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A B S T R A C T

When a redox enzyme is wired to an electrode under conditions of direct electron transfer (DET), its activity can 
be simply detected as a current. This approach has been reviewed extensively, but here we address a gap in the 
literature by discussing the initial qualitative interpretation and assessment of catalytic DET electrochemical 
data. Topics addressed here include electroactive coverage, turnover frequencies, mass transport limitations, film 
loss, redox-driven (in)activation, signal corrections, distinction between steady-state and transient responses, and 
identification of non-ideal behaviors. Based on our group’s expertise, we provide explanations, general advice, 
and prescriptive guidance to help readers understand experimental issues.

1. Introduction

Various redox enzymes have been wired to electrodes, under con
ditions where direct electron transfer (DET) occurs. This approach en
ables the activity of the enzyme to be detected as a current, and offers 
unique advantages and challenges compared to mediated electron 
transfer and traditional solution assays.

Several reviews have recently been published on this topic, with a 
focus on various aspects of this type of experiments: the basic principles 
[1–3]; interfacial electron transfer kinetics, in relation to the engineer
ing of enzymes and of electrodes [4–9]; the applications of DET in 
sensing [10–13] and energy [14–17]; enzymes cascades [18]; the 
modelling and quantitative interpretation of the electrochemical signals 
in terms of catalytic mechanism [19–22]; the lessons in (electro)catal
ysis from redox enzymes [23–26]. Macpherson and coworkers explained 
how potentiostats work [27] and Maisonhaute and coworkers described 
how to make your own, virtually for free [28].

Here we discuss the initial quality assessment and qualitative inter
pretation of catalytic DET electrochemical data. We shall focus on cat
alytic electrochemical signals obtained with redox catalysts (including 
enzymes) that are immobilized onto and undergo direct electron transfer 
with rotating electrodes. This will lead us to comment on the estimation 
of electroactive coverages and turnover frequencies, mass transport 
limitations, distinction between film loss and inactivation, signal cor
rections, what is the evidence for steady-state, the detection and 

interpretation of hysteresis, and the questions raised by the observations 
of unusual or non-ideal behaviors, all based on the expertise that has 
been acquired in our group. The text is intended to be prescriptive in 
some places, but it merely gives simple explanations and general advice 
in others. We hope that readers will recognize in this paper some of the 
experimental situations that they may have faced, and that our input 
will help them understand what may have happened, decide which 
experiments to run next, and interpret them.

2. The magnitude of the current

2.1. Relation between current magnitude, coverage and TOF

When a catalyst is adsorbed as a sub-monolayer onto an electrode 
and undergoes direct electron transfer with this electrode, the meaning 
of the current is very simple: 

i = nFAΓk (1) 

where A is the electrode surface and Γ is the electroactive surface 
coverage (in units of e.g. mol/cm2). Only the enzyme molecules that are 
in electrical contact with the electrode contribute to the current and are 
counted in Γ. AΓ is therefore the number of moles of enzymes wired to 
the electrode. k is the instant turnover frequency (TOF, in units of e.g. 
s− 1), possibly averaged over all enzyme molecules counted in AΓ. n is 
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the number of electrons used or produced in one catalytic cycle, hence 
nAΓk is the number of electrons consumed or produced per second. F is 
the Faraday constant (105C/mol), i is the current (in units of Ampere, 
that is C/s). In this paper, we count the oxidative and reductive currents 
as positive and negative, respectively.

This simple expression is remarkable, because, in contrast, in most 
cases where the ET is mediated or when the catalyst diffuses, the current 
is not simply proportional to TOF.

In experiments aimed at studying a redox enzyme adsorbed onto an 
electrode, we strongly advocate for the use of a rotating disk electrode 
(RDE) [29]: spinning the disk where the enzyme is adsorbed allows 
controlled substrate transport towards the electrode, and makes it easier 
to achieve steady-state (where the current does not depend on time, scan 
rate and scan direction, see below). It removes the complexity that re
sults from the substrate diffusing towards the electrode, and may un
cover meaningful features that are otherwise hidden by the effect of 
mass transport.

The TOF value that defines the current is expected to depend on 
experimental conditions such as substrate and product concentrations, 
pH, temperature, electrode rotation rate and electrode potential, which 
should all always be mentioned alongside with experimental conditions 
of each experiment.

The major inconvenience of protein film electrochemistry (PFE) is 
that the electroactive coverage AΓ is often unknown, so the TOF is not 
easily deduced from the current.

Depending on which type of electrode is used, the coverage AΓ can 
sometimes be estimated from quartz crystal microbalance measure
ments [30,31], ellipsometry [32], surface plasmon resonance [33], or by 
the determination of the difference in enzyme concentration in the so
lution in contact with the electrode before and after adsorption [34]. But 
if the technique that is used measures the total amount of immobilized 
enzyme and does not differentiate between the immobilized enzyme 
molecules that contribute to the current and those that do not contribute 
to the current, then the calculated AΓ is an overestimate (upper limit) of 
the amount of enzyme that actually contributes to the current, and using 
this value in Eq. (1) underestimates the actual TOF of the wired 
enzymes.

The value of AΓ may also be measured from the magnitude of the 
voltammetric signals that are obtained under non-turnover conditions 
(where each redox site in the enzyme is supposed to give a voltammetric 
peak) [1], but with large enzymes these non-catalytic signals are small at 
best [35–37], often too small to be detected, which is unfortunate. 
Sometimes peaks are clearly distinguished but cannot be used to 
calculate coverage: this occurs e.g. when the non-catalytic signal does 
not report on a cofactor that is actually part of the protein [38], or when 
small catalytic signals are mistaken for non-catalytic peaks. To avoid 
this, it is important to confirm the non-catalytic nature of the peaks by 
making sure that their intensity changes in proportion to scan rate, and 
that they report on the cofactor actually embedded in the protein.

An upper value of the maximal coverage may be deduced from the 
absence of non-catalytic signals: it is indeed sometimes said that no non- 
catalytic signal can be detected above the background current if the 
surface coverage is lower than 1 pmol/cm2. A lower limit of the TOF can 
then be obtained using Eq. (1) and the value of the catalytic current.

Alternatively, if the enzyme molecules spontaneously adsorb onto an 
electrode that is rotated into a very dilute enzyme solution (in the nM 
range), an upper limit of AΓ can be deduced from the known flux of 
enzyme towards the RDE, and a lower value of the TOF can be deduced 
from the rate of change in catalytic current against time [39].

Assuming that a surface coverage as high as Γ = 0.1 pmol/cm2 can be 
obtained, which is optimistic, a significant current (in the μA/cm2 

range) requires k > 100 s− 1 , which is well above the catalytic constant 
of most enzymes measured in solution assays [40]. This explains why the 
most active enzymes are the best candidates for protein film electro
chemistry (PFE) studies.

However, the value of k for the enzyme on the electrode may differ 

from the value determined in solution assays. It is sometimes greater 
because the experimental conditions of the solution assay are not 
optimal, and ET between the enzyme and its soluble redox partner limits 
turnover (this has been reported several times, e.g. regarding CO2 
reduction by the enzyme CO-dehydrogenase [41] and H2 oxidation by 
hydrogenases [35,39]). The value of k may also be smaller when the 
enzyme is on the electrode than in solution assays; this occurs e.g. with 
sulfite oxidase, probably because a conformational change that is crucial 
for catalysis is slower when the enzyme is adsorbed [42,43].

2.2. Dependence of the current on temperature

Enzyme activity is often very dependent on temperature (a common 
activation energy of 50 kJ/mol makes a rate constant increase two-fold 
every ten degrees) so it is very important in any kinetic experiment that 
the temperature be strictly controlled and its value reported.

Regarding enzyme kinetics, an advice taken from a general enzy
mology textbook [44] is that any temperature study should include the 
determination of the separate Michaelis-Menten parameters, vm and KM, 
at each temperature. Indeed, increasing the temperature may increase 
the maximal rate but also the Michaelis constant, and the two effects 
may compensate, as occurs e.g. with FeFe hydrogenases [45]; the small 
effect of temperature on the overall current may then be mistakenly 
ascribed to a very low activation energy [46].

Enzymes denature slowly upon heating, leading to bell-shaped plots 
of activity against temperature, but the value of the “optimum” tem
perature is often not meaningful because the extent of denaturation 
increases with the time of incubation at high temperature, and the 
resulting activity depends very much on details of the experimental 
procedures [44]. In addition, the stability of the protein film may 
decrease as the temperature increases.

