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Abstract This review is focused on the basic principles,
the main applications, and the theoretical models developed
for various redox mechanisms in protein film voltammetry,
with a special emphasis to square-wave voltammetry as a
working technique. Special attention is paid to the
thermodynamic and kinetic parameters of relevant enzymes
studied in the last decade at various modified electrodes,
and their use as a platform for the detection of reactive
oxygen species is also discussed. A set of recurrent
formulas for simulations of different redox mechanisms of
lipophilic enzymes is supplied together with representative
simulated voltammograms that illustrate the most relevant
voltammetric features of proteins studied under conditions
of square-wave voltammetry.
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Introduction

Life on earth depends almost exclusively on occurrence of
redox (redox=reduction oxidation) reactions, which are
reactions involving the exchange of electrons between two or
more neighboring biochemical systems. The electron charge—
transfer reactions are responsible for the function of many
proteins and other redox-active compounds in various bio-
chemical systems. This is well-known in bioenergetics, where
photosynthesis and respiration are fundamental processes in
which energy conversion takes place through a complex
sequence of electron transfer reactions involving different
redox proteins. However, electron transfer also takes place in
many other biological processes ranging from cell defense to
gene control. Since many diseases are mainly associated with
malfunctioning redox biochemistry in humans, the under-
standing of these processes has also a big medical significance.
One of the fundamental aspects of biological redox chemistry
is the physiological importance of the electron transfer
organized by proteins in the living systems. Thus, a lot of
efforts have been made in the last 30 years to link the
thermodynamics and kinetics of electron transfer with the
structural and thermodynamic features of various proteins.
Since the fundamental principles of electron transfer processes
are relatively well understood, the current interest in bioelec-
trochemistry is focused largely on the mechanisms by which
electron transfers are linked to other important physiological
functions. Within all “in vivo” redox processes, two or more
redox-active species react with each other in a way of
exchanging electrons between them. For the relatively small
biochemical systems (small molecules), the voltammetric
methods are a common tool of choice that provide insight
into the thermodynamics and kinetics of electron transfer
reactions, while also giving valuable information about the
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mechanisms of interactions between such biochemical sys-
tems. In the case of proteins, the use of voltammetry as a
technique to understand their redox chemistry is not an easy
task. The main problems arise from the huge protein size and
the presence of big “electroinactive” lipophilic tail which
impede the “access” of electrons to the protein’s redox-active
site(s) through their insulating features.

Nearly 15 years ago, a new voltammetric methodology had
been developed, which allows insight into the redox chemistry
of various lipophilic redox-active proteins [1-5]. The original
name of this technique coined by Armstrong is “protein film
voltammetry” (PFV) [1]. This methodology provides access
to a wealth of information on the reactions of redox-active
sites in proteins in a quite simple manner. By this technique, a
given protein is attached on an electrode surface mainly by
self-assembling from the aqueous electrolyte in which the
protein is initially dissolved. The electrode surface on which a
protein is adsorbed actually acts as a surrogate partner that
mimics the biological redox processes of the proteins. By
applying a controlled potential to the protein-modified
electrode, the redox features of the adsorbed protein can be
monitored by using various voltammetric techniques. A
potentiostat is commonly used to change the potential energy
of the electrode which drives electrons onto or removes
electrons from the protein redox-active sites. By applying
cyclic voltammetry (CV) over a wide range of scan rates, for
example, and exploiting the ability to cycle or pulse the
electrode potential between defined values, valuable data
about the protein’s physiological activity can be obtained.
The obtained data are commonly analyzed in terms of plots
of peak potentials, peak currents, or half-peak widths against

the applied scan rates. By such an analysis, one can obtain
relevant thermodynamic and kinetic information about the
physiological functions coupled to protein redox activity. In
this review, we will focus on the main achievements and
challenges of this methodology, particularly when combined
with advanced voltammetric techniques as a square-wave
voltammetry (SWV). A special part will be dedicated to the
application of PFV for studying coupled redox reactions of
relevant enzymes. In addition, we will discuss recent
theoretical models for various electrode mechanisms under
the conditions of SWV, where we offer a simple way to obtain
reliable thermodynamic and/or kinetic information on the
redox reactions of studied proteins.

