalytic processes for the
redox transformation of a variety of substrates. As stated in the introduction of this review,
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various applicative domains are concerned from bioelectrosensing, bioenergy to bioelec-
trosynthesis. One prerequisite is the use of a conductive support, the electrode, to provide
or accept the electrons for the redox transformation to take place. The question directly
arises whether the electrode would gently replace the physiological redox partner? Actually,
many materials used as electrodes (carbon, gold, nano- or porous structures, etc.) can be
chemically functionalized to provide an enzyme environment mimicking the physiological
one. It was clearly demonstrated that the oriented approach of the enzyme to the electrode
surface was guided by electrostatic interactions driven by the enzyme dipole moment. The
example of multicopper oxidases (MCO), the key enzymes for O, reduction into water, is
highly relevant in that sense. Four copper sites are involved in the catalytic process, CuT1
being the first electron acceptor, and electrons generated travelling intramolecularly to the
trinuclear Cu site where O; binds and is reduced. Bilirubin oxidase (BOD) from the fungus
Myrothecium verrucaria has a dipole moment of 910 D at pH 5 pointing positive towards
the CuT1. At the same pH, BOD from the bacterium B. pumilus and laccase (Lac) from
Thermus thermophilus have dipoles moments of 1830 and 860 D, respectively, but pointing
positive opposite to the CuT1. In accordance with this structural feature, ET was obtained
on negatively or positively charged electrodes in the case of M. verrucaria BOD or B. pumilus
BOD and T. thermophilus LAC, respectively [116,195,196]. One specificity of bioelectrocatal-
ysis stems from the substrate and product coming in and out to/from the active site that
may be hampered by the required enzyme orientation for ET. Not only activity but also
stability in case of substrate or product accumulation may be affected [197]. This point
is however understudied in bioelectrochemistry. When direct ET (DET) is not possible,
mainly because there is no surface electron relay identified, either because the enzyme 3D
structure is not known or because the active site is electrically isolated in the protein moiety,
mediated ET (MET) can be used instead. Typically, MCOs, enzymes with hemic cofactor
such as cellulose dehydrogenase, and enzymes with surface FeS clusters such as HASEs
are reported to undergo DET, while GOx is only electrochemically addressed through MET.
In this latter case, a small molecule acting as a fast and reversible electrochemical system
will make the electron shuttle between the electrode and the FAD cofactor in the enzyme.
Redox potential of the redox mediator as well as its affinity for the enzyme will drive the
electrocatalysis. One important question is whether the enzyme will be more stable under
DET or MET processes (Figure 10).
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Figure 10. Scheme of a typical bioelectrochemical experiment showing the set up and the adsorption
of a protein on the electrode surface either in a MET or a DET mode. The active site of the enzyme,
the electronic relays and the redox mediator are represented as red squares, dark blue squares,
and light blue spheres, respectively. CE, W, and ref represent counter, working, and reference
electrodes, respectively.
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5.2. Stabilization Strategies for Bioelectrocatalysis
5.2.1. How Far Can General Enzyme Stabilization Strategies Be Extended to Bioelectrocatalysis?

Table 1 reports bioelectrode stability for two main enzymatic reactions, i.e., O, reduc-
tion and H, oxidation. These two enzymatic reactions have been chosen as relevant for the
development of biofuel cells, devices currently developed as alternatives to platinum-based
fuel cells. As can be seen, many of the strategies detailed in the previous chapters of this
review are involved in bioelectrode stabilization. It should be noted that in most cases
stabilization refers to operational duration. Thus, the stability parameter is mainly evalu-
ated through the percentage of preserved catalytic current. Although crucial for improving
bioelectrocatalysis, only rare studies report enzyme conformational changes upon redox
immobilization of enzymes on electrode.

From the survey of the literature reported in Table 1, general features of enzyme
stabilization inducing bioelectrode stability can be recognized. This is the case for redox
enzymes extracted from extremophiles yielding efficient bioelectrocatalysis while expected
to be more stable than their mesophilic homologues even at room temperature. We already
provided in Section 3 one relevant example showing that the NiFe HASE from the hyper-
thermophilic bacterium A. aeolicus was much more stable than its mesophilic homologue
from R. eutropha [111]. This enhanced stability of the hyperthermophilic enzyme is fruit-
fully exploited to design an H, /O, fuel cell displaying at the same time high catalytic
currents reported to the mass of enzymes (in the order 1 A/mg enzyme), delivering mWs
of power in a range of temperature 20-60 °C, and a half-life for the bioanode of one month,
a quite encouraging stability compared to other reported devices [198]. It should be also
mentioned that at the cathodic side, the thermostable BOD from B. pumilus is used which
also shows enhanced stability compared to the widely used M. verrucaria BOD. Other
recent works proved the efficiency of extremophilic enzymes in bioelectrochemical systems,
as illustrated in the two following examples. Bacillus sp. FNT thermophilic LAC showed
60-80% of remaining activity after two weeks of storage at room temperature when the
activity of mesophilic T. versicolor LAC was zero in the same conditions [199]. The activity
of cellobiose dehydrogenase from Corynascus thermophilus retained more than 50% activity
after 5 days of multicycle voltammetry mode and about 30% after 9 days [200].