2.3. Dependence of the catalytic current on time and potential

Assuming that the enzyme film is reasonably stable (AΓ is nearly 
constant), any change in current informs on a change in TOF. This makes 
it possible to monitor the variations of TOF as a function of time, 
following a trigger: a change in potential or a change in substrate/ 
product/inhibitor concentration, or irradiation etc. The change in cur
rent against electrode potential (E) recorded when the potential is swept 
is called the “waveshape”, and it can be considered a fingerprint of the 
catalytic cycle, which encodes information about the mechanism of the 
enzyme. Decoding this signal is seldom straightforward [20,47].

In the simplest cases, if the catalytic response is measured in the 
presence of both the substrate and the product of the enzyme and under 
conditions of steady-state mass transport (see below), the current may 
vary from a low potential plateau (the intensity of which is iredlim) to a high 
potential plateau (iox

lim), in a sigmoidal manner (e.g. Fig. 1). A plateau is 
reached at a large overpotential in the limiting situation where the rates 
of the ET steps are very fast and do not limit turnover.

We call the enzyme “bidirectional” if it gives currents in both di
rections of the reactions, and “unidirectional” if the current flows in only 
one direction (oxidation or reduction, Fig. 1). The term “catalytic bias” is 
often used (at least in the hydrogenase community) to describe the ratio 
of the currents in the two directions. A bidirectional response may be 
described as “reversible” or “irreversible” depending on whether the 
current sharply crosses the current axis at E = Eeq (defined by Eq. (2)), or 
if there is a large potential window where no activity is detected in any 
direction [21,25,47].

2.4. Open circuit potential

In the simultaneous presence of the oxidized substrate S of the 
enzyme and the reduced product P, thermodynamics imposes that the 
net current be zero at the equilibrium potential (Fig. 1), the value of 
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which is given by the Nernst equation: 

Eeq = E0́ +
RT
nF

log
(
[S]
[P]

)

(2) 

Potentiostats make it possible to measure an “open circuit potential” 
(OCP), the value of which is such that there is no net current.

If the electrode is covered with an enzyme whose response is bidi
rectional and reversible, then the OCP should equate Eeq (Fig. 1). This 
was observed in electrochemical studies of redox enzymes that revers
ibly convert H+/H2 [35,50,51] succinate/fumarate [36,52], CO2/CO 
[53], CO2/formate [54,55], NADH/NAD+ [56], or tetrathionate/thio
sulfate [57]. If the value of Eeq depends on pH and can be measured from 
the OCP, then there is no need to use a pH-meter to check the pH of the 
solution. The dependence of Eeq on pH also informs on the number of 
protons taken up in the reduction of S, and thus on the pKa of the sub
strate and product [54,55].

In contrast, if the response is bidirectional and irreversible, or if it is 
unidirectional, then the current is zero over a range of E values, and the 
value of Eeq cannot be measured from the OCP (Fig. 1).

2.5. Mass transport towards the RDE

When the working electrode is rotated, the solution is dragged by the 
spinning disk and the centrifugal force flings the solution away from the 
center of the electrode (Fig. 2). The solution flows from the bulk towards 
the electrode, resulting in convective transport of the substrate. Near the 
electrode the convective flow perpendicular to the electrode is zero, and 
in this boundary layer, the transport still occurs by diffusion, even at the 
highest rotation rate. However, in contrast to the situation near the 
surface of a stationary electrode, the size δ of the diffusion layer is 

independent of time and electrode potential, it only depends on the 
electrode rotation rate [29].

Under these conditions of forced convection, the concentration of 
substrate remains equal to its bulk value [S]b at a distance δ from the 
electrode, and it decreases linearly up to a certain concentration [S]0 at 
the interface with the electrode, as the catalytic activity of the enzyme 
on the electrode depletes the nearby solution (Fig. 2B).

The current that is observed equates the diffusive flux of substrate 
across this diffusion layer: 

i
A
= nFm

(
[S]b − [S]0

)
(3) 

with 

m = 0.62 D2/3ω1/2 υ− 1/6 (4) 

m is the mass transport coefficient. D is the diffusion coefficient of the 
substrate (typically 10− 5 cm2/s for a small molecule), ω is the electrode 
rotation rate (rad/s), ν is the kinematic viscosity (typically 10− 2 cm2/s) 
[29].

The value of the maximal current that can be reached, corresponding 
to full substrate depletion ([S]0 = 0, blue in Fig. 2B), is given by the 
Levich Eq. [29]: 

iLevich = nFA m [S]b (5) 

At a rotation rate of e.g. 3 krpm (revolution/min), that is about 300 
rad/s, m = 10− 2 cm/s. With [S]b = 1 mM = 10− 6 mol/cm3, the mass 
transport limited current is in the mA/cm2 range. This maximal current 
is proportional to ω1/2, so doubling the rotation rate should increase the 
current 40 % at most. Conversely, observing that the current is exactly 
proportional to ω1/2 indicates that the substrate is fully depleted at the 
electrode surface.

Under these conditions of extreme depletion, the current is entirely 
defined by the diffusion process across the diffusion layer and does not 
depend on AΓk. So any change in coverage or activity is not reflected in a 
change in current. This is a very undesirable situation, because the 
corresponding signal bears no information about the enzyme (except 
that the enzyme is very active).

Even when the depletion is not complete (red in Fig. 2B), mass 
transport may affect the magnitude of the current. To make sure that 
depletion is negligible, one can verify that the measured current is well 
below the maximal value given by Eq. (5). Indeed, combining Eqs. (3)
and (5) gives the simple relation between the observed current and the 
interfacial concentration of substrate: 

Fig. 1. Unidirectional (A, red) and bidirectional (A, blue), reversible (B, blue) 
and irreversible (B, red) steady-state catalytic responses. In all cases here, the 
positive current reveals H2 oxidation and the negative current H2 evolution. 
The CV signals have been obtained with four different hydrogenases (Escher
ichia coli NiFe hydrogenases Hyd 1 and Hyd 2, and Thermoanaerobacter 
mathranii HydS and Clostridium acetobutylicum HydA FeFe hydrogenases) un
dergoing DET with a rotating disc electrode [48,49]. The equilibrium potential 
calculated from the Nernst equation (Eq. (2)) is indicated. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 2. The rotating disc electrode. A: The arrows indicate the rotation of the 
electrode and the movement of the solution. B: Substrate concentration [S] as a 
function of the distance from the electrode surface, showing the size of the 
diffusion layer (δ), and the bulk and surface concentrations ([S]b and [S]0, 
respectively).
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[S]0 = [S]b

(

1 −
i

iLevich

)

(6) 

Eq. (6), shows that the depletion that is due to mass transport limi
tations may become crucial when the enzyme is very active (hence i is 
large), when the rotation is slow and when the bulk concentration is 
small (hence m and iLevich are small). In the limit of infinitely fast rota
tion rate, there is no depletion, [S]0 = [S]b.

Systems other than the rotating disk electrode can also accelerate 
mass transport towards the electrode by convection. When an impinging 
jet electrode is used, the solution is forced to move towards a stationary 
disk electrode [58]. For the mechanistic studies we are interested in, 
care should be taken that the electrode surface is much smaller than the 
section of the nozzle so that the electrode is uniformly accessible 
[59,60]. We have designed a wall tube electrode (WTE) which can be 
3D-printed using open-source CAD files [61], and we have derived a 
semi-empirical formula to calculate the mass transport coefficient m (to 
replace Eq. (4), all other above equations remaining correct) [60]. 
Higher values of m can be reached using this system than by using a RDE 
[62], and the analyte concentration can be changed quickly and step
wise using an appropriate mixing device [61].

Whichever system is chosen (RDE, WTE), controlled convection 
comes at a significant financial cost.

2.6. Koutecký–Levich approximation

The Koutecký–Levich equation (Eq. (7) below), which relates the 
current to the electrode rotation rate, is reminiscent of the equation 
giving the total conductance of a parallel circuit of resistors. The 
equation assumes that the value of the current is given by whichever of 
nFAΓk and iLevich is the smaller. 

1
i
=

1
nFAΓk

+
1

iLevich
(7) 

Eq. (7) can be used to analyze experiments where mass transport 
partly limits the current. The strategy consists in obtaining nFAΓk by 
extrapolating the catalytic current to infinite flow rate or rotation rate 
(from the intercept on the Y axis, in a Koutecký–Levich plot of 1/i over 
1/√ω, see e.g. the insets in Fig. 2 of ref. [63], or [35,64]). This is not an 
easy experiment, because it requires Г to be constant during the entire 
experiment where the current is measured for different values of [S]b 
and ω, so the film must be very stable.