Performing an experiment in protein film voltammetry

Protein film voltammetry is a unique and powerful technique
that provides relevant thermodynamic and kinetic information
obtained from a single voltammetric experiment. PFV is quite
a simple approach designed to studying the redox features of
lipophilic (or slightly water soluble) enzymes. As a first step, a
given (redox) protein has to be adsorbed as a thin film on the
surface of a suitable electrode. The adsorption of the protein at
the electrode surface commonly occurs through self-
assembling of the protein from the protein-containing electro-
lyte solutions in which the working electrode is submerged. A
simple schematic representation of a simple PFV setup at a
modified electrode surface is given in Fig. 1. Such protein-
modified electrode can be probed by a variety of electro-
chemical techniques by applying a driving force (potential

Fig. 1 Scheme of a common
protein film voltammetric setup
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difference) in order to move electrons into and out of the
protein. The movement of the electrons between the
electronic conductor (electrode) and the active center of the
redox-active protein is instrumentally detected as a current—
potential profile having specific features depending on the
measuring time and the applied potential. From the features
of the voltammetric outputs, one can obtain information about
the thermodynamic and kinetic parameters of the electron
transfer process between the electrode and the redox sites of
the proteins [l, 4] and in addition, an insight into the
mechanism of protein interactions with the given substrates
[5-10]. To do this, a good theoretical background of the
ongoing electrode mechanism is required. In order to
mimic the physiological activity in the living systems, the
native structural and reactive features of the redox proteins
must be retained when adsorbed onto the electrode
surface. Hitherto, the main part of the PFV experiments
is performed around neutral pH and at temperatures
between 20 and 40 °C, thus mimicking physiological-
like conditions. The minimization of the adsorptive
surface denaturation of proteins and keeping the electrode
surface as clean as possible, are essential factors which
facilitate the direct electron exchange between an elec-
trode and the redox site of the proteins. Several metal
electrodes coated with metal oxides, carbon electrodes
coated with organic monolayers, and pyrolytic graphite
edge plane electrodes are currently known as the most
suitable surfaces fulfilling these requirements [5, 11-19].
In the last few years, basal plane pyrolytic graphite
electrodes, glassy carbon electrodes, and even unmodified
metallic electrodes have been extensively used in PFV [5].

Pyrolytic graphite edge plane electrodes are especially
suitable for PFV. These electrodes contain a big fraction of
the negative carboxylate groups in their three-dimensional
structure that can interact electrostatically (or by hydrogen
bonds) with positively charged amino acids of many proteins
[12—-19]. This contributes to better sticking of many proteins
to the electrode surface.

Despite many efforts for improving the performances of
PFV, the redox activity of many redox proteins cannot be
probed because the direct electron exchange with the
electrodes is difficult to be achieved. The main cause for
their redox inactivity is related to the insulating features of
their side chains. In such cases, there is a common scenario
of co-adsorbing the proteins with some organic linkers like
polymixins, aminocyclitols, alkylthiols, and some other
compounds that are known as good electron shuttling
systems [5]. Such modifications usually lead to an increase
of the electrochemical reversibility of the electron exchange
between the proteins and the electrodes. Enzymes can also
be trapped into some conducting polymer network built
from polypyrrole, polyaniline, polythiophene, or polyindole
that are developed on an electrode surface by electrochem-

ical polymerization [5, 13-15]. Different strategies of
polymerization have been developed in order to enhance
the rate of the electron exchange between the electrode and
the active sites of the proteins, and these are described
elsewhere in more detail [5]. In recent years, there has been
an increased interest in applying the nanoparticle strategy as
a tool for enhancing the electrochemical reversibility of
many proteins. The very high electrical conductivity, good
chemical stability, and structural robustness of carbon
nanotubes are crucial physical parameters permitting these
materials to be exploited in the electrochemistry of many
redox proteins [16—-19]. A quite promising electrode for
studying various enzymes is the recently applied diamond
electrode [20]. Nanocrystalline diamond or ultrananocrys-
talline diamond thin films have been found quite suitable
for a large variety of substrates [21]. We must note,
however, that due to the very high price of this electrode,
its use in PFV has been quite limited so far. Many of the
aforementioned applications of enzymes in PFV have
involved interesting biosensor construction for detecting
various substrates on nanomodified electrodes, and some
of these will be discussed in detail in the subsequent
sections.

