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ABSTRACT: Protein Film Electrochemistry (PFE) is a powerful suite of electroanalytical techniques used
to investigate the properties of redox proteins. The proteins under investigation are adsorbed as a
(sub-)monolayer film on an electrode surface. Direct electron transfer between the immobilized
protein and working electrode gives rise to an electrical current that visualizes and quantifies redox
processes occurring within the protein. Advantages of PFE include low sample requirements —
typically less than a nanomole protein — high sensitivity and the ability to resolve redox chemistry in
the electrochemical potential and time domains. This Primer provides a guide to using PFE for
guantitative thermodynamic and kinetic descriptions of half-reactions (redox reactions) and coupled
chemical processes, including ligand binding, ligand unbinding and redox catalysis. Applications of PFE
in developing biosensors, facilitating energy conversion and resolving enzyme mechanisms are
highlighted. Finally, the state-of-the-art and prospects for novel experimental and theoretical
approaches are discussed.

INTRODUCTION

Redox proteins are ubiquitous in biology. They perform electron transfer reactions and redox catalysis
that are essential to life, for example, in photosynthesis and respiration. These functions are enabled
by redox active cofactors, one or more per protein, including copper, molybdenum, heme, non-heme
iron and flavin®2. During physiologically relevant electron exchange the redox cofactors are positioned
within 14 A of one another?. Electron transfer between proteins is supported by cofactors near the
protein surface. By contrast, redox catalysis may occur adjacent to cofactors buried deep within a
peptide matrix. This allows redox transformation of the substrate in a site shielded from solvent,
avoiding non-productive and possibly toxic redox reactions. Additional redox cofactors positioned as
a chain enable electrons to be relayed between the active site and protein surface, FIG. 1A.

Protein film electrochemistry (PFE) — also termed protein film voltammetry (PFV) and protein
monolayer electrochemistry — is a powerful tool for investigating the properties of redox proteins*
11 PFE studies protein electron transfer and redox catalysis using dynamic electrochemistry applied to
a (sub-)monolayer film of redox active protein immobilised on the surface of a working electrode (WE).
As shown schematically in FIG. 1A, there is direct electron exchange between the immobilised protein
and WE, which gives rise to an electric current. The produced current visualises and quantifies redox
processes within the protein. Using this approach, quantitative thermodynamic and kinetic
descriptions of half-reactions (redox reactions) and coupled chemical processes, including redox
catalysis, can be readily obtained. These descriptions result from considering direct electron transfer
between the WE and adsorbed protein, FIG. 1A. PFE is different to experiments that use mediated
electron transfer, where an additional redox-active species, often called a mediator, is introduced to
shuttle electrons between the protein and WE.



PFE traces its roots back to the 1990s, when electrochemistry of adsorbed proteins was reported!? 13
14 that agreed with the properties defined by established biochemical assays of proteins in solution®.
The adsorbed proteins retained functional integrity and the electrode-protein interactions could be
considered to mimic those between the protein of interest and its biological redox partner. Today the
advantages of PFE for revealing and understanding redox protein activity are widely recognised. The
equipment is extremely low cost compared to modern biophysical methods and spectroscopies, with
lower protein requirements, often sub-picomole in an adsorbed film prepared from a solution of less
than a nanomole protein. The protein-coated electrode often survives changes in the solution to
which it is immersed, meaning the impact of varying conditions can be readily assessed. Signals are
sharp and high-resolution, enabling complex behaviour to be controlled, dissected, and elucidated
because there are no contributions from relatively slow protein diffusion. In a single experiment, the
current is measured across a wide, continuous potential range for the desired time — from under a
second to several hours — allowing many different and defined changes to be made to the
composition, pH and temperature of the immersion solution.

This Primer will describe the equipment typically used for PFE and provide the practical and theoretical
background needed to perform and interpret electrochemical experiments. The article focuses on
explaining how standard concepts available in electrochemistry®>® and biochemistry?’ textbooks
typically apply to PFE, illustrating how PFE describes redox couples, ligand binding and redox catalysis.
Detailed discussions are kept to the simplest scenarios. However, more complex behaviours are
touched upon, with references to works that illustrate how those results may be investigated and
explained.