As for non-redox enzymatic catalysis, stability of enzymatic electrodes requires to
avoid enzyme leaching from the electrode. Entrapment in porous matrices and covalent
immobilization through suitable functionalization of the electrode are ways to improve
redox enzyme-based bioelectrode stabilization. However, it must be considered that the
redox enzyme will sense an electric field during a bioelectrocatalytic process and that some
species can be generated through the electrochemical potential application, thus requiring
stabilization strategies more specific to bioelectrochemistry. In addition, the electron
exchange between the electrode and the enzyme which is the basis of bioelectrocatalysis
imposes specific constraints that may prevent the use of the strategies developed above.
Among these constraints, the host matrix must be conductive, cross-linking that yields
heterogeneities in enzyme orientation can make a population of enzymes incapable of
electron transferring; addition of polyols may electrically isolate the enzyme preventing any
electron transfer, or use of high concentrations of salts in the electrolyte solution can favor
the leaching of the enzymes from the electrode surface. Hence, any stabilization protocols
described above must be evaluated in light of their adaptability to bioelectrochemistry
with redox enzymes.
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Table 1. Bioelectrode stability: cases of multicopper oxidases (MCOs) and hyperthermophilic hydrogenase (HASEs).
Enzyme Bioelectrode Design Electrochemical Conditions  Reaction Followed/Purpose Stability
) : Enzyme polymerized at a glassy carbon o s . 42% of current is recovered after
Cerrena unicolor C-139 LAC electrode through cold plasma Acetate buffer pH 5, 25 °C Rutin biosensing 8 days at pH 5. [201]
Enzyme adsorbed on zinc oxide NPs o o s L.
Streptomyces coelicor LAC capped with p-amino thiophenol and 0.1 M phosphate buffer pH 5 Sucralose sensing 83% and 73% of the initial ac.t1v1ty after [202]
. 5and 10 days, respectively.
attached to graphene oxide
Trametes hirsuta LAC Enzyme covalently attached to AuNPs o Ofirlllgﬁialtiocrtll ‘;ctyl?lftler oh
GreeDo mutant obtained by y yar 0.1 M acetate buffer pH 4 O, reduction O i Larp [203]
. . 4 grafted on graphite electrode 60% of initial activity after 2 h of
combining computational design : .
continuous operation
Enzyme adsorbed on AuNPs
electrodeposited on a screen-printed 0.1 M acetate buffer pH 3.5 . 85% of the initial activity after 1 month
LAC carbon electrode (SPCE) modified 25°C Polyphenol sensing (storage at 4 °C) [204]
with polypyrrole
70% of original activity upon 90 days
Enzyme and Cu?*co-adsorbed on of the freeze-dried powder.
Trametes versicolor LAC pyrene—termlnated 'block polymer on 0.1 M acetic acid buffer pH 5 Pyrocatechol sensing 80% of aCth(l)ty aft'elj 3 freeze;thaw [205]
pyrolytic graphite surface and cycles.31% activity at 70 °C.
graphene papers 96% of the initial activity after 30 days
storage at 4 °C.
Enzyme entrapped within 0.1 M sodium phosphate 97% of the initial activity after
Trametes versicolor LAC graphene-cellulose microfiber composite ' Prosp Catechol sensing ’ y [206]
e buffer pH 5 130 h storage.
modified SPCE.
Trametes versicolor LAC Enzyme with Cu-nanoflowers mixed 0.01 M phosphate buffer O, reduction ina Hy /O, 85% (:fel;:soiiueitiellélggtlzliower [207]
with CNTs pH74 hybrid biofuel cell y Y
room temperature.
Enzyme absorbed on AuNPs-MoS, o) e ..
LAC composite glued on a glassy carbon 0.2 M acetate buffer pH 4 Catechol sensing 9% lmtlas{tjf:‘;lz;gitﬁi 15 days of [208]
electrode (GCE) by Nafion 8 Y
Enzyme entrapped in 0.1 M phosphate buffer 82% of the initial activity within

Trametes versicolor LAC

chitosan-CNT matrix

pH 7.4,20 °C

O, reduction

10 days.

[209]
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Table 1. Cont.
Enzyme Bioelectrode Design Electrochemical Conditions  Reaction Followed/Purpose Stability
Trametes versicolor LAC Enzyme entra.ppeq WIﬂ.I FesO, magnenc 0.2 M phosphate buffer O, reduction 50% of the initial activity after 20 days.  [210]
nanoparticles in chitosan matrix
. Enzyme crosslinked with GA in a matrix . . o i .
Trametes versicolor LAC made of room temperature IL-CNTs 50 mM acetate buffer pH 5 Polyphenol biosensing 33% of the initial activity after 20 days.  [211]
Enzyme adsorbed on the electrode o .
Bacillus subtilis LAC modified with thiol graphene-AuNP 01M H Ac-NaAe bucf>fer Hydroquinone sensing 87% of the initial current response after [212]
o solution pH 4.6, 25 °C 100 days
nanocomposite film
Enzyme and nanocopper incorporated in
Trametes versicolor LAC polyacrylonitrile / polyvinylidene Trichlorophenol removal 68% of the initial activity after 30 days.  [213]
electrospun fibrous membranes
Bacillus subtilis LAC Enzyme c.ovale:*ntly bound on O, reduction 70% of initial activity after two weeks [199]
functionalized CNTs of storage at room temperature.
Enzyme cross-linked on . o s ..
LAC electropolymerized L-lysine molecules on 0.1 M sodium phosphate 173-estradiol sensing 68% of initial activity f fter 30 days [214]
e buffer pH 6 storage at 4 °C.
a graphene modified GCE
Enzyme adsorbed on
. polypyrrole-modified nanotubes and . . 80% of initial activity after 14 days of
Aspergillus sp. LAC 5:Cu0, microseeds composite on 0.1 M phosphate buffer pH 7 2,4-dichlorophenol sensing storage at 4 °C. [215]
graphite electrode
Valuable working and storage stability
. of the biosensor that remains 100% of
Enzyme deposited by electrospray on 0.1 M citric acid/sodium its performances for up to
Trametes versicolor LAC carbon black modified ol Catechol detection P P [216]
. citrate buffer pH 4.5 25 measurements and can be preserved
screen-printed electrodes
at room temperature for at least
90 days.
LAC Enzyme mixed with polyvinylacetate and Phosphate buffer Ascorbic acid sensin Stability for 76 days [217]
AuNPs electrospun on platinum electrode P 8 Y ys
Enzyme adsorbed on
LAC polyaniline/magnetic pHb5 Hydroquinone sensing 90% initial response after 30 days. [218]
graphene composite
Trametes versicolor LAC Enzyme embedded in polydopamine NPs 0.1MABSpH5 Norepinephrine sensing 91% initial response after 30 days. [219]

with anchored AuNPs
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Table 1. Cont.

