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Abstract

Inactivation of redox enzymes and the loss of enzyme’s material from its adsorbed film on electrode surface are events that
have similar outputs when studied under conditions of protein-film voltammetry. In the current work, we present a series of
novel theoretical results under conditions of protein-film cyclic staircase voltammetry that clearly reveal how to distinguish
between these two events. Theoretical model elaborated in this work comprises a surface electrode mechanism in which the
initial form of redox enzyme is involved in same time in an electrode transformation and in an irreversible reaction of deac-
tivation. While a large set of theoretical voltammetric curves simulated at different conditions are discussed, we also give a
tabular overview of some characteristic cyclic voltammetric patterns of this electrode mechanism. The simulated voltam-
mograms can help the experimentalists to distinguish the phenomenon of loss of protein film from the electrode mechanism
associated with enzyme deactivation. In addition, we give hints to apply suitable methodologies to get access to the kinetics
of both steps involved in this electrochemical mechanism.
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systems [1]. As reported in [2], various chemical reactions
and physical processes often lead to inactivation of the
redox enzymes under physiological conditions. The com-
plex structure and the flexible chemistry of redox enzymes
is main origin of unwanted side reactions that are not
related to their major role in defined catalytic reaction. A
loss of ligand from the structure around redox active site,
and structural changes taking place nearby the active site
commonly create an enzymatic structure that will have no
further chemical potential to catalyze a defined chemical
process. Since many enzymes are major constituents in
designing of highly specific electrochemical biosensors
[3], the enzymatic inactivation is undesired phenom-
enon in biotechnology, where a long-lasting activity of
the enzymes is aimed to be achieved. From that point of
view, it is important to get deeper insight into the electro-
chemistry of processes of inactivation of redox enzymes.
By performing electrochemical experiments designed to
understand the inactivation of redox enzymes, one gets
relevant set of information about the chemistry and activ-
ity of redox enzyme’s active sites. In the last 25 years, the
protein-film voltammetry (PFV) came out as a simple but
very efficient electrochemical methodology that enables
deeper insight into the redox features of many lipophilic
redox enzymes [5-10]. In this relatively short time since
its introduction, the number of redox enzymes studied in
PFV has increased enormously [11, 12]. The experiments
in PFV are performed in common three-electrode cell, by
exploring less than a microgram amount of redox enzyme
that keeps activity even after being immobilized at sur-
face of suitable working electrode. Many aspects related to
electrochemistry and activity of redox enzymes are already
considered theoretically in PFV methodology [13-26].
Only recently, however, our group initiated first theoreti-
cal report (under conditions of square-wave voltammetry)
considering an electrochemical mechanism in PFV, where
the initial electrochemically active form of given redox
enzyme is involved simultaneously in an electrode trans-
formation and in an irreversible chemical reaction of deac-
tivation. Indeed, such an electrochemical mechanism is
very important since it is often related to the processes of
inactivation of many redox proteins [27]. In this work, we
present theoretical results of this model under conditions
of cyclic staircase voltammetry (CSV). The results elabo-
rated in this work clearly reveal how one can distinguish
the enzyme inactivation in elaborated mechanism from the
scenario of enzyme loss from the adsorbed film in PFV.
While we give set of cyclic voltammograms that will help
in recognizing this electrode mechanism, we give the read-
ers hints to develop adequate protocols to get access to all
relevant physical parameters involved in this mechanism.
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Mathematical model

In the mathematical model, a so-called “surface electrode
mechanism” is theoretically elaborated, with oxidized
(Ox) species of redox enzyme initially present in electro-
chemical cell. The molecules of initial redox form “Ox”
are assumed to be firmly adsorbed in a form of monolayer
at the surface of working electrode. Upon applying a con-
trolled bias between the working and the reference elec-
trode, the initial electrochemically active species Ox(ads)
start to get involved in parallel in an electrochemical trans-
formation and in an irreversible chemical reaction of deac-
tivation, as it is portrayed Scheme 1.