In this Primer, cyclic voltammetry (CV) and chronoamperometry (CA) will be focused on, as they are
widely used and provide the most immediately intuitive and quantitative descriptions of protein redox
chemistry. In CV, the WE potential is swept back and forth across a region of interest at a specified
scan rate, FIG. 1B. The resulting current is measured simultaneously and reported as a cyclic
voltammogram that plots current versus WE potential. In CA, the potential of the WE is stepped
instantaneously between defined values at specified time points, FIG. 1C. The resulting current is
reported versus time in an 2mperomograms. Conditions can be changed as desired, for instance, a
reactant can be introduced in both types of experiment.

It is important to recognise that the current in both CV and CA has two components that are
superimposed®®. The Faradaic current is due to electron transfer between the electrode and redox
active proteins in the (sub-)monolayer film, FIG. 1A (red arrows). Non-Faradaic current (capacitance)
is due to charging and discharging of the electrode—solution interface and electrons are not
transferred across that interface, FIG. 1A (brown arrows). PFE is interested in the Faradaic current, as
it reports the redox chemistry of the protein. Care must be taken to accurately extract the Faradaic
current from the measured current. By convention, Faradaic current is negative during net reduction
and positive for net oxidation.

EXPERIMENTATION

The equipment needed for PFE depends on the desired application, but requires at least a
potentiostat®®, an electrochemical cell and analytical software. The electrochemical cell contains a
counter electrode (CE) and reference electrode (RE) in addition to the WE. During measurements the
WE may be stationary or rotating. The latter is particularly useful when studying redox catalysis and a
rotating disk electrode (RDE)* allows controlled substrate delivery to the adsorbed enzyme. These



experiments can be extended to use a rotating ring disk electrode (RRDE)**, which forces the products
of enzyme catalysis to flow across a second WE — a concentric ring around the central enzyme coated
disk electrode — for analysis by amperometry.

Potentiostats and working electrode rotators

Potentiostats can be purchased from many manufacturers. Alternatively, the instrument can be made
in-house?® for a fraction of the cost. The ideal instrument will depend on the specific requirements
and funds available. All potentiostats can perform basic CV and CA methods. The specifications that
require special attention for PFE are current range; scan rate or band width range; capacity for iR
compensation, where [ is current and R is resistance; ability to use RRDEs; and ability to perform
analogue CV by applying a true linear voltage ramp to the WE, FIG. 1B, in addition to CV, which
approximates the linear ramp with a staircase waveform, and is the primary CV method in
contemporary potentiostats®®,

PFE typically uses WEs with a surface area of < 1 cm?, scan rates in CV < 100 V/s and potential steps in
CA of < 1 V. Under these conditions, currents are in the nA to mA range, which is adequately covered
by all commercial potentiostats. However, if the intended applications are in bioelectrocatalysis with
WESs that have larger surface areas, higher current ranges might be required.

When studying the kinetics of electron transfer or coupled reactions, fast-scan CV (scan rate >100
mV/s) is a powerful tool®% 22, As a result, the scan rate capabilities of the potentiostat should be
considered. The area under a redox peak, the non-catalytic CV, can deviate from theory when using
staircase CV23, which is the standard method in most contemporary potentiostats®. If the protein
coverage analysis needs to be accurate or when studying reaction kinetics, potentiostats that can
measure analog CV should be considered.

For both non-catalytic fast scan and catalytic PFE, currents in the high LA to mA range can be obtained.
This can lead to significant potential drops due to solution resistance?*. As current flows through the
electrochemical cell, a potential difference is required across the electrolyte solution to drive ion
mobility and overcome solution resistance. As a result, the potential at the WE interface has a lower
magnitude than the potential applied by the potentiostat. For instance, if the solution resistance is
100 Q, a current of 100 pA leads to a potential shift of 10 mV (V' = iR, where V'is potential). Potential
drop can be reduced by minimizing the solution resistance, but can also be compensated for by
potentiostats with iR compensation capabilities®.