Enzyme Bioelectrode Design Electrochemical Conditions  Reaction Followed/Purpose Stability
Enzyme covalently bound to a composite
made of acrylate microspheres and . . o) e
LAC AuNPs coated on a carbon paste 0.1 M phosphate buffer pH 5 Tartrazine sensing 51% initial response after 90 days. [220]
screen-printed electrode
. ) Enzyme entrapment into nanostructured . . . O ek
Botryosphaeria rhodina LAC carbon black paste electrode 0.1 M phosphate buffer pH 6 Epinephrine sensing 93% initial response after 7 days. [221]
Enzyme crosslinked into a biogel matrix 0.1 M phosphate buffer Electrode potential decrease from
Myrothecium. Sp BOD made of Nafion deposited on carbon NPs pH7.2,25°C O, reduction 0.37t0 031V ff’;eg .2C4n?7(2)f operation at  [222]
Enzyme entrapped in osmium-based o o
Magnaporthe orizae BOD hydrogels deposited on CNTs modified 0.1 M phosphate buffer pH 5 O, reduction Aft.elj 1 day loss of 27% of the initial [223]
by el i ¢ arvidi . ) activity then stable for several days.
y electrogratting of aryldiazonium salts
Enzyme adsorbed on carbon cloth O fies .
Myrothecium verrucaria BOD modified with aminobenzoic acid. Gas 0.1 M phosphate buffer O, reduction 80% O.f initial activity aft?r 1.3 b of [224]
. . pH7.4 operation of the Hy /O, biofuel cell.
diffusion electrode.
Enzymf? Fovalently linked o car‘?on cloth 80% of initial current after 6 h of
. . modified by aminobenzoic acid and 0.1 M phosphate buffer pH 7, . . .
Myrothecium verrucaria BOD . . . o O, reduction continuous operation at 0 V [225]
coated with a microporous hydrophobic 25°C vs. Ag/AeCl
Nafion layer. Gas diffusion electrode. - -
80% of initial activity after 48 h of
Enzyme adsorbed on CNTs and protected Aco/n/ilrucllo Ilns t%zeri:sc:rlljg 2 f\i ‘17151\/[
Myrothecium verrucaria BOD by a carbon-coated magnetic 0.1 M HEPES buffer pH 7, O, reduction 8/ 128 pro teri)nase [226]
nanoparticle layer 70% initial activity after 30 days of
storage at room temperature.
40% and 10% initial activity after
Wild type enzyme adsorbed and mutants 200 mM phosphate buffer >eaye and:d(:gi]]:;ecriersrlioe;tewely e
Magnaporthe orizae BOD covalently bound to a maleimide CNT phosp O, reduction ) [227]

modified electrode

100 mM citrate buffer pH 7

95% and 52% initial activity after
3 days and 6 days, respectively, in the
covalent attachment mode
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Table 1. Cont.
Enzyme Bioelectrode Design Electrochemical Conditions  Reaction Followed/Purpose Stability
Adsorption mode: 5% initial activity
Enzyme adsorbed or electrochemicall 0.1 M acetate buffer pH 5 after 100 potential cycles between
Myrothecium verrucaria BOD Y . y ’ 5 pHLo, O, reduction 0and 0.8 Vvs. Ag/AgClat50 mV/s.  [228]
deposited on Au polycrystalline electrode 25°C . 2. - ano
Electrochemical deposition mode: 80%
initial activity after 200 cycles
. . Enzyme adsorbed on MgOC modified 0.1 M acetate buffer pH 5, . o o .
Myrothecium verrucaria BOD with 6 amino 2-naphtoique acid 24°C O, reduction 50% of the initial activity after 5 days.  [229]
Enzyme covalently bound to reduced
Muyrothecium verrucaria BOD gra}?hene OXIfie rr}od1f1ed by 0.1 M phosphate buffer pH 7 O, reduction 55 h half-life. [230]
4-aminobenzoic acid to reduce
its aggregation
Myrothecium verrucaria BOD Enzyme adsorbed on buckypaper CNTs Phosphat;gl: },‘ger pHE.S, O, reduction 10 h half-life [231]
Molecular engineering for covalent 0.1 M phosphate buffer 75% of the initial activity after
Magnaporthe orizae BOD immobilization in macroporous ' P1osp o O, reduction ° . Y [232]
pH?7.2,25°C incubation for 5 days.
gold electrode
. . Mv BOD entrapped with ABTS in 0.1 M phosphate buffer pH 7, . Mv BOD stable for 22 h of operation at
Myrothecium verrucaria BOD polydopamine layer on CNTs 25 °C O, reduction 0.1V vs. Ag/AgCL [233]
. . Bp BOD: entrapped in pyrenebetaine o . Rapid drop in activity, almost 0 after
Bacillus pumilus BOD on CNTs 50 °C O, reduction 3 h of operation at 0.1 V vs. Ag/AgCl [233]
Enzyme entrapment in a carbon felt 7 days half-life at 25 °C upon
Bacillus pumilus BOD modified by pyrene-NH2 modified CNTs 0.2 M phosphate buffer pH 6, O, reduction continuous operation ofaHy/O, [198]
biofuel cell.
. Enzyme adsorbed onto a CNT modified 50 mM phosphate buffer R Voltage retains 90% of the initial value
Pyrococcus furiosus HASE carbon felt electrode pH7,50°C H, oxidation 33 h operation in a hybrid fuel cell. [234]
Enzyme embedded in viologen-based o o ..
Desulfovibrio vulgaris HASE redox hydrogel modified porous 0-1 M phosphate buffer H; oxidation 60% of initial activity after 20 h at [224]
pH74 0.16 V vs. SHE.
carbon cloth.
Desulfomicrobium baculatum Oriented covalent immobilization of the 50 mM phosphate buffer H, oxidation 80% of initial activity after 1 h in the [235]
HASE enzyme on modified CNTs pH7.6,25°C 2 biofuel cell.
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Table 1. Cont.

Enzyme

Bioelectrode Design

Electrochemical Conditions

Reaction Followed/Purpose

Stability

Desulfovibrio desulfuricans HASE

Enzyme embedded in viologen-based
redox hydrogel on carbon
cloth-based electrode

0.1 M phosphate buffer
pH 7.4

H, oxidation

50% of initial activity after 11 h at
0.16 V vs. SHE.

[236]

Desulfovibrio vulgaris HASE

Enzyme embedded in viologen-based
redox hydrogel and protected by
catalase-GOx layer.

0.1 M phosphate buffer
pH 7.4

H, oxidation

60% initial activity after 8 h in the

presence of 5% O, at 0.016 V vs. SHE.