Eq. (7) has merit because it is simple and meaningful, but it is not 
strictly exact for enzyme electrocatalysis [19,65–67], because it assumes 
that k depends linearly on [S]b (this assumption is of course wrong for e. 
g. Michaelis-Menten kinetics, and using Eq. (7) leads to a systematic 
underestimation of the Michaelis constant [67]).

With an enzyme, substrate depletion may not be detected from the 
dependence of i on ω if [S]b remains much larger than the Michaelis 
constant, but this depletion may affect other catalytic properties. It may 
have an effect on the rate or extent of inhibition for example, if the 
substrate and the inhibitor compete [68]. As a consequence, the results 
of inhibition studies may be dependent on the electroactive coverage 
(which defines the current and the depletion) which may not be repro
ducible between experiments.

Another situation not accounted for by Eq. (7) is when the product 
inhibits the reaction: product accumulation near the electrode at low 
rotation rates may decrease the catalytic current [69] even if there is no 
significant effect of substrate depletion.

It is always simpler to use experimental conditions where the 
depletion is small (setting a high rotation rate of the RDE, having a bulk 
substrate concentration that is not too small, or even gently scratching 
the film to decrease the enzyme coverage, and consequently the current, 
if needed). Making sure that the current is at least ten times lower than 
the Levich value ensures that the depletion is reasonably small ([S]0 >

0.9 [S]b). Alternatively, one can significantly change the rotation rate (at 

least two-fold), and check that the change in current is well below the 
change in proportion to ω1/2 that is expected from the Levich equation. 
For example, doubling the rotation rate increases the current 40 % (that 
is ✕

̅̅̅
2

√
) in the worst case, where depletion is complete.

In protein film electrochemistry experiments, a large current is not 
the Holy Grail. If one aims at understanding how the enzyme works, it is 
more important to have mass transport control and stable films.

2.7. Film loss and irreversible inactivation

Relatively stable enzyme films have been made on various electrode 
surfaces, but in most experiments the current slowly decreases as a 
function of time because the surface coverage of active enzyme is not 
strictly constant or the enzyme inactivates over time. This is discussed 
with a modified version of Eq. (1): 

i = nFAΓk a(t) (8) 

where a(t), which ranges from 0 to 1, is the time-dependent fraction of 
enzyme molecules that are in an active form (by “active form”, we do not 
mean “catalytic intermediate”; any particular “active form” includes a 
number of catalytic intermediates, and an “inactive form” may include 
species that are not part of any catalytic cycle). A decrease in current 
may occur because the enzyme detaches from the electrode (hence Γ 
decreases), or because the film is stable, but some enzyme molecules 
irreversibly lose activity (because they denature or for other reasons, so 
that a(t) decreases).

The comparison between the amount of enzyme that is adsorbed and 
the current may indicate which is the reason [30]; however, if only the 
current is measured, the two mechanisms that contribute to the decrease 
in current cannot be distinguished and are collectively described as “film 
loss”.

Film loss can be observed by measuring the current as a function of 
time at a constant potential, or by regularly returning the enzyme film to 
standard conditions to quantify any change in current.

If film loss is slow compared to the typical timescale of the experi
ment, it is not a big issue on condition that all the enzymes that 
contribute to the current behave the same. This is a major (but often 
implicit) assumption when one tries to understand the meaning of PFE 
data (see the final section of this paper). Under this assumption, a slow 
film loss can be corrected a posteriori using various methods [70] (vide 
infra).

How film loss is affected by the electrode rotation rate and the 
resulting shear stress has not been investigated systematically. Imme
diate film loss upon rotation has been observed for the enzyme DMSO 
reductase [71], and also for thick polymer films containing glucose 
oxidase [72]. On our side, we have not seen this rotation-rate-dependent 
film loss with the enzymes that we studied, and unpublished data of ours 
suggested that an increase in shear stress does not necessarily destabilize 
the film, at least when the WTE is used [73].

2.8. Adsorption vs activation

It is generally assumed that any increase in current over time, all 
experimental parameters being constant, results from an activation of 
the enzyme (an increase in a(t)). However, it may happen that the 
electrode rotation, by favoring the convective transport of the enzyme 
that is in solution towards the electrode, results in its spontaneous 
adsorption from the solution (even when the concentration of enzyme in 
the electrochemical cell solution is in the sub-nM range [39]), and in an 
increase in current. The latter may be mistaken for a slow activation of 
the enzyme if one incorrectly assumes that the surface coverage is 
constant.

Figs. 3A, B and C show a series of voltammograms recorded with a 
film of the NiFe hydrogenase E. coli Hyd1: panel A shows the voltam
mogram obtained when the film is just prepared by drop casting 0.5 μL 
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of protein solution (2 μM) onto the electrode surface and letting it dry; 
panel B shows the response obtained after having polished the electrode 
with alumina powder, which is usually enough to fully removed the 
enzyme from the electrode surface. After polishing, one would expect to 
see a blank signal. However, in this case not only we do observe a cat
alytic current, but this current also increases scan after scan (the vol
tammograms are colored from red to blue, from first to last), which 
could be interpreted (wrongly) as the activation of enzyme molecules on 
the electrode that have not been removed by the polishing. This hy
pothesis is ruled out by the experiment in panel C, showing that the 
signal remains blank if the buffer in the electrochemical cell has been 
replaced. This observation proves that the increase in current results 
from some of the enzyme molecules that have detached from the initial 
film reabsorbing onto the polished electrode surface.

2.9. Film loss vs reversible inactivation

When the current decreases over time, it is hard to distinguish be
tween film loss and inactivation, unless the current that has been lost (or 
a fraction thereof) can be recovered upon applying a specific treatment, 
for example a potential poise in a specific range of electrode potential 
[75–77]. In this case, the decrease in current is proven to result from a 
reversible inactivation process.

Many metalloenzymes reversibly (in)activate in certain potential 
windows. Oxidative inactivation and reductive activation were reported 
with e.g. NiFe hydrogenases; in that case stepping to low potential may 
be enough to force reactivation [75,76]. This also occurs with other 
enzymes. Fig. 3D shows the current resulting from CO oxidation by the 
enzyme CODH adsorbed onto a rotating PGE electrode [41]. In these 
experiments, the electrode potential is poised to a constant value, a 
small amount of CO-saturated solution is repeatedly injected in the cell. 
The first two injections give different currents, but after a negative poise 
at t = 800 s, the third injection gives a current lower than the 1st but 
greater than the 2nd. This indicates that not all of the current loss be
tween the 1st and the 2nd injection was due to film loss or irreversible 
inactivation: some of it resulted from an inactivation process that could 
be reversed by the low potential poise [77].

A slightly more complex example is shown in Fig. 3E, with data 
obtained with the FeFe hydrogenase CpIII [74]. The positive and 
negative currents in this figure demonstrate catalytic H2 oxidation and 
evolution. This enzyme inactivates under oxidative conditions and, like 
many other hydrogenases, it reactivates when the potential is swept 
towards low potentials. But in the case of CpIII, the current of the second 
voltammogram (red line) is much lower than that of the first (blue line; 
compare the currents at − 300 mV in Fig. 3E). This may be due to film 
desorption during the time it takes to record the 1st CV, or to incomplete 

reactivation in the low potential part of the 1st CV (the hypothesis is that 
the reductive reactivation is too slow on the timescale of the experiment 
to reach completion before the potential is swept up again). Discrimi
nating between these two hypotheses is possible by holding the potential 
for a few minutes at a low value in between one scan and the next one, to 
allow any slow reactivation to proceed. The 3rd voltammogram in 
Fig. 3E (dark-red line) was recorded after a few minutes poise at − 560 
mV, and almost 100 % of the current of the 1st voltammogram is 
recovered. This proves that the current decrease between the 1st and 
2nd CVs was due to reversible inactivation and incomplete reactivation 
rather than film loss. Some FeFe hydrogenases also inactivate under 
reducing conditions [78], so finding a value of the electrode potential 
where the enzyme fully reactivates may not be straightforward.

2.10. Spikes removal and noise correction

Electrical noise from nearby devices, physical disturbance, bad 
electrical connections can all lead to noisy data.