While all species Ox, Red, and Z are supposed to be
strongly adsorbed (“ads”) on the surface of the working
electrode, it is additionally assumed that no interactions of
any type occur between their adsorbed molecules. Moreo-
ver, it is assumed that no mass transfer of any species
takes place via diffusion in electrochemical cell. “Y” in
Scheme 1 stays to describe a substrate present in excess
in electrochemical cell that reacts selectively in irrevers-
ible manner only with the molecules of initial redox form
Ox(ads). The irreversible chemical reaction with “Y” leads
to inactivation of the starting redox form of Ox(ads) spe-
cies, while electrochemically inactive species Z(ads) are
created. Z(ads) is a final product in the chemical reaction
between Ox(ads) and “Y”, and the molecules of Z(ads)
show no electrochemical activity in the region of applied
potentials. It is assumed that the concentration of substrate
“Y” stays constant near the working electrode surface in
the course of voltammetric experiments. Thus, the kinet-
ics of the irreversible inactivation reaction in Scheme 1
is of pseudo-first order. Mathematically, the considered
electrode mechanism in Scheme 1 can be described by
following equations:

[ (Ox)/dt] = —1/(nFS) — k. I'(Ox) 1)
[dI"(Red)/dt] = 1/(nFS) )
[dI'(Z)/dr] = k. 1'(Ox) (©)

The differential equations Eq. (1)—(3) were solved under
following conditions:
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t=0; I'(Ox) = I'(Ox); I'(Red) = I'(Z) = 0 4)

t> 0; [(Ox) + I'(Red) + I'(Z) = I'*(Ox) (5)

We assume that the Butler—Volmer formalism applies at
the surface of working electrode, having the following form:

[1/nFS] = k exp(—ady) [T(Ox)—exp(d) I'(Red)] ©)

Using the method of Nicholson, Hamilton, and Olmstead
[28], a numerical solution of Eq. (6) has been obtained. A
detailed MATHCAD file that contains all recurrent formulas
and the parameters needed to calculate the dimensionless
voltammograms of this electrode mechanism is given in the
Supplementary material of this work. The meaning of all
symbols and the definitions of all parameters explored in
theoretical simulations of this electrode mechanism are: ¥
is a symbol of the dimensionless current defined as ¥'=I7/
[(nFSI*(Ox)]. In last equation, symbol / stays for the elec-
tric current, 7 is duration of a single potential step in cyclic
staircase voltammetry (z was set to 0.02 s in all calcula-
tions), n is number of electrons exchanged in the electro-
chemical reaction between the working electrode and the
redox forms of the enzyme Ox and Red, F'is Faraday con-
stant, S is surface area of working electrode, while I” “(0Ox)
is the surface concentration of initial enzymatic redox form
Ox. I'(Ox), I'(Red), and I'(Z) stay for the surface concentra-
tions of species Ox, Red, and Z, respectively, while c(Y) is
symbol of the molar concentration of the substrate “Y”. a
is symbol of the electron transfer coefficient (a was set to
0.5 in all calculations), R is universal gas constant, while
@ is a symbol of dimensionless potential defined with the
equation ® = ;—I; (E — E?'). In last equation, E is symbol of
the applied potential, while E° stays for the standard redox
potential of couple Ox(ads)/Red(ads). dE is symbol of
the height of potential steps and it was set to 4 mV in all
calculations.

If one applies constant instrumental parameters, and at
constant temperature T (temperature of 298 K was used
in all calculations), the major characteristics of simulated
cyclic voltammograms depend mainly on two dimensionless
parameters Kpr and K. Kgris a dimensionless electrode
kinetic parameter, and this parameter controls the rate of
the electron transfer step. It is defined as Kgr= k7, where
k2 (s7!) is standard rate constant of electron transfer step.
The magnitude of K portrays the rate of electron exchange
between working electrode and redox adsorbates Ox and
Red, relative to time duration (z) of applied steps in CSV.
The magnitude of the dimensionless chemical kinetic param-
eter K., (defined as Ky .., =k 7) reflects the rate of irrevers-
ible chemical reaction of inactivation of the species Ox(ads)
relative to the time duration of potential steps in CSV. It is
important to underline that the chemical rate constant k_ in

last equation is defined as: k., =k x c(Y). Here, k_' stays to
describe the real chemical rate constant of inactivation of
Ox(ads), while ¢(Y) is the molar concentration of substrate
“Y”. For calculating the cyclic voltammograms of consid-
ered mechanism, we used the commercial software MATH-
CAD 14. The reduction currents in the mathematical model
are defined to be positive, while the reoxidation currents are
defined to have negative sign, which is in line with the US
electrochemical convention.