[143]

Aquifex aeolicus HASE

Enzyme adsorption on CNT modified by
mi—7t stacking with PyrNH;

0.2 M phosphate buffer pH 7,
25°C

H, oxidation

1 month half-life at 25 °C upon
continuous operation of a Hy /O,
biofuel cell.

[198]

[NiFeSe] Desulfovibrio vulgaris
Hildenborough HASE

Enzyme entrapped in
methylviologen-based redox polymer
films deposited on carbon cloths

0.1 M phosphate buffer pH
7.4, room temperature

H, oxidation

25% and 50% of initial activity
depending on the variant after 7 h in
chronoamperometry experiments.

[237]
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5.2.2. Engineering of Enzymes Seeking for Both Enhanced ET Efficiency and Stability

The general engineering procedures developed to enhance enzyme stability can be
adapted for redox enzymes, including introduction of stronger bonds, removal of potential
degradation sites, or oligomeric structure formation [238-240]. However, the most inter-
esting strategies here are to obtain enhanced stability and ET efficiency at the same time.
Then, the main targets for protein engineering will lie (i) in the vicinity of the active site
or (ii) at specific points of the enzyme surface able to anchor it with the best orientation
for the highest ET rate (Figure 11). For strategy (i), the vicinity of the heme cavity of
peroxidase [241] or of the CuT1 site of LAC has been targeted [242,243]. Two recent reports
illustrate this concept. Two alanine residues were mutated to one leucine and one valine.
Not only did the introduction of hydrophobic residues increase the redox potential of the
CuT1 site by 50 mV, but it also protected the CuT1 site from the solvent as well as enhanced
temperature and pH stability of the variant. The mutant was stabilized at the electrode. It
retained roughly 80% of its initial activity after 96 h incubation at pH 4.0 and presented a
half-life of 60 min at 70 °C against 23 min for the wild type protein [203]. With the aim of
electricity production directly from seawater recycling, recombinant forms of CotA LAC
from B. licheniformis were produced [244]. A double mutation, one in a region close to the
CuT1 and the other on the surface of the protein, was shown to induce a synergic effect in
bioelectrocatalysis. Conformational changes in the double mutant were proved by CD and
fluorescence that allow the variant to catalyze O, reduction in seawater, a very unusual
property for classical LACs. Protein leaching under such high ionic strength conditions
must however be solved.
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Figure 11. Enzyme engineering strategies for enhanced stability. (Left) Mutations in the vicinity of
the active site; computer-guided mutagenesis and directed evolution of a fungal LAC in CuT1
vicinity induce enhanced stability at pH 4 compared to the WT. Reproduced with permission
from [243]. (Right) Covalent immobilization of BOD through site-directed mutagenesis and reaction
with maleimide groups on the electrode surface induce enhanced stability of the mutant (black curve)
compared to the WT (red curve). Adapted with permission from [227].

For strategy (ii), covalent immobilization of enzymes at electrodes was realized by pro-
ducing site-directed variants with cysteine residues located at different sites of the enzymes
able to react with maleimide groups immobilized on the electrode. This elegant method
combines controlled orientation of the protein at the electrode for ET, sufficient flexibility
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for activity, and expected enhanced stability. In the case of cellulose dehydrogenase, 40% of
initial electroactivity was recovered after 2 months of storage while the wild type enzyme
loses progressively its activity within 20 days [245,246]. In addition, controlled orientation
allowed investigating mechanistic aspects of the ET. The immobilization method was
extended to BOD from Magnaporthe oryzae showing an enhanced stability with almost no
loss of electroactivity for 3 days [227] (Figure 11).

5.2.3. Conductive Porous Material as Redox Enzyme Host Matrices Favoring Fast ET

We discussed in the previous sections how porous materials can be beneficial for
the stabilization of embedded enzymes. The further requirements for their use as host
matrices of redox enzymes are that either the porous material is conductive to ensure
DET, or redox mediators can be added either diffusing or co-immobilized within the
matrix. We emphasized that MOFs are nowadays considered as very attractive materials.
To ensure electron conduction within MOFs, multicomponent systems can be synthetized
composed of MOFs, enzymes and conductive nanomaterials such as graphene nanosheets
or CNTs [147]. A nice example is provided by Li et al. who encapsulated a LAC in ZIF-8
in the presence of CNTs (LAC@ZIF-8) [247]. Fluorescence measurements highlighted a
negligible enzyme leaching. When compared to free enzyme or to enzyme embedded in
MOF with no CNT, the LAC@ZIF-8 hybrid displayed improved thermal stability, enhanced
resistance to solvents as well improved long-term storage stability. However, although
DET was demonstrated, the catalytic efficiency was greatly enhanced by redox mediator
addition, suggesting that a large enzyme population was not directly wired in the hybrid
material. Mesoporous silica nanotubes are another example of a suitable matrix when
coated with a graphene sheet layer to enhance its electrical conductivity. BOD entrapped in
the material was able to reduce O, in the absence of redox mediators, and the bioelectrode
stored in water at 4 °C for 15 days retained around 80% of initial current [248]. The stability
of the bioelectrode was suggested to be linked to the size of the nano-channels (12 nm)
being close to the size of the enzyme, limiting its mobility. Fructose dehydrogenase and
HASE were immobilized in MgOC with pore size in the range 10-150 nm [249,250]. DET
occurred between enzymes and the material regardless of the pore size, but a pore diameter
close to the enzyme size enhanced the thermal and long-term stabilities.