The best way to deal with noise is to eliminate it at the source. 
Placing the electrochemical setup in a Faraday cage may help [1]. 
Remove all the power cables in the vicinity of the setup, try unplugging 
nearby devices while monitoring the signal. Unplug faulty AC to DC 
converters, like phone or laptop chargers or other electrical power 
supplies, which can be important sources of electrical noises. Potentio
stats use a feedback loop to set the potential of the working electrode 
with respect to the reference by applying a voltage between the working 
and the counter electrodes; this greatly amplifies the noise on the 
reference electrode, so any connection issue with the reference electrode 
(faulty cables, dirty frits, bubbles) can be an important source of noise.

It is also sometimes possible to solve the problem ex post by pro
cessing the data after it has been recorded, as illustrated in Fig. 4.

Spikes are sudden, brief, and significant deviations from the normal 
signal (Fig. 4A). They may arise from faults in hardware (loose con
nections or faulty components) or external disturbances. They can easily 
be detected and removed. The open-source software QSoas [79], that we 
developed and made freely available for download at qsoas.org, can help 
you to do this and much more. Spike removal is achieved within QSoas 
using the commands R and deldp).

Regular noise (periodic noise of low amplitude, Fig. 4C), like that 
from the electrical network (50 or 60 Hz), is also easily removed on 
condition that its typical frequency is much larger than that of any 
meaningful variation in current in the signal of interest, so that damping 
signal variations that occur at that frequency do not distort the signal. 
Digital smoothing is easily performed using a Fourier transform pro
cedure (such as that run with the command filter-fft in QSoas, which 
easily sets low-pass or band-cut filters), or a “moving average” 

Fig. 3. Effect of enzyme adsorption and activation on the current magnitude. Panel A shows a CV for H2 oxidation by E. coli NiFe hydrogenase Hyd 1 drop-casted 
onto a graphite RDE. B: the electrode was polished and inserted back in the same solution, the current increases over time (red to blue) because of the adsorption of 
the enzyme. C: when the electrode is polished again and inserted into a fresh solution with no enzyme, no signal reappears. Panel D: CO oxidation by the enzyme CO- 
dehydrogenase adsorbed on a graphite RDE, following the injections in the electrochemical cell of three identical aliquots of a CO solution; the positive current results 
from catalytic CO oxidation to CO2. The electrode is poised at a low value at the time pointed to by the arrow, before the third injection: note the subsequent increase 
in current, compared to that after the 2nd injection, which indicates that the enzyme has reactivated. E: CV obtained with the FeFe hydrogenase CpIII [74] adsorbed 
on a graphite RDE. The first scan is shown in blue, the second in red (note the much lower magnitude), the third scan shown in a dark-red line, is preceded by a low 
potential poise, which reactivates the enzyme: indeed, the initial magnitude of the current is recovered. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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algorithm. All methods can lead to artifactual distortion of the data, 
especially near the edges, and the user should critically compare the 
original and smoothed signals, and make sure that the difference be
tween the two is equally distributed across zero (Fig. 4F).

Fig. 4 exemplifies the two operations, spike removal and regular 
noise removal, the latter being more difficult because of the sudden 
change in current that one wants to retain in the filtered signal. Panel F 
illustrates a very difficult situation where irregular offsets in current will 
resist any digital filtering procedure.

2.11. Blanks and other controls

We use “blank” as a generic term to describe a negative control 
experiment. In cyclic voltammetry experiments, it is good practice to 
record and show “blank” voltammograms recorded either in the absence 
of enzyme or in the absence of substrate. Ideally they should be 
rectangular-shaped, horizontal, and flat (not showing any peak), as in 
Fig. 5A. Fig. 5B-E shows “blank” CVs that we consider unsatisfactory. If 
an unexpected peak is present in the blank, check if it is affected by 
electrode rotation to determine if it arises from a redox species diffusing 
in the solution.

In addition, to test the quality of the electrode, a blank recorded with 
the substrate or the inhibitor that is tested, but no enzyme, should also 
be examined to make sure that the direct oxidation/reduction of the 
substrate, or any component of the cell solution with the electrode, is not 
mistaken for the reaction of the enzyme.

For experiments that must be carried out at negative potential with 
respect to the standard hydrogen electrode, it is better to install the 
electrochemical setup in an anaerobic chamber (or “glove box”) filled 
with nitrogen, although they can be expensive. Indeed, on every type of 
electrode material, O2 can be reduced at a sufficiently low electrode 
potential, and give a reductive contribution to the current which may 
add to the catalytic response, and result in the formation at the electrode 
of reactive oxygen species which may damage the enzyme. In the 

experiments where we follow the activity of oxygen-sensitive enzymes 
after exposure to a burst of O2 [77,80,81], we record blanks with no 
enzyme to make sure that this contribution is negligible. Working on CO- 
dehydrogenases (some of which are extremely oxygen sensitive) we 
recently learned the hard way that having 1 or 5 ppm of O2 in the at
mosphere of the anaerobic glove box (hence O2 in the nM range in the 
solution equilibrated with that atmosphere) can make a significant dif
ference. Traces of O2 have arguably given rise to “pseudo” catalytic 
responses with immobilized glucose oxidase, and Milton et al. suggested 
that the exact concentration of dissolved O2 or the exact concentration 
of O2 in the anaerobic glove box used for the experiments should be 
reported [3].

Making sure that the catalytic response is attenuated upon addition 
of specific inhibitors (such as CO or cyanide for cytochrome oxidases or 
peroxidase [82], azide for nitrate reductase [83] or formate dehydro
genase [84], halides for multi‑copper oxidases [85], etc.) is also useful to 
make sure that the enzyme is intact [3]. Better, the affinity for the in
hibitor can be measured with the enzyme on the electrode, or the 
mechanism of inhibition established and then compared with the results 
of solution assays. Sometimes, when studying an enzyme whose native 
form responds on the electrode, it is possible to produce apo-enzymes 
[86], heat-denatured enzymes [87], or fully-inactive site-directed mu
tants that can be used as negative controls: they should also give no 
catalytic current. Milton et al. have also discussed control experiments 
that include product analysis, and the critical examination of the po
tential range where catalysis is observed [3].

Buffer components that are sometimes considered innocent may 
affect the biological activity of enzymes. This is the case of halides for 
multi‑copper oxidases [85] and also FeFe hydrogenases [88]. So, 
comparing the results of experiments carried out in different buffers may 
be informative.

Irradiation, and sometimes even visible light from fluorescent lamps 
on the ceiling (as reported with D. desulfuricans FeFe hydrogenase 
[89,90]), may also influence the properties of certain enzymes [91,92].

Fig. 4. Spikes and noise removal. A: the original signal. B: the spikes removed from the signal in panel A. C: The resulting signal after spike removal. D: the high 
frequency noise that is present in C. E: the signal after filtering C with a band cut filter to remove this high frequency noise. F: a signal with irregular fluctuations, 
which cannot be removed by either method. Inset shows close ups.

Fig. 5. Satisfactory and unsatisfactory cyclic voltammetry blanks. Only the CV shown in A is considered good: it is flat, rectangular shaped, and does not show 
any peak.
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3. Subtraction of the capacitive current

In all experiments where the electrode potential changes (either 
continuously as in CV, or stepwise in CA experiments), the current that is 
detected is the sum of the Faradaic and capacitive contributions; the 
latter arises from the charging of the electrode surface (like a capacitor 
can be charged): 

i = iFarad + icap (9) 

This capacitive current can be recorded in an independent control 
experiment and then subtracted to obtain the Faradaic contribution one 
is interested in. Since in CV the catalytic current is proportional to the 
electrode surface and the scan rate, the blank should be recorded with 
the same electrode and at the same scan rate as the data of interest. The 
2nd CV sometimes looks better than the 1st recorded after polishing. 
Decreasing the scan rate may be an option to decrease the contribution 
of the capacitive current to the overall signal. In some experiments, the 
contribution of the capacitive current is very small compared to the 
Faradaic current, so the correction is negligible.

The capacitive current and the magnitude and shape of the blanks 
are affected by polishing, so we recommend not to polish the electrode 
between the recording of the blank and the data of interest. Sometimes 
we record the blank before adsorbing the enzyme, without any repo
lishing (one of the reviewers of this paper commented that enzyme 
adsorption may alter the capacitive current, in contrast with what we 
have observed). Alternatively one may record the blank after recording 
the catalytic data and subsequently inactivating the enzyme film (with 
O2-sensitive enzymes for example, exposure to air may be enough to 
remove the Faradaic contribution); sometimes one can record the 
capacitive current in an experiment where the enzyme is present but 
there is no substrate in solution.