Results and discussion

Although there are many theoretical works reporting on
different electrode mechanisms coupled with chemical
reactions in PFV [12-26, 29-38], so far there had been no
theoretical work that considers inactivation of initial redox
enzymatic form under conditions of PFV. In voltammetric
practice, it is very difficult to discern between the protein
irreversible inactivation and the film loss from the adsorbed
protein [27]. This is because both events exhibit similar
effects in the recorded voltammetric patterns. To get impres-
sion about overall behavior of the systems of interest, we
start in this part with short elaboration of initial theoretical
voltammetric results of considered mechanism (I) obtained
almost in absence of inactivation reaction. As expected, if
the rate of the chemical step in considered mechanism is
very small (i.e., K ., <0.005), then one obtains cyclic vol-
tammograms as of a simple surface electrode mechanism
[4, 5, 8, 39]. Shown in Fig. 1 is a series of cyclic staircase
voltammograms calculated at several rates of the electron
transfer step. Remarkably, the magnitude of Ky affects all
relevant features of the cyclic voltammograms, i.e., the peak
heights, the position of the cathodic and anodic peaks, and
the peak-to-peak potential separation as well. An increase of
the dimensionless electrode kinetic parameter Ky leads to
shift of the peak potentials of cathodic peaks to more posi-
tive potentials and shift of the anodic peaks toward more
negative potentials. For log(Kyp) > — 0.3, both cathodic and
anodic peaks are positioned at identical potential of 0.00 V,
which coincides with the standard potential of redox cou-
ple Ox/Red defined in the simulation protocol. Any further
increase of Ky does not induce changes in the positions of
both cathodic and anodic peaks. Shown in Fig. 2a are the
dependences between the cathodic (E.) and anodic (E,p)
peak potentials as a function of log(Kyyr). In both cases, in
the region of small rates of the kinetic of electron transfer,
i.e. — 3<log(Kgy) < — 1, there is linear dependence between
E ,and E, , vs. log(Kgr), with slopes of those dependences
equal to +2.303RT/(anF), correspondingly. The last equa-
tion enables estimation of electron transfer coefficient a
from experiments in which position of cathodic or anodic
peaks will be determined at different scan rates [5, 39]. The
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Fig. 1 Cyclic staircase voltammograms of considered surface elec-
trode mechanism associated with irreversible chemical inactivation of
initial redox enzymatic form. Voltammograms are calculated at small A (b)
rate of chemical reaction (K, =0.0001), and they display the effect ’ &
of the dimensionless electrode kinetic parameter Kir. Other simula- 0.025
tion conditions were: temperature 7=298 K, number of electrons
exchanged n=1, electron transfer coefficient a=0.5, height of poten-
tial step dE=4 mV, duration of potential steps I'=0.02 s. The magni-
tudes of the dimensionless electrode kinetic parameter Ky were set
to 0.01 (1); 0.025 (2); 0.05 (3); 0.20 (4); 0.80 (5), and 2.0 (6). Start- 0.005
ing potential in was set to+0.30 V and scans were running toward e
final potential of — 0.30 V e
d
’
) ) -0.015 J
dependences between the currents of the cathodic and anodic /
peaks as a function of log(Kyy) is presented in Fig. 2b. The A ',(2)
parabolic dependences existing at both curves in Fig. 2b L T ,,‘
are due to specific chrono-amperometric features of surface 0.035 : : "o’ : :
electrode mechanisms in step or pulse voltammetry [29, 30]. -4 -3 -2 -1 0 1
In pulse voltammetric techniques, this feature is commonly log(Ker)

known as “quasireverasible maximum” [30]. Due to syn-
chronization between the rate of electron transfer step and
the time-frame in which current is measured in step or pulse
voltammetric techniques, electrochemical reactions charac-
terized with moderate rate of electron transfer exhibit much
higher peak currents. Oppositely, the surface redox systems
featuring very fast electron transfer exhibit much lower vol-
tammetric peak currents in pulse and step techniques (see
curves 5 and 6 in Fig. 1, for example) [29, 30, 39]. Since the
maxima of the parabolas in Fig. 2b correspond to certain
critical values of Ky, one can use this phenomenon to get
access to standard rate constant of electron transfer &7 fol-
lowing the procedure described elsewhere [30]. As it has
been mentioned in “Introduction”, common event taking
place in protein-film voltammetry methodology is the loss
of the protein film from the electrode surface [27]. Shown
in Fig. 3 is one voltammetric example of loss of the protein
from the immobilized film. If one makes consecutive vol-
tammetric scans, destruction of the film of adsorbed protein
is portrayed in subsequent lowering of the intensities of both