The relationship between pore size and stability is shared by non-redox and redox
enzymes. However, for redox ones, the orientation of the enzyme toward the material
wall must also be considered for a direct wiring. In pores presenting a diameter close to
the enzyme size, the distance between electrical relays on the surface of enzymes and the
material will be statistically minimized. Multi-point contacts are expected to occur at the
same time. This means that both stability and ET rates should be enhanced simultane-
ously [238,251]. Porous gold obtained either by dealloying processes or anodization is
increasingly used for immobilization of redox enzymes. Their pore sizes are compatible
with efficient enzyme entrapment [144]. Using electrochemistry, a narrow distribution
of orientation of BOD favorable for enhanced DET was measured [252]. A model based
on close packing spheres explained why the curvature of pores was beneficial for DET.
Unfortunately, no examination of the enzyme conformation in the porous gold material
was provided. Effect of nanomaterial curvature was evocated in another work to explain
LAC properties once immobilized in a CNT network in the presence of ethanol [253]. An
improved direct catalytic current for O, reduction as well as reduced chloride inhibition
was measured. CD and ATR-IR demonstrated a net difference in the secondary structure
when the enzyme/CNT/ethanol system was immobilized at the electrode as compared
with enzyme in solution. The structure stabilization suggested that ethanol favors contact
between CNT and LAC in its native form with an orientation favorable for DET. Although
not deeply investigated, CNT curvature was suggested to help in the stabilization of the
immobilized dehydrated enzyme.
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5.2.4. Redox Enzyme Encapsulation in Hydrogels for Bioelectrocatalysis

Entrapping redox enzymes into hydrogels is expected to provide a suitable hydrated
environment able to maintain the enzyme in a functional active state. Some examples of
use of a sole polymer for direct electrocatalysis involving redox enzymes were recently
reported [254]. Conductive polyaniline (PANi) forms a nanostructured hydrogel once
deposited on an electrode [255]. The PANi hydrogel exhibits a continuously connected
hierarchical 3D network with pore diameter of 60 nm, allowing a short electron diffusion
length. The PANi-formate dehydrogenase electrode was efficient for catalytic reduction of
CO; into formate. Although no exhaustive study of stability was made, conversion of CO,
was efficient for 12 h. However, hydrogel matrices are very often poorly conductive, and
conductive nanostructures or redox mediators must be co-immobilized in the gel to ensure
electron conduction. Chitosan is a natural polyamino-saccharide that forms thin hydrogel
films at electrodes through controlled electrodeposition process. The amine groups are
available for attachment to a functionalized electrode or for anchorage of the enzyme.
CNTs mixed with chitosan render the material conductive. Hosting a LAC, the so-built
bioelectrode retained 70% initial current after 60 days of continuous measurement [209,256].
The same authors reported an improved bioelectrode using genipin as a cross linker.
The LAC-based electrode was implanted in rats and remained operational for 167 days
in vivo [257].

Alternatively, redox mediators can act as electron relays between the electrode and
the enzyme inside the hydrogel. In the search for enzyme stabilization, Matsumoto et al.
prevented leaching of a biotinylated GDH by immobilizing it into a streptavidine-hydrogel
prepared by click chemistry between sortase A and PEG [258]. In the presence of a ferrocene
derivative as a redox mediator, the so-designed electrode showed improved stability when
compared to the electrode with no hydrogel. One issue was the weak stability of the
hydrogel itself on the electrode. This last result points out one more requirement for
redox enzyme-based electrode stabilization: Not only the enzyme must be stable but the
interaction between the electrode and the hybrid enzyme-host matrix must also be strong
enough to avoid leaching of the whole biomaterial. To ensure stability of the bioelectrode,
hydrogel can be combined within porous conductive material. As an illustration, a hydrogel
formed by cross-linking bovine serum albumin, GOx and arginine was interlocked within
the pores of a carbon cloth [259]. Leaching of enzyme was less than 0.5% of the total amount
of embedded protein within 48 h. UV-Visible spectrometry and CD demonstrated that
90% of the enzyme secondary structure was preserved in the network. In the presence of
ferricyanide as a redox mediator, the current density for glucose oxidation was maintained
for 25 days.

Diffusing redox mediators are however undesirable in many cases, either because they
limit the rate of reaction or because they can be toxic when leaching to the environment in
which the enzyme operates. Redox hydrogels, introduced 30 years ago by Adam Heller, are
now widely exploited for immobilization of a variety of enzymes [260]. These hydrogels
combine the advantages of a hydrated matrix ensuring protection of the enzyme and rapid
diffusion of the substrate with the presence of tethered redox moieties (they can be based
on osmium, ruthenium, ferrocene, colbaltocene, quinone, or viologen derivatives) that
can electrically wire the enzyme by electron hopping inside the gel [261-263]. The redox
potential of the hydrogel matrix can be adapted to the desired reaction to be catalyzed
by tuning the ligands of the redox moieties. Ferrocene entity was tethered to linear PEI
and used to cross-link GOx [264]. Of initial current, 70% and 36% was retained after
21 days of storage and 6 h of continuous operation, respectively. This marked difference
underlines the effect of applied potential on the stability of the bioelectrode, an issue
that we will further discuss in Section 5.3.2. Os-tethered hydrogel embedding GDH was
loaded in porous MgOC deposited by ink-drop-casting on an electrode [265]. The high
catalytic currents for glucose oxidation were linked to the controlled pore diameter of the
MgOC matrix that allows high loading of redox polymer and rapid substrate diffusion.
Moreover, the combined advantage of hydrated redox polymer and porous structure
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allowed improved stability. Of initial catalytic current, 44% was recovered after 10 days
of operation against 3% for the hydrogel-enzyme hybrid deposited on a glassy carbon
electrode. Direct oxidation of glucose by Corynascus thermophilus cellobiose dehydrogenase
was compared to the mediated one obtained when the CNT-based electrode was further
modified by an Os-based redox hydrogel [200]. MET process generated higher catalytic
currents than DET one proceeding at a lower potential through the FAD cofactor instead of
the heme domain in the case of the DET process. Of the mediated electrocatalytic current,
30% remained after 9 days of CV cycling. In such configuration, it will be interesting in
the future to get the comparative stability through the DET process. Last but not least,
redox hydrogels have been shown in recent years to act as shields against O, for sensitive
enzymes. This topic will be further developed below in Section 5.3.3.