The QSoas command to subtract one complete CV from another (not 
just one sweep from another) is subtract /mode = indices. When a 
catalytic CV is corrected by subtracting a purely capacitive blank, and if 
catalysis is unidirectional, then a good indication that the subtraction is 
satisfactory is that there is a range of potential where the current is very 
close to zero (for both sweep directions) (black in Fig. 6B). If the signal is 
bidirectional and reversible, after subtraction of the capacitive blank, 
the current should be zero on both sweeps at the equilibrium potential 
(Eq. (2)) (black in Fig. 6D), which can sometimes be measured inde
pendently (e.g. using a platinum electrode if the enzyme of interest is a 
hydrogenase [93]).

The voltammetric capacitive current can also be modelled (rather 
than measured) and then subtracted. QSoas offers various commands to 
do this, including the commands baseline, catalytic-baseline, 
reg and their variations. They are very flexible, and great care should 
therefore be taken that the data are not distorted by the subtraction of a 
badly modelled blank.

In potential-step experiments (discussed below), a capacitive blank 
can also be recorded before or after the data of interest. Potential steps 
produce capacitive currents that should relax exponentially towards 
zero. With the electrodes that we use, the typical timescale of this 
relaxation is in the range of seconds. Blank corrections are never perfect, 
so it is always very difficult to examine the details of the variations in 
Faradaic current that occur less than one second after a potential step. 
This sets a limit to the rate of the reactions triggered by potential steps 
that can be investigated. Decreasing the temperature may be useful to 
make the reactions of interest slower than the relaxation of the capaci
tive current. We also use potential steps of moderate amplitude (typi
cally <200 mV) to make the capacitive contribution small enough that it 
can be more easily corrected. Careful examination of the blank- 
subtracted signal, together with knowledge about the behavior that is 
expected for the particular system that is studied, should indicate 
whether the correction is satisfactory (Fig. 6).

Fig. 6. Satisfactory and unsatisfactory blank subtractions from CV and CA data. 
A: raw voltammograms showing H2-oxidation by a unidirectional FeFe hy
drogenase (black), together with two blanks (blue and red). B: result of blank 
subtraction (satisfactory in blue, as deduced from the observation of a large 
range of potential where the Faradic current is zero, and unsatisfactory in red, 
with a meaningless positive current at low potential). C: raw voltammogram for 
H2 oxidation and evolution by a reversible, bidirectional NiFe hydrogenase 
(black) and blanks (blue and red). D: result of blank subtraction (satisfactory 
subtraction in blue, as deduced from the fact that the current is zero on both 
sweeps at the equilibrium potential, and unsatisfactory in red). Panels E - H: a 
series of potential steps (E) lead to the CA responses shown in F, where blue and 
red traces are two different blanks, and the black trace is the response of a 
particular FeFe hydrogenase. When the blue blank is subtracted from the black 
trace, the blue trace in G is obtained, which we consider satisfactory: the cur
rent increases or decreases instantly after each step up or down, respectively, 
and decreases and increases slowly after each step up or down, respectively, as a 
consequence of oxidative inactivation and reductive activation. When the red 
blank is subtracted from the black trace, the red trace in H is obtained, which 
we consider unsatisfactory: the oxidative current decreases instantly at 50s after 
a potential step up, and increases instantly at 100 s after a step down. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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4. Film loss correction by division and normalization

Since the Faradaic current is proportional to Γ, it is possible to obtain 
the pure catalytic contribution (k in Eq. (8)) by subtracting the capaci
tive current, then dividing the Faradaic current by a control signal rep
resenting the current in a different experiment where ka(t) is constant, 
either measured in an independent control experiment, or modelled (e.g. 
using QSoas, using the same commands as those dedicated to baselines) 
[70]. The QSoas command div can be used to divide two signals.

The correction of film loss by dividing by an incorrectly modelled 
control signal can distort the data. Fig. 7A,B shows a 

chronoamperometry (CA) experiment that is difficult to correct for film 
loss, where the activity of FeFe hydrogenase is monitored after a tran
sient exposure to CO [94]. The change in current is significantly affected 
by film loss, and depending on which control response is modelled 
(dashed lines), one may incorrectly conclude that the inhibition is fully 
reversible or, on the contrary, one may artificially amplify the contri
bution of irreversible inactivation.

Note that this division, or any other normalization, does not give a 
useful result if the current is limited by mass transport, because in that 
case k depends on Γ, and the current is not proportional to Γ.

Because the electroactive coverage is never fully reproducible, in 
order to compare signals obtained with different films or at different 
times, it is very useful to show CA or CV data that have been normalized 
by the value of the current at a certain potential, preferably a potential 
where the response is in a steady state, as discussed below.

5. To be or not to be in a steady state

The Faradaic contribution to the catalytic response is said to be “in a 
steady state” if it is independent of time. In the context of mechanistic 
studies, steady-state experiments are both much easier to perform and 
interpret (hence the century-old success of the initial-rate strategy 
introduced by Michaelis and Menten [95]), but much less informative 
than transient experiments [96,97]. In solution assays of the activity, 
steady-state is reached when the concentration of substrate or product 
changes in proportion to time, hence the rate of product formation is 
constant (but of course dependent on experimental conditions, including 
substrate concentration). In chronoamperometry (CA), steady-state im
plies that the current is constant (except for the decay that is due to film 
loss), and in cyclic voltammetry (CV) experiments, steady-state is ach
ieved when the Faradaic current is independent of scan rate and scan 
direction (but the current depends on the value of the electrode potential 
and other experimental conditions and may also change as a result of 
film loss).

5.1. Steady-state catalytic chronoamperometric data

In mechanistic studies, the magnitude of the current does not really 
matter, because the coverage is unknown (so the actual value of the 
current cannot be used to determine the turnover frequency), and 
sometimes not very reproducible (in our hands, two-fold variations in 
intensity between different films are often observed and considered 
meaningless). But if the film is stable, experiments can be conducted to 
examine the relative change in steady-state current as a function of 
experimental parameters. This change in current monitored at a con
stant potential can easily be interpreted based on standard steady-state 
kinetic models of enzyme catalysis.

In a very common type of experiment, the electrode potential is 
constant and [S] is changed stepwise. The current reaches a new, con
stant value (in a steady-state) after each increase in substrate concen
tration. Slow film loss can be easily corrected (e.g. using the QSoas 
command film-loss) [70]. The change in ilim against [S] at [P] = 0 for 
example may be Michaelien and analyzed to measure a Michaelis con
stant [36,63,98–100], or to observe substrate inhibition (Fig. 3 in 
[101]); other deviations from the Michaelien behavior may be detected 
[102]. Like in solution assays, KM can only be estimated provided that 
the series of experiments include conditions where the enzyme is satu
rated with substrate ([S] ≫ KM).

When the substrate is a gas under normal conditions, it is very easy to 
monitor the dependence of activity on substrate concentration in ex
periments where the current is measured at a constant potential while 
the gaseous substrate is being flushed from the electrochemical cell by a 
stream of a neutral gas, such as N2. In that case, provided the electro
chemical cell is open to the atmosphere of the glove box, the substrate 
concentration decays exactly exponentially with time, which makes ki
netic modelling straightforward [103,104].

Fig. 7. Current normalization. A: raw chronoamperogram showing how an 
injection of an aliquot of a CO-saturated solution changes the H2-oxidation 
current by a FeFe hydrogenase adsorbed onto a rotating graphite electrode 
(black line). The dashed lines show the modelled signals that are supposed to 
represent the change in current in the absence of inhibition by CO. Panel B 
shows the data in A corrected by division with each of the three modelled 
signals. C: two different CVs obtained with a particular FeFe hydrogenase, 
recorded under different conditions and each normalized by the maximum 
current: they do not overlap. D: the same two CVs as in panel C normalized by 
the value of the current at − 210 mV vs SHE: the steady-state part of the two 
signals now overlap. E: two forward (blue) and backward (red) sweeps of the 
blue CV in panels C and D normalized by the value of the current at − 210 mV vs 
SHE: the steady-state part of the two signals now overlap. F: the blue and red 
continuous lines show two different CV obtained with E. coli NiFe hydrogenase 
Hyd 1 at different enzyme coverages, while all other conditions remain the 
same. The dotted blue line shows the blue data after normalization so that the 
magnitude of the two signals is the same. The perfect overlay shows that there 
is no difference in shape. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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In both types of experiments, k in Eq. (1) depends on time because 
[S] evolves, but the relationship between k and [S] is given by a steady- 
state rate equation, because the enzyme adapts to a new substrate 
concentration on the time scale of catalysis, much faster than [S] 
changes with time (the typical mixing time in an electrochemical cell is 
about 0.1 s).