@ Springer

Fig.2 a Dependences of the cathodic (1) and anodic (2) peak poten-
tials of simulated curves as those represented in Fig. 1 as a func-
tion of log(Kyr); b dependences of the cathodic (1) and anodic (2)
peak currents as a function of log(Kgyp). Starting potential was set
to+0.50 V and scans were running toward final potential of — 0.50 V.
Other simulation conditions were same as those reported in Fig. 1

cathodic and anodic peaks, while the position of both peaks
remains unaltered (see Fig. 3) [27]. Similar features are
also expected to happen in case of inactivation of the initial
electrochemically active form of redox enzymes studied in
PFV. As we will see, however, the voltammetric outputs of
enzyme inactivation in considered mechanism in this work
have quite distinctive features than that resulting of film
loss displayed in Fig. 3. A series of cyclic voltammograms,
calculated at several distinct values of Kgp and K., are
displayed in Table 1. The voltammograms in first two rows
of Table 1 are calculated at slow rates of electron transfer
step, while those placed in the third and fourth rows feature
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Fig.3 Effect of consecutive scanning to the features of simulated
cyclic voltammograms in case of enzyme loss of the adsorbed film in
PFV. Every consecutive scan in direction of the arrows leads to lower
currents detected, while position of both peaks remains unaltered. In
this set of simulations, the surface concentration of initial redox pro-
tein Ox is the only variable. It gets lower magnitude for each consecu-
tive scan starting from the black curve and going toward red curve in
direction of the current diminishment presented at cyclic voltammo-
grams, which corresponds to the film loss in PFV methodology

moderate and fast rate of electron transfer steps, respec-
tively. In all cases, by going from the far left to the far right
voltammogram, the magnitude of dimensionless chemical
parameter K increases. The voltammetric curves placed
in first left column are calculated at negligible rates of the
irreversible chemical reaction, so their shapes are typical as
of undisturbed simple surface electrochemical mechanism
[5, 39].

For slow rate of electron transfer step (voltammograms
in the first two rows of Table 1), the rate of chemical reac-
tion of inactivation starts to show effects to the features
of cyclic voltammograms for magnitudes of K., >0.1.
From chemical point of view, it should be underlined that
the chemical reaction removes the initial electrochemically
active form of studied redox enzyme. Consequently, it is
intuitively expected that lower voltammetric currents will
be detected by increasing of chemical rate parameter. This
really happens for chemical rates described by K ., > 0.1,
if Kgr<0.01.

Next to this characteristic, and if Kz <0.01, three more
voltammetric features are worth to be pointed out, obtained
under the influence of rate of irreversible chemical reaction
at K ., >0.1: (a) the reoxidation (anodic) peak decreases
by an increase of K,.,> 0.1, but it retains its shape at all
values of K ...; (b) the intensity of reduction (cathodic)
peak also decreases if K., >0.1, but it starts to exhibit
plateau-like shapes at chemical inactivation rates character-
ized with K., >0.50; (c) both peaks shift to more posi-
tive potentials by increasing the chemical rate, roughly at

K tem>0.10. The plateau-like shape of the cathodic current
component is characteristic feature met by CE mechanism
[29, 39], while the shift of position of both peaks toward
more positive potential by an increase of K., is a feature
typical of EC mechanisms [39]. If we compare the features
of voltammograms in first two rows of Table 1 with the
voltammograms representing film loss in Fig. 3, it is quite
clear that fundamental differences exist between these two
electrode mechanisms. At this point, it should be pointed out
that the plateau-like shapes of cathodic current components,
observed under increased rate of chemical reaction, appear
due to the permanent consumption of the Ox(ads) species
that takes place in the time-frame of current-sampling frag-
ment of potential steps in CSV [30, 35]. In case of moderate
rate of electron transfer step (voltammograms in third row,
simulated at Kzp=0.10), one observes similar features as
those described for the voltammograms in first two rows. If
Kp1r=0.10, for example, then the plateau-like shape of the
cathodic current component starts to appear at higher rates

of the chemical reaction, i.e., at Ky, > 10.