5.2.5. When Aggregates or Partially Unfolded Enzymes Operate in Bioelectrocatalysis

We clearly stated in the introduction of this review that the secondary and tertiary
structure of enzymes control their activity. Any change in the conformation was thus
expected to modify the activity, yielding inactive states upon denaturation. We otherwise
underlined that aggregated enzymes, for example in the form of CLEAs, could main-
tain the native conformation showing a stable, although often lower, enzymatic activity.
Efforts to maintain stable enzyme electroactivity are mainly directed toward enzymes
with unchanged conformations. However, and contrary to these strategies, examples of
aggregates or partially unfolded forms of proteins have been reported to promote bioelec-
trocatalytic properties. Aggregated proteins immobilized on nanostructured carbon-based
electrodes may enabled direct electrocatalysis showing enhanced stability compared to
non-precipitated proteins [266,267]. Pyranose oxidase was immobilized on a CNT-based
electrode via three different procedures: (i) covalent attachment (CA), (ii) enzyme coating
(EC), (iii) enzyme precipitate coating (CLEA). After 34 days at room temperature, CLEA re-
tained 65% of initial electroactivity toward glucose oxidation, while CA and EC maintained
9.2% and 26% of their initial activities, respectively. LAC aggregates were formed by com-
putational design through production of a new dimeric interface that induces self-assembly
of the protein into crystalline-like assemblies [268]. Combined with CNT incorporated in
the aggregates, the bioelectrode showed high direct electroenzymatic rate for O, reduction
with enhanced thermostability. LAC from T. versicolor was precipitated in the presence
of Cu?* yielding flower-like particles [207]. The Cu/LAC nanoflowers were integrated
in carbonaceous nanomaterials and tested as catalysts for O, bioelectroreduction. A well-
shaped direct electroenzymatic signal was observed, demonstrating the functionality of
the electron pathway through CuT1 in the flower particles (Figure 12). The bioelectrode
delivered 72% initial current after 6 days of daily 2 h discharge, and the H;, /O fuel cell
constructed based on the Cu/LAC flower-based biocathode maintained 85% initial power
after 15 days of operation.
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Figure 12. LAC assembled through Cu-flower like particles displays direct and stable electrocatalysis
of O, reduction. (A) SEM image of a Cu/LAC nanoflower, (B) Catalytic reduction of O, (red curve)
by LAC in Cu nanoflowers on CNTs, (C) Operational stability. Adapted with permission from [207].
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It was also recently shown that the large sub-unit of a NiFe HASE was able to sustain
H; oxidation by itself, showing that an incomplete structure still allows catalysis [269].
As another illustration, LAC from Aspergillus sp. was immobilized on Fe;O3 NPs [270].
Careful spectroscopic analysis, including FT-IR, fluorescence and EPR, demonstrated a
partial unfolding of the protein which tends to a higher exposure of the CuT1. A large
direct catalytic current in the range of 3 mA /cm? was observed, with an electrochemical
CV shape denoting fast ET. However, it should be stressed that heterogeneity of enzyme
population certainly exists at the electrochemical interface, and methods are now required
to distinguish whether the electrochemical activity is actually linked to the unfolded
proteins or to the small fraction of proteins remaining correctly folded.

5.3. Parameters Specific to Bioelectrocatalysis Stabilization

Bioelectrocatalysis implies not only the immobilization of the enzyme on a conductive
support but also the application of a potential that the enzyme will sense. Hence, the
stability of a bioelectrode will include the stability of the enzyme in the immobilized state
and the stability of the electrocatalytic response under an electric field which is reflected in
most cases by a measure of a current, a voltage or the impedance of the system. However,
the variation of the electrochemical signal may have different origins. Progressive leaching
of the enzymes from the electrochemical interface can explain a decrease in the catalytic
current, while changes in the conformation or in the reorientation of the enzyme can explain
modification in the catalytic response due to lower electron transfer rates. Methods probing
the relationship between electroactivity and amount of proteins on the electrochemical
interface, as well as the relationship between electroactivity and changes in enzyme con-
formation, are not readily available. Actually, many bioelectrocatalysis-related studies
report a decrease of the catalytic current with time. This decrease has long been named
as “film loss”, suggesting that enzyme leaching from the electrode would be responsible
for the current evolution. However, coupling SPR and quartz crystal microbalance with
dissipation (QCM-D) to electrochemistry, it was shown that other phenomena than simple
enzyme desorption must account for bioelectrode instability [271,272]. In the following, we
would like to emphasize some critical parameters that will affect the overall electrocatalytic
response stability and the methods developed to get more insights in the overall process.

5.3.1. Reorientation of the Immobilized Enzyme

We stated just before that one key issue in order to enhance the interfacial ET between
a redox enzyme and an electrode is the orientation of the enzyme on the solid surface
so that the electronic relay on the surface of the protein can be positioned at a distance
compatible with fast ET. In many studies reporting enzyme orientation, hydrophobic or
electrostatic interactions are used to control the enzyme positioning. These interactions
are relevant because they mimic in vivo recognition with the substrate or between redox
partners. LAC, as an example, is involved in transformation of many substrates such as
phenolic compounds. In accordance, the Cu T1 is engaged in a hydrophobic pocket that
can be recognized by the electrode modified by phenyl or anthracenyl groups, leading to
an orientation favoring efficient electron transfer [273]. The recognition between HASE and
its redox partner cytochrome c3 is another example illustrating electrostatic parameters to
be considered in ET. By NMR docking and by resolving the Poisson-Boltzmann equation,
it was established that a functional complex is formed thanks to a small negatively charged
region on the HASE surface that can interact with the positively charged cytochrome.
Such local electrostatic interaction was able to overcome electrostatic repulsion of the
overall positive charges of the interacting proteins [274,275]. The same situation arises
in bioelectrocatalysis, considering the electrode as the redox partner. Local charges are
reflected by charge heterogeneity on the surface of the enzyme and rationalization can
be obtained through the calculation of the dipole moment direction. This latter will
depend on the pH of the enzyme environment. Hence, it can be expected that an enzyme
takes an orientation favorable to ET at one pH but rotates on the electrode when the
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pH of surrounding solution is modified. It is the most crucial when electrocatalysis
involves proton consumption or production, as it is the case for many electroenzymatic
reactions, thus inducing local changes in pH in the weakly buffered solution and potential
modification of the catalytic signal.