Representative examples of enzymes studied
with protein film voltammetry

Since the establishment of PFV some 15 years ago, the
number of published papers on this topic increases
continuously. At the moment, there are over 650 papers
and several monographs dedicated exclusively to the
enzyme redox chemistry studied with PFV setups. Despite
this increasing interest in using PFV, the number of
considered proteins is quite limited, and it does not exceed
the total of 40 at the moment. However, it is important to
emphasize that most of the proteins considered in the
published papers are extremely important due to the various
functions they cover in the living cells. Some of the
well-studied examples include cytochrome P450, other
haem-containing proteins like hemoglobin, myoglobin,
cytochrome C, and furthermore glucose oxidase, PS-I
and PS-II photosystems, the proteins from the electron transfer
chain, several hydrogenases, some Mo-containing proteins
and various Fe—S, and other metal-containing proteins
(mainly with Ni-Fe, Mn or Cu as redox centers). In Table 1,
we summarize a considerable number of relevant enzymes
studied with PFV mainly within the last 6-8 years. We
summarize insights to some of the thermodynamic and
kinetic parameters of their redox transformation as well as
the type of electrodes at which PFV has been achieved for a
particular enzyme (see Table 1). Several comprehensive
reviews dedicated to the PFV achievements before 2003 can
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be found elsewhere [1-5, 10], and we skipped most of those

g3T2IL 2 B¢ studies in our review.

Overview of the redox mechanisms considered

in square-wave PFV
Protein film voltammetry is a powerful methodology that
2 ke enables direct electrochemical measurements of redox
i@ % enzymes and proteins, and it often provides precise and
§ 2 comprehensive information on complicated reaction mecha-
?: ;E ~ oi nisms. We gain information in respect to the reaction
g g & g mechanisms of a given protein by monitoring the current of
RS g = the instrumental outputs (voltammograms) in real time as a
g —PZ = 3 ;J function of the applied driving force (i.e., the applied
3 % _:: g % potential). At the moment, two challenges are intrinsic to
Zg 2EzE protein film voltammetry: (1) to learn how to adsorb a given
EEEE22 R G protein in a native and active configuration on the electrode
Tegzz33 38 8 surface and (2) to understand and interpret the voltammetric
3 é % 2 ££ & 2 results on both qualitative and quantitative level. The latter is
533888 §F °F dependent on developing theoretical models simulated for the
8 § ; ; éb ;D ; ; particular electrode mechanism and a making correlation of
g fg § § g é: “g ”g theoretical results with the experimental findings. Most of the
COUUAA A A theories comprising various reaction mechanisms in PFV are
developed under conditions of cyclic voltammetry [1-5, 10].
- However, alongside cyclic voltammetry, the SWV is also a
very powerful voltammetric method for studying redox-
active enzymes and proteins [27, 46-55]. The potential
g g9ss2sg8 v g modulation in SWV consists of a train of equivalent anodic
S$2323 3 3 and cathodic potential pulses superimposed on a staircase
potential ramp [8]. The SWV can be understood as a
repetitive double step chronoamperometric experiment, con-
ducted at each step of the staircase ramp. Over the potential
window defined by the limits of the staircase potential ramp,
the electrode reaction is repetitively forced in both cathodic
and anodic directions, thus providing intrinsic information
on the mechanism of the electrode reaction. In this regard,
E ‘E E E io E :.é E SWV is complementary to CV. On the other hjcmd, ovying. to
by o b a A& the pulse nature of the technique, SWV effectively discrim-
“é* “E* LTE‘ L; L; “E* uE‘ HE" inates against the charging current, thereby extracting only
S ESE2E & 8 the faradaic component of the overall electrochemical
= response. It should be also stressed that the critical time
§ window over which the electrode reaction is investigated in
s § both the cathodic and anodic mode is defined by the
§ § $ ) frequency of the potential modulation (f), which is the
§ 5, § g inverse value of the duration of a single potential step of the
§ § é g‘ staircase ramp (z,), i.e., f=1/1.. As the typical frequency
§ E E é @ range of the modern instrumentation used for SWV is
e & &£ & : between 10 and 2,000 Hz, the critical time window of the
- - % - EgEN% ° § experiment is 0.5 ms<7>;<100 ms. Obviously, SWV is a
£ %5 % :; ga £ §§ é rather fast voltammetric method, which is particularly
én éﬂ g » gb g g g § E; § appealing for kinetic measurements in PFV. For the sake of
223525570 8 comparison, let us give the following example: an SWV
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experiment at /=100 Hz corresponds to a CV experiment
conducted at the sweep rate of 60 V/s, assuming a 0.300-V
potential difference between the initial and the switching
potential. For most experimental systems, SWV at /=100 Hz
provides undistorted, high-quality voltammetric data, where-
as the CV experiment at 60 V/s is still state of the art.