What happens to cyclic voltammograms
under the influence of rate of irreversible
chemical reaction of inactivation, if the rate
of electron transfer step is large

If the rate of electron exchange between the redox adsorb-
ates Ox and Red with the working electrode surface is
large (roughly at Kz >0.75), then one observes a series
of atypical phenomena in simulated cyclic voltammo-
grams. Shown in the fourth row of Table 1 are cyclic
voltammograms, calculated at Kgp=1.80, and for several
magnitudes of K., If the rate of the chemical reaction
falls in the region 1 <K, <10, then one observes a
simultaneous increase (and not decrease) of the intensity
of both peaks as the rate of chemical reaction increases
(compare the currents of first two voltammograms from
the left in the fourth row of Table 1, for example). Fur-
ther increase of K., leads to decrease of the intensity
of both current components, while the plateau-like shape
at the cathodic peak appears at larger rates of chemical
reaction (at K., > 200 in this scenario). A more detailed
representation of the effect of K., to the cyclic voltam-
mograms featuring large rate of electron transfer step is
given in Fig. 4a—b. In this part of the work, we give a short
explanation that can give hints to understand behavior of
voltammetric curves displayed in Fig. 4a, and those placed
in the fourth row of Table 1 as well. To understand this
atypical behavior in cyclic voltammograms, one should
be aware of the specific chrono-amperometric features of
surface electrochemical reactions featuring fast electron
transfer rate when studied in pulse or step voltammetric

@ Springer
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Table 1 Reduction (cathodic) and reoxidation (anodic) current components of cyclic staircase voltammograms calculated at different rates of

electron transfer step and at several rates of irreversible chemical reaction of inactivation
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For all curves presented in this table, a potential step of 4 mV was used, while the electron transfer coefficient in all simulations was set to
a=0.5. Starting potential was set to+0.5 V and the forward (cathodic) scans run from+0.5 V to final potential of — 0.4 V. E/V is on all x-axes,
while dimensionless current ¥ is on y-axes of all voltammograms

techniques [30]. Due to the fast rate of electron exchange,
most of the Ox(ads) species convert electrochemically to
Red(ads) species at the beginning of the applied poten-
tial steps, i.e., in the so-called “dead-time”. Since the
current in cyclic staircase voltammetry is sampled in a
small time-fragment at the end of potential steps [29, 30],
a rather small amount of the initial redox form Ox(ads)

@ Springer

will remain to undergo electrochemical transformation
there. However, when Ox(ads) species get engaged in
a simultaneous chemical reaction of irreversible inacti-
vation, then moderate rates of the chemical step might
significantly disturb the equilibrium of electrochemical
reaction Ox(ads) + ne- <> Red(ads) that happens in the
“dead-time” of potential steps. This phenomenon will
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Fig.4 Cyclic staircase voltammograms of considered electrochemical
mechanism in which the initial enzymatic redox form is also involved
in chemical reaction of inactivation. All voltammograms were cal-
culated at Kpr=1.0, and they represent the effect of dimensionless
chemical rate parameter K .,,. The magnitudes of the dimension-

less chemical kinetic parameter K, were set to 0.0002; 1.0; 2.0;
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Fig.5 Dependence of anodic peak currents of the cyclic voltammo-
grams in Fig. 4 as a function of log(K ). Other simulation condi-
tions were same as those reported in Fig. 4

allow more Ox(ads) species to remain available for elec-
trochemical transformation in the time-frame of potential
steps where current is sampled. As a consequence, a cur-
rent increase in region of moderate rates of chemical step
is detected, as displayed in voltammograms in Fig. 4a. In
such scenario, one observes concomitant decrease of both
current components, and appearance of plateau-like shapes
at the cathodic current component at significant rates of
the chemical step defined by K., > 50 (Fig. 4b). In sce-
nario of large values of Ky, a nicely expressed parabolic
dependence exists between the anodic peak currents as a
function of log(K .,,) (see Fig. 5). The features displayed

chem
in Figs. 4 and 5 are typical for this electrode mechanism,

5.0; and 10.0 (from the curve with lowest to the curve with highest
peak currents in direction of arrows in pattern (a), while the values
of K em Were 20; 50; 100; and 250 in direction of the arrows in pat-
tern (b). Starting potential was set to+0.40 V and scans were running
toward final potential of — 0.40 V. Other simulation conditions were
same as those reported in Fig. 1

and they clearly distinguish the enzymatic inactivation
from the voltammetric systems featuring loss of the pro-
tein film. Therefore, they can be used as diagnostic criteria
to make simple distinction between these two mechanisms.