The effect of inhibitors can also be studied in the same manner. When 
the concentration of the inhibitor (or any other ligand that affects the 
signal) is changed stepwise, and a new constant current is reached 
instantly (e.g. Fig. 2 in ref. [84] or Fig. 8A). The effect on the activity of 
exponential variations in concentrations of gaseous inhibitors can also 
be easily interpreted when the binding/release of the inhibitor is fast 
and the steady-state is reached instantly (Fig. 8C) [103].

5.2. Steady-state voltammetric data

From an experimental perspective, in a voltammetric experiment, 
steady-state is demonstrated when, after proper subtraction of the 
capacitive current, the difference between the current traces recorded in 
the forward and backward sweeps is very small (much smaller than the 
current itself). This response must also be independent of scan rate.

Because of film loss, the magnitude of the signal (as opposed to its 
shape) may depend on time. The voltammetric responses that have 
different magnitudes can be compared by being overlaid after they have 
been normalized (division of each signal by the current measured at a 
certain potential) (Fig. 7F).

Steady-state may be reached in only a certain potential window in 
the electrochemical response (with a deviation in another potential 
range resulting from redox-driven inactivation, see below). In that case 
the forward and backward CV traces normalized by the value of the 
current in the potential range where steady-state is reached, may 
overlap even if the difference is not zero. Fig. 7D shows the overlap 
between two CVs normalized by the value of the current at − 210 mV vs 
SHE, where steady state is reached. Fig. 7E shows the overlap between 
the forward and backward sweeps of the CV shown in blue in Fig. 7C-D, 
normalized by the value of the current at − 210 mV vs SHE, where steady 
state is reached.

The change in current against electrode potential that reveals the 
interconversion between catalytic intermediates is expected to be in a 
steady-state because this interconversion occurs on the timescale of 
turnover, which is short compared to that of the voltammetric experi
ment, at least at slow scan rate [37,43]. The current quickly reaches a 
new steady-state when the electrode potential is changed. The steady- 
state response, therefore, informs on the catalytic cycle. However, 
remember that forced convection (towards a RDE or WTE) results in 
steady-state mass transport, which, if it is not efficient enough, may 
result in a mass-transport controlled steady-state response that is 
meaningless (it embeds no useful information about the enzyme).

Protein film electrochemistry adds the “potential” dimension to 

enzyme kinetics. The catalytic rate depends on electrode potential (in 
addition to all other parameters that affect the rate in solution assays: 
concentrations, pH, T etc.) because the catalytic cycle includes redox 
steps whose rate constants depend on the electrode potential. Tradi
tional enzyme kinetics can be extended to include the dependence on 
electrode potential, as previously discussed (e.g. refs [19, 20, 47] and 
refs therein). Here, we shall only briefly describe what is expected in the 
simplest situations, so that one can quickly qualitatively interpret the 
most important voltammetric features and spot remarkable and non- 
ideal situations.

In some cases, in particular when the rate of electron exchange be
tween the electrode and the enzyme is not limiting, the steady-state 
wave shape may be described by a combination of sigmoidal func
tions, which reaches well-defined values (plateau currents) at high and 
low potentials. When no kinetic model is available, empirical equations 
can be fitted to the data to measure the values of empirical parameters: 
the catalytic potentials Ecat and values of “ncat” (this parameter appears 
in the exponential terms of the sigmoid and defines the stiffness of the 
sigmoid [105], a bit like the interaction coefficient in the phenomeno
logical Hill Eq. [106]). Eq. (5) in ref. [1] is an example of such empirical 
electrochemical rate equation, aimed at describing a unidirectional 
catalytic wave in terms of three parameters: the magnitude of the cur
rent (ilim), the position of the wave (Ecat), and its stiffness (ncat). The 
change in Ecat against pH and/or substrate concentration can sometimes 
be simply interpreted [36,107–109].

The value of the current and the manner the current depends on the 
electrode potential E depends on the properties of the enzymes and the 
catalytic process, but also on the kinetics of interfacial ET (iET) between 
the electrode and the enzyme. As is always the case in electrochemistry, 
slow iET is not desirable because it broadens the signal, and shifts the 
catalytic response (the “wave”) to higher driving force (larger over
potential). In addition to being slow, the rate of iET between electrodes 
and enzymes may be distributed, as a result of a distribution of enzyme 
orientations on the electrode. Our current understanding is that this is 
the reason why it is often observed that the waveshapes do not show well 
defined plateaus on either side, but instead show a linear increase in 
current with E at high or low potential (Fig. 1) [19,66,110,111]. In that 
case the limiting value of the current cannot be reached, but according 
to current models, the slope of the signal is proportional to the unknown 
limiting current [110], and, for example, the change in slope against [S] 
can be used to measure a Michaelis constant.

Sometimes the limitation by iET is so strong, and the rate of iET so 
distributed, that the sigmoidal feature of the wave disappears under a 
signal that looks like an exponential or a mere linear increase in current 
[112–114]; this result may not be a problem if the goal is to detect the 
activity or to obtain large and or stable currents, but it is not desirable if 
the goal is to use the signal to study the enzyme. Fitting a model to the 
data can tell whether the limitation by iET is significant [93].

Sometimes the waves show a succession of sigmoidal features, with 

Fig. 8. Slow and fast inhibition, upon exposure of various enzymes to gaseous and non-gaseous inhibitors. Panel A: fast inhibition of nitrate reduction by periplasmic 
nitrate reductase upon successive injections of cyanate (unpublished). Note the instant decrease in magnitude of the reductive current each time the concentration of 
the inhibitor is increased stepwise. Panel B: slow substrate inhibition of nitrate reduction by periplasmic nitrate reductase upon injections of nitrate. Note the slow 
and exponential decrease in magnitude of the reductive current when the nitrate concentration is increased stepwise [101]. Panel C: fast CO inhibition of a NiFe 
hydrogenase upon transient exposure to CO [103]; Panel D: slow CO inhibition of a FeFe hydrogenase upon transient exposure to CO [94].
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“boosts” (where a second sigmoidal increase in current is seen at higher 
overpotential than the first wave) [115–117] or attenuations of the 
current at high driving force (as observed with various Mo enzymes 
[71,83,118], cytochrome c nitrite reductase [119] or complex II [52]), 
or even combinations of both [63,102,107,120]. Empirical sigmoidal 
functions like those used in e.g. [71,121] may describe these more 
complex wave shapes.

It is important, although not straightforward, to make sure that such 
a complex current/potential response is not an artifact from the inter
action with the electrode. The observation that the activity/potential 
profile shows that the enzyme is more active under conditions of lesser 
driving force can sometimes be mirrored (and thus confirmed) in a so
lution assay where the activity is monitored as a change in absorption of 
the redox partner over time: starting from a large excess of fully oxidized 
or fully reduced redox partner, the concentration of redox partner de
creases over time, which is expected to slow down the reaction, but as 
the driving force for the reaction also decreases, it may be that the ac
tivity of the enzyme increases, leading to an acceleration of the rate 
before the reaction eventually stops. This was observed for fumarate 
reduction by complex II [122] and nitrate reduction by periplasmic ni
trate reductase [123,124]. Similarly, when electrochemical experiments 
showed that the enzyme periplasmic nitrate reductase is inhibited by 
substrate but only under conditions of low reductive driving force, the 
observation could be confirmed by performing solution assays with 
different redox partners, having different reduction potentials (Fig. 4 in 
[101]).

5.3. Measuring the catalytic bias

There has been much interest in trying to understand what makes 
some redox enzymes better catalysts in one direction of the reaction than 
the other [25]. It may therefore be useful to quantify each enzyme’s 
“catalytic bias” (under any particular conditions), and this can be done 
in various ways, which are all acceptable although not equivalent.

If the wave is sigmoidal and shows well-defined plateaus, the ratio of 
the limiting currents is a good metric of the catalytic bias. 

bias =
iox

lim

iredlim
(10) 

If there are strong iET limitations and the plateaus cannot be 
reached, the current changes linearly with potential at high driving force 
and the ratio of the slopes at high and low potential gives the same in
formation [125]. The limiting currents, the limiting slopes (the combi
nation of parameters called “ilim/βd0”) and the catalytic bias are 
parameters in the equations that can be fitted to the data [20].