The theoretical background for the SWV of surface
electrode processes, where the electroactive form is
confined to the electrode surface in a form of a monolayer
is well developed, and it can be effectively utilized in PFV.
Over the last decade, significant efforts have been under-
taken in modeling and simulations of the surface electrode
processes, revealing that SWV is particularly appealing for
mechanistic, kinetic, and thermodynamic characterization
of surface electrode processes, including proteins and
enzymes [27, 46-55]. So far, a plethora of electrode
mechanisms have been considered, including simple sur-
face electrode reactions [46, 47, 56—61], surface reactions
with uniform interactions [62], surface electrode reactions
coupled with a preceding [63] or following chemical
reaction [64], surface catalytic mechanisms [65, 66], two-
step surface reactions [67, 68], and two-step reactions
coupled with an intermediate chemical step (ECE - or
electrochemical-chemical-electrochemical reaction scheme)
[69]. The list of surface mechanisms can be easily
extended, as the mathematical modeling of surface pro-
cesses, although not easy, is yet simpler than in the case of
common diffusion controlled processes. Moreover, the
already existing, rich theory for surface mechanisms under
the conditions of CV [1-5, 10] can be easily adopted for
SWV. In the Appendix, we give a list of recurrent formulas
for the simulation of the most frequently encountered
electrode mechanisms which can be easily implemented in
various software packages. The formulas given in the
Appendix are derived based on the Butler—Volmer electrode
kinetics, although there are few studies of merit where the
surface processes of immobilized proteins have been
modeled on the basis of the Marcus kinetic theory to
account for the intricate voltammetric behavior at large
overpotentials [47, 50]. Rusling et al. [47] first modeled a
surface electrode reaction under conditions of SWV on the
basis of the Markus kinetic theory, in order to study
myoglobin, incorporated into thin films of didodecyldime-
thylammonium bromide on the surface of a basal plane
pyrolytic graphite electrode. Later on, Armstrong et al. [50]
utilized the Marcus theory to model the surface electrode
reaction of azurin, also called the blue copper protein.

The square-wave (SW) voltammetric response of an
immobilized protein is expected to exhibit rather complicated
properties, even in the case of a simple electron transfer
process. The most remarkable features of almost all quasir-
eversible surface electrode reactions are the “quasireversible
maximum” [8] and the “splitting of the net SW peaks” [70].

@ Springer

The quasireversible maximum refers to the parabolic depen-
dence of the ratio ALJf vs. frequency of the potential
modulation f, where Al is the net peak current. The origin
and the physical meaning of the quasireversible maximum is
well understood [8], and its importance stems from the fact
that the critical frequency associated with the maximum of the
parabola is directly proportional to the standard rate constant
of the electrode reaction studied. An important advantage is
that the quasireversible maximum is hardly sensitive to the
number of electrons involved in the electrode reaction, », thus
enabling kinetic measurements without knowing the latter
parameter. Next to the quasireversible maximum, the splitting
of the net SW peak is the feature of fast surface electrode
reactions [8, 70]. At certain critical amplitudes of the potential
modulation, the single net SW peak splits into two peaks,
symmetrically located around the formal peak potential of the
system. For given parameters of the potential modulation, the
potential separation between split peaks is highly sensitive to
the standard rate constant and the number of electrons
exchanged. The important advantage of the splitting is that it
can be utilized for kinetic measurements of very fast surface
processes only by altering the amplitude of the potential
modulation, at a fixed low frequency, i.e., at a low sweep rate.
Armstrong et al., for example [50], emphasized the utility of
the splitting of the SW response under large amplitudes for the
estimation of the reorganization energy and maximum rate
constant in the case of azurin, adsorbed on edge plane
pyrolytic graphite and gold electrodes modified with different
self-assembled monolayers of various 1-alkenthiols. In Fig. 2,
we provide a set of simulated voltammograms corresponding
to relevant mechanisms in PFV studied under conditions of
square-wave voltammetry. The readers can certainly benefit
from the plethora of voltammograms that show how a
particular mechanism in the PFV will be portrayed via the
forward—backward and the net current components of the SW
voltammograms.