The sensitivity of potentiostats to electronic noise® is an important property. However, this property
cannot be determined from specifications and can only be established by trying different potentiostats
under laboratory conditions. Where possible, the electrochemical cell should be placed in a Faraday
cage to reduce electronic noise. Suitable Faraday cages are readily constructed from commercially
sourced electrical boxes, typically steel, with holes for the electrical leads. Alternatively, Faraday cages
can be made from a wire mesh, which enables the electrochemical cell to be observed during
measurements, plus easy access for electrical leads and other connections, such as gas lines.

Rotators for use with RDEs are available from several suppliers. Differences include the ability to use
RRDEs, an integrated enclosure for the rotator shaft, variable distances between the controller and
rotator shaft, and the range of electrodes and electrochemical cells compatible with the rotator. The
choice of instrument will be influenced by the ring and disk electrode materials, and whether the
electrochemical cell needs to be serviced by gas supply lines or temperature-controlled water.
Anaerobic experiments also need to consider how readily the rotator can be positioned and operated
within a nitrogen-filled chamber.



Electrochemical cells, CE and RE

There are many manufacturers of electrochemical cells, cEs and rEs. For many PFE applications, a
tailor-made electrochemical cell is worth considering, but requires access to a glass blower or fine-
mechanical facility. The wide range of PFE applications means there is no single best cell design.
Variables to consider include the distance between the RE and WE, the need for a RDE or RRDE, and
auxiliary methods, such as illumination for photo-electrochemistry?>?® or combination with
microscopy or spectroscopy?’. In FIG. 2, several example cell designs are provided with a short
explanation of their properties and specific applications.

Alongside the cell, the three electrodes — or four electrodes for a RRDE — are key to PFE. The CE
ensures electroneutrality of the electrolyte solution. For every Faradaic electron transfer at the WE,
an opposite electron transfer is required at the CE. In PFE, the CE is almost always platinum.
Electrochemical currents in PFE are typically low mA or less, meaning a small platinum wire (< 2 cm)
is sufficient. The most used and convenient RE is Ag/AgCl (saturated KCl) although others can be used.
Trace amounts of chloride ions, which leak out of the RE into the electrolyte, can affect the results for
some applications. In this case, a double junction RE is advised, where the Ag/AgCl RE is placed inside
a jacket. This can be achieved by sourcing a double-junction RE or by designing an electrochemical cell
with a double junction, FIG. 2B,C. Drift from the quoted potential'® can occur if the RE is not
maintained. rEs are easily calibrated by comparing the open cell potential with respect to a trusted
RE. If a trusted RE is not available, the CV of a redox couple with known reduction potential — such as
ferri/ferrocyanide — can be measured under controlled temperature, pH and ionic strength.
Potentials measured versus a Ag/AgCl (saturated KCl) RE at 25°C are typically converted to values
versus the standard hydrogen electrode (SHE) by adding +0.197 V*°.

Working electrodes

In PFE, the most important electrode is the WE. To form an electroactive protein film, the redox
protein needs to be immobilised on the WE while retaining its native tertiary and quaternary structure
and activity. Proteins can be physisorbed or chemisorbed on the electrode surface, with physisorption
being the most common?®. Many proteins are adsorbed via electrostatic interactions, although rarer
hydrophobicinteractions are known. Electrostatic interaction and protein immobilisation are affected
by the ionic strength and pH of the electrolyte, as the pH determines the charge on the protein surface.
Electrolyte solutions in PFE are always pH buffered. To control the potential drop across the WE
without disrupting the electrostatic interaction between the protein and WE, an ionic strength of ~0.1
M is often a good compromise. Adsorption/desorption is an entropic process, making temperature an
important variable. Lower temperatures improve the film stability but lower catalytic rates.
Chemisorption can be achieved by reacting an amino acid side chain group with the electrode surface®
or by affinity interaction3’. Chemisorbing proteins is more time-consuming than physisorption but can
lead to more stable protein films3..