Alternatively, the bias can be measured by examining two different 
experiments (performed in the presence of only substrate, or only 
product) [41].

A different approach is to calculate the ratio of the positive over 
negative current at a fixed distance δE from the equilibrium potential Eeq 

(where the current is zero) (see e.g. [126]): 

bias =
i
(
Eeq + δE

)

i
(
Eeq − δE

) (11) 

In that case the catalytic bias depends on the value of δE (since the 
ratio necessarily tends towards unity when δE is small). Anne K. Jones 
from ASU has also proposed to examine the bias in a plot of the above 
ratio against δE [127].

Whichever method is used, the “catalytic bias” has no intrinsic value. 
It depends on the concentrations of substrate/product used in the 
experiment that is analyzed (considering that the substrate in one di
rection of the reaction is the product of and may inhibit the reverse 
reaction) and on other experimental conditions (like pH, T etc.). This 
should not be surprising: the value of vmax for any enzyme is also 
dependent on the experimental conditions.

6. Deviation from steady-state in CA experiments

6.1. Slow chemical inhibition

After a stepwise change in inhibitor concentration, the new steady- 
state current may be reached either instantly or slowly [101,128]. The 
latter situation indicates that the inhibitor binds to and is released 
slowly from the enzyme. It may be useful here to recall that when an 
equilibrium between free and bound enzyme: 

E+ I⇌EI (12) 

relaxes towards a new equilibrium after a stepwise change in in
hibitor concentration, the concentration of inhibitor-free enzyme (a(t) 
= [E]/([E] + [EI]) in Eq. (8)) relaxes exponentially against time, with a 
time constant: 

τ = 1/(ki[I] + ka ) (13) 

where ki and ka are the 2nd- and 1st- order rate constants of inhibitor 
binding and release, respectively. In Eq. (13), [I] is the time-independent 
concentration of inhibitor after the step in inhibitor concentration (so 
that ki[I] is the pseudo-first order rate constant of the inhibition step) 
[68]. One therefore expects to see an exponential relaxation of the 
current with time after the step in inhibitor concentration (Fig. 8B). Note 
that τ in Eq. (13) should be independent of enzyme concentration, unlike 
the rate of catalysis and the current.

Examples of slow inhibition revealed and studied by PFE include the 
inhibition of fumarate reductase by oxaloacetate [129], nitrite reductase 
by cyanide [128], or nitrate reductase by nitrate [101] (Fig. 8B).

The effect on the activity of exponential variations in concentrations 
of gaseous inhibitors that bind slowly can also be interpreted (e.g. refs 
[130, 131], also Fig. 8D in [1]). In this situation, again, the change in 
current against time is delayed from the change in inhibitor concen
tration against time (Fig. 8D).

6.2. Slow, redox-driven (in)activation

The above reasoning also applies when the (in)activation is driven by 
a change in electrode potential, rather than the addition of inhibitor 
[132], as e.g. observed in voltammetric and chronoamperometry ex
periments carried out with hydrogenases [133,134].

Studying redox-driven (in)activations is easier in potential-steps 
experiments than in voltammetric experiments, because the relative 
change in current that reveals the change in a(t) at a given potential is 
independent on how the steady-state activity of the active form of the 
enzyme, k, depends on E. So even enzymes that exhibit complex activ
ity/potential profiles may (in)activate with a simple kinetic law.

In the simplest cases, the (in)activation that follows a potential step 
is first order, as observed in the hydrogenase from A. aeolicus [133] or 
periplasmic nitrate reductase [101] (Fig. 9A). This results in a mono
exponential change in current against time: 

i(t) = i0 exp( − (t − t0)/τ )+ i∞ (14) 

where t0 is the time of the potential step, i0 and i∞ the current values just 
after the step and after the relaxation is complete, respectively, and τ is 
the relaxation time: 

τ = 1/(ki + ka) (15) 

The QSoas command fit-exponential-decay can be used to fit 
Eq. (14) and measure the time constant τ. Mind that the determination of 
a certain value of τ is possible only if the time trace is recorded for a 
much longer time than the value of τ. The rate constants ki and ka are the 
(pseudo) 1st-order rate constants of activation and inactivation. They 
may depend on E, but not on the state of the enzyme before the potential 
step: this means that at a given E, irrespective of whether the enzyme 
inactivates or reactivates, the value of τ should be the same (Fig. 2 in ref. 
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[101]).
A complete analysis requires that the two rate constants be deter

mined independently, which is only possible by examining not only the 
time constant, but also the magnitude of the relative current variation 
[132,133]. The QSoas command fit-linear-kinetic-system can 
help analyzing multistep chronoamperograms in order to extract the 
values of the (in)activation rate constants, keeping track of film loss.

The monophasic behavior may appear as biphasic because the signal 
is affected by film loss: 

i(t) = [ i0 exp( − (t − t0)/τ )+ i∞ ] × exp( − (t − t0)/τloss ) (16) 

The effect of film loss may perturb the determination of the (in) 
activation time constant. For example when the enzyme activates 
slowly, the current trace may be bent down by film loss, resulting in a 
more pronounced curvature of the signal that is interpreted as a reac
tivation faster than it actually is.

More complex behaviors (resulting in multiphasic traces, e.g. 
Fig. 9B) are more difficult to analyze and to interpret. A multiphasic (in) 
activation trace may result from the contribution of more than one 
inactive form of the enzyme, or from the existence of various in
termediates along the active to inactive reaction pathway [88,135,136].

The QSoas command fit-exponential-decay /loss = true can 
be used to fit Eq. (16). The command fit-exponential-decay 
/exponentials = number can be used to fit multiphasic traces.

6.3. Interpreting waveshapes affected by redox-driven (in)activation

Redox-driven (in)activation may give large and spectacular hyster
esis in cyclic voltammetry, giving the forward and backward sweeps 
different shapes. If a rotating electrode is used, this hysteresis cannot be 

due to the diffusion of the substrate towards the electrode (in contrast to 
the situation where the catalyst and the substrate diffuse towards a 
stationary electrode). This hysteresis occurs when the value of a(t) in Eq. 
(8) is affected by a change in potential, and when the enzyme adapts 
slowly to the quickly changing potential: the (in)activation process lags 
behind the change in electrode potential. If the voltammetry shows a 
hysteresis, the voltammetric shape should be dependent on scan rate.

It is often possible to conclude that the enzyme activates or in
activates in a certain range of CV by qualitatively examining the wave 
shape. The CV obtained with a NiFe hydrogenase in Fig. 10A is the 
simplest example. The current reveals H2 oxidation by the enzyme. It 
increases as the electrode potential increases (and so does the driving 
force of the reaction). The current does not reach a plateau (for reasons 
discussed above). At E > 100 mV, the current begins to decrease. This is 
not due to an irreversible process (film loss, irreversible inactivation) 
since the shape of the backward signal clearly indicates that the enzyme 
reactivates when the potential is returned to a low enough value. The 
potential where the reactivation is very fast has been called the “switch” 
potential [134]. Its value is very dependent on scan rate [133,137,138]. 
The position of a particular feature on the voltammogram cannot be 
equated to a thermodynamic reduction potential if it depends on scan 
rate. We recommend that the latter is explored systematically and over a 
large range, preferentially on a logarithmic range (by examining the 
signals at e.g. 1 mV/s, 10 mV/s, 100 mV/s etc).

In some cases, two successive reactivations may be seen on the sweep 
towards low potential, indicating the oxidative formation of multiple 
inactive species that reactivate under less oxidative conditions; as 
observed e.g. with NiFeSe hydrogenase [138].

Nitrate reduction by periplasmic nitrate reductase is a slightly more 
complex example (see Figs. 10C and D, where the negative current is 
proportional to the rate of nitrate reduction) because the effect of (in) 
activation affects a steady-state signal that shows an extremum of ac
tivity in an intermediate window of potential (Fig. 10C). The way to read 
Fig. 10D is to imagine the signal after blank subtraction, to observe that 
the catalytic current reaches a well-defined plateau at low potential, 
which gives the same current value in both directions; in the interme
diate range of potential, the current is smaller on the sweep downward 
than on the sweep upward; this implies that the enzyme inactivates at 
high potential. The reactivation is visible at about − 200 mV, when the 
current magnitude increases suddenly. On the low potential plateau, the 
activation is complete, and on the subsequent sweep upward, one ob
serves the catalytic response of the fully active enzyme [101].