Evidence of the rotation of BOD was demonstrated on gold electrodes modified by
thiol-based SAMs [116]. Both the pH at which the enzyme was adsorbed and the pH of the
electrolytic solution were varied. By doing so, not only the charge of the electrode but also
the charge of the enzyme varied. Coupling electrochemistry to ellipsometry, SPR, and Phase
Modulation Infrared Reflection Absorption Spectroscopy (PMIRRAS), it was shown that
the global charge of the protein controls the amount of adsorbed molecules as a function of
electrostatic interactions tuned by the pH of adsorption. It was also demonstrated that the
local charge in the vicinity of the CuT1 controls the orientation of the enzyme, hence the
catalytic current for O, reduction. Hence, when the amount of enzyme and its orientation
were a priori fixed by adsorption at a fixed pH, the catalytic current recorded in buffers
of various pHs nevertheless varied following rotation of the enzyme to adopt the most
favorable orientation. It was clearly shown that orientation could be reversibly tuned by
changing the pH of the electrolyte, shifting the catalysis from a slow ET rate to a fast one
(Figure 13).
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Figure 13. Reorientation of enzymes on electrode may alter enzyme stability. (Top) Tuning the pH

High enzyme coverage

of the electrolyte induces rotation of the adsorbed bilirubin oxidase on the electrode surface, hence
induces modification in bioelectrocatalysis for O, reduction. Adapted with permission from [116].
(Down) Scheme of the reorientation of enzymes on an electrode induced by surface coverage. The
white sphere represents the active site. Adapted with permission from [115].

Enzyme reorientation, leading to potential bioelectrocatalysis instability, may have
another origin. In the course of protein adsorption, protein-protein interactions are increas-
ingly dominating. Hence, while the adsorption of the first proteins in a favorable orientation
for ET can be controlled by electrostatic interactions, the interactions between neighbor-
ing adsorbed proteins may induce reorientation to decrease the repulsive forces [115]
(Figure 13). Coupling electrochemistry to QCM and interferometry for studying O, reduc-
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tion by BOD on a gold electrode, Blanford et al. clearly demonstrated that an optimum
surface coverage exists yielding the highest stable electrocatalytic current [276]. Although
proof of enzyme reorientation was not provided, QCM-D allowed to conclude that this
optimum was linked to a balance between rate of enzyme adsorption and deformation.

5.3.2. Effect of the Electric Field

Compared to other catalytic processes, the special feature of bioelectrocatalysis lies
in the electric field imposed at the electrode interface. Although partially shielded by
the ions present in the solution, the extent of the electric field can still reach the size of
immobilized enzymes, especially in weakly supported electrolytes. It should be expected
to have a major impact, but only few studies report the effect of the electric field on enzyme
or bioelectrode stability. This lack of information most probably comes from the difficulty
to determine which effect among protein leaching, denaturation or reconformation can be
responsible for any variation in the electrocatalytic response. The recent use of coupled
methods with electrochemistry will certainly lead to major advancements in that field.
Adsorption of MCOs on planar gold electrodes was taken as a model for such studies. It
was shown using electrochemistry coupled to QCM-D that cycling the potential for O,
reduction by M. verrucaria BOD accelerated mass decrease compared to applying a fixed
potential [272]. It was hypothesized that varying the electric field near the surface may
distort the adsorbed protein, expelling water and contributing to enzyme denaturation. It
was further shown with the same enzyme that continuous cycling induced more stability
of the bioelectrode than cycling during a same period but at regular intervals, the electrode
being at the open circuit potential (OCP) when not cycling [116]. This result suggests a
much lower stability of the bioelectrode when the applied potential was close to the OCP.
Considering the potential of zero charge (Epc) of the electrode, it could be concluded
that the strong electric field generated when holding the potential far away from Ep,.
induced bioelectrode destabilization. Kano’s group rationalized these experimental data
by modeling the electrostatic interactions between enzymes and electrodes in the electric
double layer [275]. Taking the copper efflux oxidase (CueO) enzyme as a model enzyme
adsorbed either at bare or butanethiol-modified gold electrodes, the authors demonstrated
how the electrical double layer plays a key role in enzyme stability for bioelectrocatalysis.
It can be argued that the diameter of the enzyme is much higher than the length of the
electrical double layer (5 nm vs. 1 nm at a typical ionic strength for electrocatalysis).
However, the domain of CueO facing the electrode is indeed located in the double layer
and will face an electric field whose force depends on the applied potential and on the
Epzc of the electrode. Hence, at the bare gold electrode, the strong electric field induced
by an applied potential much more positive than EpZC of the electrode, in addition to
the complementary charges chosen to favor DET orientation, leads to denaturation of
the protein.

Heterogeneity of the electric field inside the pores of a porous matrix otherwise affects
enzyme stabilization. A model developed in the group of Kano demonstrated the existence
of an inner pore region where the electric field remains low, and where weak electrostatic
forces help in protein stabilization [238,277,278]. The higher electric field at the entry of
the pore should enhance the ET, while inducing less stability [279,280]. This effect known
as the “edge effect” was recognized early in the history of bioelectrochemical studies
using cytochrome c and graphite and may explain efficient bioelectrocatalysis at carbon
nanofibers (CNFs) [281-284].

Finally, it should be mentioned the role of the electric field sensed by the enzyme within
the course of mediated electrocatalysis against direct electrocatalysis. A relevant example is
bioelectrocatalytic oxidation of hydrogen by HASEs. It is known that HASEs are reversibly
inactivated at high potentials [285]. In a typical cyclic voltammetry experiment where the
enzyme is adsorbed on an electrode, this inactivation results in a decrease in the catalytic
current in the forward scan at a potential higher than ca. —0.4 V vs. Ag/AgCl at pH 7.
Current recovers when the potential is reversed. It was shown that pushing the potential
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to even more positive values induces an irreversible inactivation of the enzyme [286]. Such
inactivation process may have consequences on the operation of fuel cells using HASE
as anode catalyst, requiring regular steps of reducing voltages to reactivate the enzyme.
Alternatively, it was shown that embedding the hydrogenase in a viologen-based hydrogel
protected the enzyme from high potential deactivation. In this MET process, the enzyme
no longer senses the high potential of the electrode but the potential of the viologen redox
couple which is sufficiently negative to prevent HASE inactivation [287-289]. Nevertheless,
the use of redox mediators induces other detrimental effects towards enzyme stability, such
as production of reactive oxygen species (ROS) that will be discussed in the next section.