Electron transfer rates decrease exponentially with distance between the donor and acceptor.
Suitable electron transfer kinetics (< ms) for PFE requires the distance between at least one redox
cofactor and the electrode surface to be less than 2 nm. In practice this means that the protein needs
to orient correctly upon adsorption, FIG. 1A. One approach is to use a heterogeneous electrode
surface, in terms of both geometric structure and surface chemistry. Heterogeneity increases the
possibility that some immobilised proteins are correctly orientated, even if most are electrochemically
silent.



Three widely used WE materials are pyrolytic graphite edge (PGE) plane, modified gold and indium-
tin oxide (ITO), although others have successfully been used. The surface of PGE electrodes exposes
the side edges of the graphene sheets, enabling the carbon interface to form a rough surface with
multiple carbon oxide chemistries. PGE electrodes are quickly and easily cleaned by polishing the
surface with an aqueous slurry of alumina or diamond powder, typically 1-micron particles, followed
by a brief treatment in a water-bath sonicator to remove particles. This quick preparation means PGE
electrodes are a convenient experimental tool. The PGE surface is negatively charged due to presence
of carboxylic acids. Consequently, co-adsorbates are required for redox proteins that are negatively
charged or have a negative surface charge close the co-factor orientated towards the electrode
surface. Good co-adsorbates are polylysine, neomycin or polymyxin B, which are added to the
electrolyte or protein solution before they are applied to the electrode. The surface of PGE and other
graphite electrodes can also be controlled by adsorption of polycyclic aromatic hydrocarbon
derivatives, such as pyrene derivatives, which form stable pi-stacking interactions3?. Alternatively, PGE
can be chemically modified to alter its surface chemistry by electrografting. For instance, reduction of
aryl diazonium salts forms radical anions that covalently bind with the carbon surface:.

Barring some exceptions, bare gold is not a suitable electrode for PFE. However, gold electrodes have
surface chemistry that can be controlled by forming self-assembled monolayers (SAMs) of thiol-
derivatives, where the thiols form a stable gold-thiol bond3*3”. This enables careful optimisation of
the electrode surface chemistry by forming reproducible hydrophilic/hydrophobic surfaces with
negative and/or positive groups. Gold electrodes can be crystalline, ultrasmooth, rough or prepared
from nanoparticles. The exact geometry of the gold electrode affects the structure of the SAM34, which
affects the protein film formation and PFE results. PFE is typically performed with freshly prepared
SAMs. A drawback of using modified gold electrodes is that SAMs are typically formed over many
hours, limiting the number of experiments that can be performed in a day.

ITO electrodes are increasingly being used. They are optically transparent, enabling simultaneous
absorbance spectroscopy or photobioelectrochemistry. To increase the electrode area and roughness,
ITO nanoparticles can be used to create mesoporous surfaces with greater opportunity for protein
adsorption3®4°, Preparation methods include using polystyrene beads as a template, around which the
ITO nanoparticles are deposited. This results in more highly ordered®#*!, honeycomb-like electrode
materials than direct electrophoretic deposition®.

Film preparation

The protein film is typically prepared by briefly incubating the freshly polished or prepared WE surface
in a small volume of protein solution, just enough to wet the surface, typically uM concentration.
Longer incubation times may be used with more dilute protein solutions. Loosely bound material may
be removed from the WE surface by rinsing with an appropriate pH buffered-electrolyte solution
before the electrode is introduced to the electrochemical cell. It is advised that the film forming
solution not be allowed to dry on the WE. If the solution does dry on the WE, it can result in behaviour
that is difficult to reconcile with established biochemical assays, presumably due to partial or complete
loss of protein structure on adsorption.