Trace crossing, as observed in Fig. 10B and D, may be hidden by 
separation between the forward and backward sweeps that is caused by 
the capacitive current (see e.g. ref. [139]). So, it may be more visible at 
small scan rates where the capacitive current is small. It may be helpful 
to calculate the difference between the forward and backward scans, to 
detect any significant variation that should not occur under conditions 
of steady-state.

Last, trace crossing may also arise as a result of adsorption of the 
enzyme from the solution (hence an increase in Γ), in which case it does 
not reveal any activation (Fig. 10B).

7. Heterogeneity: the devil

A very important, but implicit, assumption in all of the above dis
cussions is that all enzyme molecules that contribute to the current 
behave the same. On the contrary, there may be cases where distinct 
populations of enzymes (we are not speaking about distinct catalytic 
intermediates) behave differently and contribute to the current in an 
additive manner: 

i = nFAΓ1k1 + nFAΓ2k2 +… (17) 

where Γ1 and Γ2 are the two electroactive coverages.
Jeuken et al. have modelled a signal from copper-dependent nitrite 

Fig. 9. Change in current observed in chronoamperometry, and resulting from 
redox-driven (in)activations of two distinct hydrogenases. In both experiments 
shown here, the current results from catalytic H2 oxidation, the enzyme in
activates under oxidizing conditions (hence the decrease in current), and 
reactivates after a step to low potential (in the second part of the experiment). 
Panel A: the monophasic trace that reveals the (in)activation of the NiFe hy
drogenase from A. aeolicus [133]. Panel B: the biphasic inactivation of a FeFe 
hydrogenase [88]. The red and blue dashed lines show the fit of mono- or bi- 
exponential functions, respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)
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reductase by summing three contributions, each characterized by a 
distribution of the iET rate constants around three main values, as a 
consequence of the trimeric structure of the enzyme [140].

We speak about “heterogeneity” when the different populations of 
the same enzyme film have different catalytic properties, beyond any 
difference in orientation and iET rates. This is a situation that one would 
usually want to avoid for various reasons. It may reveal that the bio
logical sample is a mixture, maybe of a native form of the enzyme and a 
damaged one that still gives a catalytic response. In our experience, this 
makes data analysis very tricky, because the number of parameters in 
any model is proportional to the number of forms that contribute.

There is no definite method to identify these situations. One is to 
observe that the catalytic response (e.g. the steady-state wave shape) 
evolves from cycle to cycle, over time. We have seen this in a series of 
experiments where a FeFe hydrogenase was inactivated at low potential; 
when the potential is then swept in a range of potential where the 
enzyme activates, the shape of the voltammogram changes as a function 
of time, and could be modelled as a sum of two contributions, the 
relative fraction of which changes more slowly than the CV is recorded 
[78].

Figs. 11A and B show the unexpected changes in waveshape (after 
normalization) observed with different hydrogenase samples after a pH 
jump or freezing. In another case shown in Fig. 11C, the waveshape of a 
FeFe hydrogenase changed after exposure to O2: the inactivation at high 
potential is not complete unless the enzyme has been exposed to O2, 
indicating that possibly two different populations of the enzyme are 
present and one is more resistant to O2 than the other. We have observed 
that the inhibition of another hydrogenase to O2 becomes less and less 
pronounced after a longer exposure to O2, as if a population of enzymes 
were more O2-sensitive than the other, and eventually stopped 
contributing to the current, making the response of the more resistant 
fraction emerge more clearly.

If the enzyme is bidirectional, and if the steady-state waveshape does 
not change, then the catalytic bias should be constant; the observation 
that the bias changes (Figs. 11A and B) after a potential step, or after 
exposure to an inhibitor, or a pH jump may also indicate that two 
populations contribute.

The measurement of any change in activity with PFE is very accurate, 
making it very easy to detect deviations from ideal behaviors. This may 
be a blessing, if one can use this to learn about the enzyme, or a curse, if 
the only conclusion is that the sample is heterogeneous.
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Data availability

Data will be made available on request.

References

[1] J.N. Butt, L.J.C. Jeuken, H. Zhang, J.A.J. Burton, A.L. Sutton-Cook, Protein film 
electrochemistry, Nature Reviews Methods Primers 3 (2023) 1–19, https://doi. 
org/10.1038/s43586-023-00262-7.
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[23] A. Fasano, V. Fourmond, C. Léger, Outer-sphere effects on the O2 sensitivity, 
catalytic bias and catalytic reversibility of hydrogenases, Chem. Sci. 15 (2024) 
5418–5433, https://doi.org/10.1039/d4sc00691g.

[24] F.A. Armstrong, J. Hirst, Reversibility and efficiency in electrocatalytic energy 
conversion and lessons from enzymes, Proc. Natl. Acad. Sci. USA 108 (2011) 
14049–14054, https://doi.org/10.1073/pnas.1103697108.
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diffusion along the substrate tunnel and oxygen sensitivity in hydrogenase, Nat. 
Chem. Biol. 6 (2010) 63–70, https://doi.org/10.1038/nchembio.276.

[81] A. Kubas, C. Orain, D. De Sancho, L. Saujet, M. Sensi, C. Gauquelin, I. Meynial- 
Salles, P. Soucaille, H. Bottin, C. Baffert, V. Fourmond, R.B. Best, J. Blumberger, 
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the strategies for trapping catalytic intermediates during nitrate reductase 
turnover, J. Phys. Chem. B 114 (2010) 3341–3347, https://doi.org/10.1021/ 
jp911443y.

[102] E.T. Judd, M. Youngblut, A.A. Pacheco, S.J. Elliott, Direct electrochemistry of 
Shewanella oneidensis cytochrome c nitrite reductase: evidence of interactions 
across the dimeric interface, Biochemistry 51 (2012) 10175–10185, https://doi. 
org/10.1021/bi3011708.
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C. Léger, Hydrogen-activating enzymes: activity does not correlate with oxygen 
sensitivity, Angew. Chem. Int. Ed. Eng. 47 (2008) 2052–2054, https://doi.org/ 
10.1002/anie.200704313.

M. Malagnini et al.                                                                                                                                                                                                                             Bioelectrochemistry 165 (2025) 108967 

16 

https://doi.org/10.1021/ja9723242
https://doi.org/10.1073/pnas.0803689105
https://doi.org/10.1073/pnas.0803689105
https://doi.org/10.1016/j.febslet.2006.12.023
https://doi.org/10.1016/j.febslet.2006.12.023
https://doi.org/10.1002/celc.201901028
https://doi.org/10.1002/celc.201901028
https://doi.org/10.1021/ja910685j
https://doi.org/10.1021/ja035296y
https://doi.org/10.1021/ja035296y
https://doi.org/10.1038/s41467-020-20861-2
https://doi.org/10.1038/nchem.1892
https://doi.org/10.1038/nchem.1892
https://doi.org/10.1073/pnas.1212258109
https://doi.org/10.1073/pnas.1212258109
https://doi.org/10.1039/c5cc05930e
https://doi.org/10.1039/c6ee02232d
https://doi.org/10.1021/ja071274q
https://doi.org/10.1021/ja071274q
https://doi.org/10.1002/anie.200704313
https://doi.org/10.1002/anie.200704313

	Initial quality assessment and qualitative interpretation of protein film electrochemistry catalytic data
	1 Introduction
	2 The magnitude of the current
	2.1 Relation between current magnitude, coverage and TOF
	2.2 Dependence of the current on temperature
	2.3 Dependence of the catalytic current on time and potential
	2.4 Open circuit potential
	2.5 Mass transport towards the RDE
	2.6 Koutecký–Levich approximation
	2.7 Film loss and irreversible inactivation
	2.8 Adsorption vs activation
	2.9 Film loss vs reversible inactivation
	2.10 Spikes removal and noise correction
	2.11 Blanks and other controls

	3 Subtraction of the capacitive current
	4 Film loss correction by division and normalization
	5 To be or not to be in a steady state
	5.1 Steady-state catalytic chronoamperometric data
	5.2 Steady-state voltammetric data
	5.3 Measuring the catalytic bias

	6 Deviation from steady-state in CA experiments
	6.1 Slow chemical inhibition
	6.2 Slow, redox-driven (in)activation
	6.3 Interpreting waveshapes affected by redox-driven (in)activation

	7 Heterogeneity: the devil
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