As it has been mentioned earlier in this work, another
feature that is quite specific for this electrode mechanism
is the shift of position of both peaks toward more positive
potentials by increasing the rate of irreversible chemical
reaction. Since cathodic peaks get plateau-like shape at
higher rates of the chemical reaction, it is more useful to
explore the reoxidation peak for analytical purposes. This
is quite suitable approach, because at all magnitudes of
K 1. the anodic peaks are always well defined, thus allow-
ing precise measurement of their peak potentials. Several
dependences between the anodic peak potentials (E, )
vs. log(K 4.m)» calculated at three different magnitudes of
Kgr, are presented in Fig. 6. In all sigmoidal dependences
between E, . , and l0g(K ) displayed in Fig. 6, there are
linear parts of the curves existing roughly in the regions
of chemical rates defined with 0.5 <log(K.,) <2.5. The
slopes of those linear parts are almost identical, hav-
ing values of about 58 mV/log(K..,).- The equations of
the linear parts of the curves displayed in Fig. 6 read:
E, ,/V=0.057 log(K pen) —0.052 V (for Kgr=1.80);
E, /V=0.06 10g(K ep) +0.008 V (for Kgp=0.10); and
E, ,/V=0.057 l0g(K pem) +0.096 V (for Kgp=0.01). The
last set of equations corresponding to the linear parts of
E e p V8. 108(K ) dependences in Fig. 6 can be explored
for the determination of the rate constant of chemical reac-
tion of inactivation, providing that magnitude of Kgy is

determined previously.
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Fig.6 Dependences of anodic peak potentials (E, ,) of cyclic voltam-
mograms of considered electrochemical mechanism as a function of

log(K em)- Curves are calculated at three different kinetics of electron

transfer step (i.e., three different values of Kp). The magnitudes of
the dimensionless kinetic parameter of electron transfer K are given
in the graph. Other simulation conditions were same as those reported
in Fig. 1

Conclusions

While the loss of protein film and irreversible enzymatic
inactivation are often encountered in PFV experiments [27],
there has been a general opinion that these two phenomena
are hardly distinguishable under voltammetric conditions.
As elaborated elsewhere [27], anaerobic inactivation Ni—Fe
hydrogenases [40—42], nitrate-reductases inactivation in the
presence of excess of nitrates [43], bilirubin oxidases and
multi-coper oxidases inactivation initiated in the presence
of chlorides [27, 44], horseradish peroxidases inactivation
in the presence of huge concentrations of hydrogen peroxide
[45], and oxidative inactivation of FeFe hydrogenases [46]
are just some examples of common inactivation reactions
studied in PFV. In this work, via assessing the chemical
activity of initial form of redox enzyme that is adsorbed
at the surface of working electrode, we created a theoreti-
cal background to study irreversible inactivation of initial
redox active form in protein-film voltammetry. The features
of calculated cyclo-voltammetric curves of this mechanism
reveal several specific patterns that can be used to make a
clear distinction between the enzymatic inactivation from
the phenomenon of film loss in PFV. The plateau-like shape
of the cathodic voltammetric current, appearing at large
rates of chemical reaction of inactivation can serve as an
initial criterion to distinguish the enzymatic inactivation of
initial reactant from film loss in PFV. In addition, the shift
of both cathodic and anodic peaks to more positive poten-
tial under influence of increased chemical reaction rate can
also help in recognizing the electrode mechanism associated
with enzymatic inactivation. To get advantage of the equa-
tions provided to get access to the rate of chemical reaction
(Fig. 6), one should avoid of applying scan rate (or time)

@ Springer

dependences in corresponding experiments. This is because
the time of potential steps in cyclic staircase voltammetry
affects simultaneously both kinetic parameters (Kgp and
K o) involved in this electrode mechanism. To get access to
the parameters of the electron transfer step (a, k) in absence
of chemical reaction, one might explore protocol reported
in Fig. 2 of this work. With the results elaborated in this
work, we hope that a nice theoretical basis will be created
to help experimentalists in designing proper voltammetric
experiments for studying processes of enzymatic inactiva-
tion with PFV.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00706-022-02999-5.
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