Anaerobicity and temperature

For experiments with applied WE potentials of approximately -0.1 V vs SHE and lower, oxygen needs
to be removed from the electrolyte, unless the aim is to measure oxygen interaction with the protein
film. For stationary electrodes, purging the electrolyte with nitrogen or argon gas is typically sufficient.
For lengthy experiments (> hours), gas that has been humidified by bubbling through water can be



used to reduce solution evaporation, which would change the ionic strength or pH of the electrolyte.
When using a RDE, anaerobicity can be achieved with closed electrochemical cells, as the rotating
electrode stirs the electrolyte, rapidly drawing in air or gas. Closed RDE systems can be challenging to
design. Open systems may be preferred and are most readily used within a glove box — a N,-filled
chamber — to ensure anaerobic conditions.

Temperature is an important parameter because it is a primary determinant of reaction rate.
Temperature is most conveniently controlled by placing the electrochemical cell in a temperature-
controlled solution. Commercial or tailor-made electrochemical cells can be designed with an external
water jacket, where the temperature is set with a circulating water bath. However, the potential of
the RE is temperature dependent. For accurate control of the applied potential, the RE can be placed
in a side-arm of the cell with its own temperature-controlled water jacket, FIG. 2B,C.

Software

All commercial potentiostats come with software to control the hardware. This software is often able
to perform a basic analysis of voltammograms and amperomograms, but capabilities are very limited.
A versatile, freely available software is QSoas****. QSoas enables basic data analysis, such as
smoothing and baseline subtraction capabilities to remove non-Faradaic currents. QSoas also allows
non-linear curve fitting, creating a flexible fitting platform to analyse catalytic waves with complex
kinetic models. QSoas is still being expanded, with recent additions including calculation of redox
peaks at increasing scan rate.

Electronic noise can often be eliminated by careful design and maintenance of the electrochemical
equipment and its location®®. If noise persists, its contribution to the measured data can be lowered
in several ways'®. Random noise can be removed by signal averaging applied to consecutive steady-
state measurements. Regular, periodic noise can be removed by fast Fourier transform techniques,
which are included in the controlling software or QSoas. If such methods are used, it is important to
inspect the data carefully to ensure that key information hasn’t been distorted.

Further considerations

The experimental and equipment requirements outlined above are for basic PFE experiments.
However, there are many insightful and exciting examples where PFE is expanded beyond the basic
setup. These may require adjustments to the electrochemical cell and electrodes or additional
4546 combining PFE with spectroscopy?”#7>2,
using high or low (< 0 °C) temperatures® or specialised gas mixtures. A full discussion is beyond the
scope of this Primer, but three options could be considered when purchasing a potentiostat. All
potentiostats perform basic CV and CA, but more advanced methods, such as electrochemical

equipment. Examples include the use of microelectrodes

impedance spectroscopy, are not standard. Impedance spectroscopy can be useful when studying
SAM formation on gold WEs. When studying catalysis, a RRDE can be useful®®, but requires a
potentiostat with the ability to measure two or double WEs. Finally, when using microelectrodes, the
ability to accurately measure pA and sometimes fA currents is necessary.

RESULTS

A few scenarios can provide the basis to describe many redox-active proteins.. This section details the
corresponding Faradaic currents and the information that can be extracted. Because the
experimentally measured currents include both Faradaic and non-Faradaic contributions, it is
important to reiterate that the latter must be subtracted from the measured currents prior to analysis,
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FIG. 3A,B. This subtraction may make use of baseline currents measured in an identical experiment
without adsorbed protein®. Alternatively, the non-Faradaic currents may be modelled using QSoas**
4. Good practice is to always measure the baseline response. This measurement enables informed
modelling of the charging currents and minimises the likelihood that Faradaic currents from
contaminants or additives reacting directly at the electrode will be mistaken as from the protein of
interest &>57,

Mapping out half-reactions

Reversible oxidation and reduction of an adsorbed protein by varying the WE potential can be
described by a half-reaction: Ox + ne 2 Red. When this process is uncomplicated by slow interfacial
electron transfer kinetics or coupling with a chemical reaction, cyclic voltammetry reveals peaks that
are superposed on the non-Faradaic baseline response. These peaks are mirror images along the
potential axis, FIG. 3A,B. Peaks detected when sweeping to increasingly positive WE potentials
correspond to protein oxidation and have positive currents. Peaks with negative currents that are
measured by sweeping to increasingly negative WE potentials describe cofactor reduction. Such peaks
are sometimes termed non-catalytic because they do not arise from redox catalysis. When
interpreting each non-catalytic peak, the current magnitude, |i|, can be described by >