Fig. 2 a Simple surface redox reaction. Effect of the electron transfer p
kinetic to the features of simulated square-wave voltammograms. The
conditions for the simulations were as follows: electron transfer
coefficient «=0.5, square-wave amplitude £, =40 mV, potential step
dE=5 mV, and temperature 7=298 K. b Surface C,E mechanism:
Effect of the chemical kinetics to the features of simulated square-
wave voltammograms. The value of the equilibrium constant was K=
0.1, while the value of the dimensionless kinetic parameter was w=1.
¢ Surface EC; mechanism: Effect of the chemical kinetics to the
features of simulated square-wave voltammograms. The value of the
dimensionless kinetic parameter was w=1. d Surface catalytic EC’:
Effect of the catalytic parameter to the features of simulated
voltammograms. The value of the dimensionless kinetic parameter
was w=1. e Surface two-step EE mechanism. Effect of the electron
transfer kinetics of both steps to the features of simulated square-wave
voltammograms. f Surface ECE mechanism: Effect of the chemical
step to the features of simulated voltammograms. The value of the
dimensionless kinetic parameters of both electron transfer steps were
w;=w,=1. Other conditions were the same as those in Fig. 2a



J Solid State Electrochem (2012) 16:2315-2328 2321

a 0.5 0.4 -
97 W= 0.08 97 0.3 - w= 025
0.1
0.2 -
0.05 0.1 -
0 "
0 -
0.1 -
"005 T T 1 "02 T T T T T 1
0.3 -0.1 0.1 0.3 93 .02 01 0 01 02 03
Evs.Ee/V Evs.Eo/V
b 0.002 -
@ w=5 ' w=10
0.0012
0.02 |
0.0004 |
0.0 - -0.0004
-0.0012
_006 T T T T T 1 '0-002 T T T T T 1
03 02 -01 0 01 02 03 03 02 -01 0 01 02 03
Evs.Ee/V Evs.Ee/V
0.22 -
b 012 -
w | £€=0.316 ¥ | #5346
0.12 -
0.02
0.02 -
-0.08 ; . ; -0.08 . . .
0.3 0.1 0.1 0.3 0.3 0.1 0.1 0.3
Evs.E°/V Evs.Ee/V
055 4 ._
05254 £=31.6 @ £=100
v 0.35
0.325
0.125 - 0.15 1
-0.075 - -0.05 1
-0.275 . ; . -0.25 . . .
-0.3 -0.1 0.1 0.3 0.3 0.1 0.1 0.3
Evs.Ee/V Evs.Ee/V

@ Springer



2322 J Solid State Electrochem (2012) 16:2315-2328
C 08+ _ w
¥ ¢=0.001 054 £€=0.05
0.6 -
0.4 0.3 -
021 0.1
0 .
Ba 0.1 -
'0.4 T T 1 '0.3 T T 1
0.3 0.1 0.1 0.3 -0.3 0.1 0.1 0.3
Evs.Ee/V Evs.Ee/V
@ 0.25 -
¥ | g=01 £=0.2
0.25
0.15
0.05 -
0.05
-0.15 . r 1 -0.05 ; : )
0.3 0.1 0.1 0.3 -0.3 -0.1 0.1 0.3
Evs.Ee/V Evs.Ee [V
d 0.8 - 0.8 -
¥ £=0.001 b o £=0.16
0.55 - 0.55 -
0.3 1 0.3
0.05 0.05 -
0.2 - 0.2 -
-0.45 ; ; . -0.45 . . ;
0.4 0.2 0 0.2 -0.4 -0.2 0 0.2
Evs. E2/V Evs.E°/V
1.05 4
V2 5.55 -
081 =1 £=6.30
0.55 1 4,05
0.3 - 958
0.05
65 1.05 -
-0.45 T T T -0.45 r T T
0.4 0.2 0 0.2 0.4 0.2 0 0.2
Evs.Ee/V Evs.Eo/V