5.3.3. Protection against Reactive Oxygen Species (ROS) Production

Two electron reduction of O, yields the formation of unstable superoxide O,*~ which
is the precursor for other reactive species including HO, and *OH. Incomplete oxygen
reduction can be encountered in the course of certain enzymatic reactions, or when O,
is directly reduced at an electrochemical interface. A relevant example of ROS produced
by enzymatic reactions is the oxidation of sugars by the flavin-based GOx. Here, O; is a
co-substrate of the enzyme and is reduced to HyO, after the release of D-glucono-5-lactone
within glucose oxidation [290]. Identically, oxidation of lactate-by-lactate oxidase produces
H,0,. To avoid any detrimental effect of H,O,, one solution is to electroenzymatically
reduce this latter by peroxidases [291]. Alternatively, catalase has been used to decompose
H,0O, [292]. Engineering of flavoproteins is also largely reported to decrease O; activ-
ity [293,294]. Such strategy is particularly useful when the flavoprotein is embedded in
redox hydrogels, where the competition between reaction of the enzyme with the redox
mediator or O, occurs within the polymer, decreasing the efficiency of the bioelectrocataly-
sis. An additional issue comes from the reduction of O, directly by the redox entities of
the polymer.

Reactions other than the oxidation of sugar by GOx embedded in Os-based polymers
can expose enzymes to ROS. Actually, low potential viologen-based redox polymers de-
veloped to protect HASEs against high potential inactivation also serve as shields against
O, [224,237,288]. However, the viologen-based matrix itself may generate ROS in the
course of the HASE protection mechanism, inducing its progressive decomposition [295].
To tackle this issue, a top polymer layer containing both GOx and catalase was used to
ensure a complete HASE protection [143]. Alternatively, iodide was added in the whole
system to induce dismutation of HyO,. An improvement of the half-life of the HASE in the
presence of O, was demonstrated [295]. In the case of O,-tolerant HASESs, their specific
sensitivity /tolerance to O, has been shown to lead to an even greater sensitivity to ROS.
Hence, it was reported that ROS formed by applying low potentials to a HASE-based
carbon felt electrode in the presence of O; irreversibly deactivated the enzyme contrary
to reversible O, inactivation [111,198] (Figure 14). In this case, a protective upper layer
composed of a 3D porous carbon matrix increased the stability by 4-6 times against ROS
compared to a 2D electrode. It was proposed that the 3D matrix could scavenge ROS before
reaching the enzymes inside the pores.
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Figure 14. Chronoamperometric response for H, oxidation by A. aeolicus HASE embedded in a
CNT-modified carbon felt electrode showing the inactivation of the enzyme by ROS electrochemically
produced (A) and protection by a porous matrix (B). Reproduced with permission from [198].

6. Conclusions and Future Directions

Electrocatalysis involving redox enzymes takes advantage of the high selectivity and
affinity of the biomolecules, as well as the large diversity of identified enzymes, hence a
large variety of substrates. Possible applications range from implantable medical devices
(insulin pump, neurological stimulator, artificial organs, etc.), wearable sensors, and envi-
ronmental diagnostic to energy converting devices or CO; capture [16,17,296-299]. Many
strategies are available to enhance enzyme stability in general. However, the specificity of
redox enzymes that sense an electric field and require a controlled orientation to operate on
electrochemical interfaces makes the stability of redox enzymes one of the most important
issues to resolve before a large-scale commercial development of bioelectrocatalysis. The
search for a good balance between stability and activity of enzymes is a prerequisite, even
complexified by the search for efficient ET in the case of redox enzymes. Recent examples
in the literature concerning MCOs revealed the difficulty of getting improved interfacial
ET parameters or improved redox properties while maintaining both the stability and the
activity of the enzyme [300,301]. No doubt that protein engineering, which is increasingly
carried out with the aid of innovative solutions based on emerging genetic tools, will offer
new opportunities of producing stable enzymes. There is also no doubt that the screening
of the biodiversity will allow the discovery of redox enzymes with outstanding properties,
which can be applied either directly in bioelectrochemical devices, or as model enzymes
for protein engineering for high stability.

Alternative strategies can be envisioned in case enzyme stability is limiting the targeted
device. The first one would be to refresh the bioelectrodes regularly, so as to renew
inactivated enzymes by new active ones. Increasing salt concentration in the medium
was reported to allow LAC desorption, rendering the electrode available for fresh enzyme
adsorption [209]. Refreshment of the bioelectrode can also be done by adsorbing the
enzyme on magnetic nanoparticles [302]. Applying a suitable magnetic field may allow
assembling or release of the biocatalyst on the electrode. Cosnier et al. proposed to
use enzymes and redox mediators encapsulated in glyconoparticles, both diffusing in
solution [303]. This strategy was supposed to allow protein and mediators to freely rotate
for an efficient ET and to offer in addition the possibility of easy refreshing of the biocatalyst
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by a simple exchange of the solutions. Although suitable to overcome enzyme instability,
these procedures based on enzyme renewal, however, do not appear to be sustainable
or cost effective. Nanozymes, or bioinspired catalysts, could be desirable alternatives
to enzymes in the future [304-307]. Taking benefit of the fundamental understanding of
bioelectrocatalysis, these synthetic catalysts may provide higher stability while operating
the closest to the enzymatic catalysis.

Should redox enzymes or biosynthetic catalysts be used, novel methodologies must
be developed in order to get new insights in the parameters that limit the stability of bio-
electrocatalysis. In situ and in operando methods are certainly the most appealing within the
objective of understanding and enhancing bioelectrode stability [308,309]. Recent reviews
by Reisner et al. and by Crespilho et al. discussed various methods, and especially coupled
methods, currently available to study bioelectrode interfaces [309,310]. Methods allowing
mass or layer thickness quantification, i.e., SPR, QCM-D and ellipsometry, coupled to
electrochemistry will give access to the relationship between enzyme loading or release
and catalytic response [21,116,271,272,311]. Electrochemistry coupled to spectroscopies
(IR (including SEIRA, PMIRRAS), XAS, fluorescence, Raman (including SERRS), EPR, CD,
mass spectrometry) will help in the determination of conformational change once enzyme
is immobilized or as a function of applied potential or current [312-317]. Microscopy cou-
pled to electrochemistry will allow the mapping of the electrocatalysis [318-320]. Finally,
getting more and more accurate experimental data on enzyme behavior on electrodes may
be implemented in theoretical models that in return will help in bioelectrode rationaliza-
tion [21,117,321-323].
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