Fig. 2 (continued)

@ Springer



J Solid State Electrochem (2012) 16:2315-2328

2323

e 07
¥

wl=01w2=

1

Evs.Ee/V

b £=0.001

Evs.Ee/V

06 4¢= 0.05

0.35 -
0.1 -

-0.15 A

0.2

Evs.E®/V

Fig. 2 (continued)

0.2

w wl=1w2=01

0.5 . : )
-0.3 -0.1 0.1 0.3
Evs.Ee/V
wl=w2=10
'
0.0015 -
-0.0005 -
-0.0025 T T !
-0.3 0.1 0.1 0.3
Evs.Ee/V
'
o | £=0.01
0.35 -
0.1 4
-0.15 -
-0.4 T T T
-0.4 -0.2 0 0.2
Evs.Ee/V
'
06 1 £=0.2
0.35 -
0.1
-0.15 -
-0.4 ; . ;
0.4 -0.2 0 0.2
Evs.E2/V

@ Springer



2324

J Solid State Electrochem (2012) 16:2315-2328

Protein film voltammetry of common enzymes
as a platform for designing electrochemical sensors
for various reactive oxygen species

All cells commonly generate energy under aerobic conditions
via the reduction of molecular oxygen (O,) to water. By
gaining their energy from the oxygen’s reduction, the aerobic
organisms get, at the same time, quite susceptible to the
various damaging effects of the so-called reactive oxygen
species (ROS). The ROS are inevitably created during the
metabolism of oxygen, especially by its incomplete reduction
with the redox systems engaged in the mitochondrial electron
transfer chain. ROS generated in the living cells can roughly
be classified into two groups: radicals and non-radicals. In the
“radical group” one classifies the highly reactive species such
as hydroxyl radical (OH-), superoxide ion radical (O,),
peroxyl (ROO-), nitric oxide radical (NO-), and alkoxyl
radicals (RO-). A common feature of the compounds
belonging to the radical group is the existence of one unpaired
electron that makes them highly reactive. In the second group
of “non-radical” ROS, one finds compounds produced in
relatively high concentrations in the living cell such as
hydrogen peroxide (H,O,), hypochloric acid (HCIO), and
various organic peroxides. Reactive oxygen species produced
during different electron transfer reactions in vivo are usually
considered to be highly harmful to cells. Most of the
aforementioned ROS are short-living species that are keen to
react very quickly with redox counter partners from their
surroundings. The half-lives for most of the ROS from the
“radical group” range between 10> and 107'° s, while the
half-life of the ROS from the non-radical group is typically
much higher (it ranges between several seconds to several
hours) [71]. The very high reaction rates of ROS with many
biological compounds from their surroundings make the direct
detection of ROS in biological systems a difficult task. In the
past 10 years, the protein film voltammetry has emerged as a
viable electrochemical tool for the detection of various ROS. In
most of the PFV studies, the authors have explored haem-
containing proteins as catalase [16—19], hemoglobin and
myoglobin [17, 18, 36, 3941, 44], cytochrome P450 [13,
34], and horseradish peroxidase [32] as platforms for the
detection of oxygen, hydrogen peroxide, trichloroacetic acid,
and nitrites. Although good progress has been made in the
electrochemical detection of ROS by protein film voltamme-
try, it is worth mentioning that better methods for quantifica-
tion of ROS are still required. This is because the very small
specificity and non-selectivity of the enzymes used for ROS
detection. In addition, the enzymes used as a platform for
ROS detection are sensitive to rather big concentrations of the
substrates (i.e., the enzyme sensors can work only in the
concentration regions of ROS of over 50 uM), which make
their use for the direct detection of ROS in the cells quite
limited. Nonetheless, the use of PFV for ROS detection will
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be developed further, mainly because of the simplicity of
achieving “in vivo” detection of ROS by a very simple
experimental PFV setup.

Outlooks for the future

Protein film voltammetry is a relatively novel methodological
approach that allows direct probing of the electrochemistry of
redox enzymes and proteins, while providing a plethora of
information on complex reaction mechanisms of various water-
insoluble proteins. After the introduction of PFV [1-5], it
became possible to study the redox features of many enzymes
in a common three-electrode voltammetric setup. In this way,
much valuable information about the physiological functions
of various enzymes has been collected in the last 15 years.
Although significant progress has been made, the number of
considered enzymes in the PFV is still quite limited, and it
does not exceed a total of 40 so far. The main reason for this
is due to the hindered electron exchange between the redox
centers of many lipophilic proteins with the electrode
materials used in PFV. As many proteins contain long side
chains having insulating features, efforts are permanently
made to minimize the effect of the protein’s side chains by
modifying the working electrodes in different manners [5].
Though various modifications of the electrode surfaces have
been presented so far [5], the search for a “universal”
electrode material that has satisfying electron exchanging
features towards different enzymes still goes on. In this
respect, the diamond electrode [20, 21] is probably the most
promising material but unfortunately very expensive. While
plenty of papers have shown that PFV can be successfully
exploited as a sensing tool for ROS detection [5, 13, 16-19,
36, 3941, 44], there are still a lot of limitations to employ
this technique for the direct detection and determination of
ROS in the cells. The cause is found in the low selectivity of
the PFV setup and in its low sensitivity at physiological ROS
concentrations. Positive signals in exploring the PFV as a tool
for “in vivo” determination of ROS in the cells come from the
single enzyme electrochemistry methodology [72]. By
employing scanning electrochemical microscopy to a single
enzyme by using nano-electrodes, one gets reliable informa-
tion about the physiological activity of a given enzyme. This
methodology [73] appears to be a quite promising application
of PFV in living cells, and most efforts will be dedicated to
develop this technique in the coming years. Nevertheless, the
future progress of PFV will also largely depend on the
development of new theoretical models that will help in
understanding the complex behavior of many enzymes. In
particular, the theoretical models for proteins containing
multiple redox centers, or redox centers that undergo
successive redox transformation [5, 52, 74, 75], are needed
to elucidate the complex physiological functions of such
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proteins. So far, there is clearly a lack of theories considering
the voltammetric features of such proteins [76].
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Appendix

The recurrent formulas given in the following table are derived
with the aid of the step-function method for solving integral
equations [77], assuming that electrode reactions obey
Butler—Volmer kinetic formalism. An oxidative electrode
reaction is assumed, in which at the beginning of the
experiment (i.e., t=0) only the reduced form (R) of the
protein is present in a form of a monolayer at surface

Table 2 Recurrent formula for calculating the square-wave voltammograms of various surface electrode mechanisms relevant for adsorbed

proteins under conditions of square-wave voltammetry
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In Table 2, ® = %= is the dimensionless electrode kinetic parameter, where kg, is the surface standard rate constant in units of per second; for the
mechanism with uniform lateral interactions between immobilized species, a is the Frumkin interaction parameter, which is positive for attractive
forces and negative for repulsive forces, 8 = FI; - 'max 1S the maximal surface
coverage; For the C.E mechanism, K = ]Ii—* is the equilibrium constant of the preceding chemical reaction, where k¢ and k, are the first order rate
constants of the forward and backward chemical reactions, respectively, € = £ is the chemical kinetic parameter, defined through the cumulative rate
constant k = k¢ + ky; for the EC; mechanism and the EC’ catalytic mechanism, the chemical kinetic parameter is defined as ¢ = ]}‘, for the two-step
reaction (EE mechanism) @ = =

7 —*and o I‘s;‘zand ksury and kg s the rate constant of the first and second electrode reaction, respectively
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concentration [*. For numerical integration, both time and
current are incremented, with the serial number of the
increments designated with m. The time increment is defined
as d=1/50f, which means that the duration of each potential

pulse is divided into 25 time increments. The results are

presented in the form of dimensionless current ¥ = —L

where 7 is the number of electrons, F is the Faraday coggféant,
A is the electrode surface area, and f'is the frequency of the
potential modulation. The dimensionless current is the
function of the dimensionless relative electrode potential
¢ =2 (E — E?), anodic electron transfer coefficient o, and
specific critical kinetic parameters. Here, £ is the electrode
potential, E# is the formal potential of the electrode reaction,
R is the gas constant, and 7 is the thermodynamic
temperature. The meaning of the kinetic parameters is
explained below Table 2.
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