Equation (1)

nF
exp <W (E—E 0)> n?F2vAT

nF 2" RT
(1 + exp <W (E - E°)>>

where E is the WE potential, E° the reduction potential and n the number of electrons transferred in
the corresponding half-reaction, F' = Faraday’s constant, R = gas constant, 7' = absolute temperature,

il =

v = voltametric scan rate (V/s), 4 = WE surface area (cm?), and /" = electroactive redox protein
coverage (moles/cm?). The peak currents (ip* and i;ed , FIG. 3A) have equal magnitude. The
potentials of maximum current (Ep* and E;ed) are those of E°. The stoichiometry of electrons
transferred in the half-reaction is defined by the half-height peak width (#1,,) using Equation (2).

Equation (2)
2RT
W1/2 = Fln(B + 2\/7)

At 25°C, Wi, =90 mV for n =1, FIG. 3C green, and Wi, = 45 mV for n = 2, FIG. 3C orange. However,
pure n = 2 reactions are rarely observed in proteins. More often cofactors — such as flavin,
molybdenum and tungsten — are described by two consecutive n = 1 half-reactions that link the
oxidised, half-reduced and fully reduced levels. For this scenario, equations relating the peak shape
and W), to the separation of reduction potentials have been presented™. FIG. 3D illustrates how the
form of the non-catalytic peaks is defined by the relative reduction potential values for the consecutive
half-reactions in REF*® (page 147) . In practice, small deviations from the ideal descriptions are often
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seen. For example, Ep* and E;ed may differ slightly such that E° is reported as the average of the
measured values.

Because the protein film is comprised of a finite number of molecules and cofactors, the Faradaic
current drops to zero when a redox reaction is complete, FIG. 3. The peak area defines the moles of
electroactive redox cofactor (4.7) in the protein film through Equation (3)

Equation (3)

where 1, the voltammetric peak area, has units of Amps.Volts (= Coulombs.Volts/sec). The areas of
the oxidation and reduction peaks will be equal for a fully reversible redox process.

For proteins with more than one half-reaction, each reaction contributes Faradaic currents and the
responses are additive’®*®60% For the example presented in FIG. 3B, the widely spaced peaks
immediately reveal three half-reactions. A cooperative n = 2 process appears as a prominent and
narrow pair of peaks at more negative WE potentials, compared to an equivalent number of n =1
centres at more positive WE potentials. This distinction arises because the current magnitude varies
as n? (Equation 1); W, varies as 90/n (Equation 2); and the peak area as I7 (Equation 3). Multiple half-
reactions are readily detected when E°values are separated by > 0.1V, FIG. 3C (dark green). When E°
values are more similar, the voltammogram may suggest a single redox centre, for example a single
peak with W1, = 90 mV for two n = 1 centres with identical £°, FIG. 3C (purple). In such situations fine
structure within non-catalytic peaks may be indicative of multiple overlapping contributions. The
ability of multiple half-reactions to describe non-catalytic peaks can be readily assessed by modelling
the Faradaic currents using the equations presented above with £° and n as variables. Such modelling
can be performed in a spreadsheet programme or with iterative fitting using QSoas****. In parallel to
such analysis, CV can be performed at a different pH values. E° of one half-reaction may respond
differently to pH, causing multiple, distinct non-catalytic peaks to be resolved for both oxidation and
reduction.

The shape of non-catalytic peaks depends on the scan rate, FIG. 4A. For half-reactions with the form
Ox + ne” > Red, the descriptions above are relevant at low scan rates, typically <30 mV s™. At higher
scan rates, the oxidation and reduction peaks become smeared across the potential axis and peak
currents are smaller than predicted by extrapolating values measured at low scan rates, FIG. 4A. As
the scan rate increases, the peak currents remain approximately equal (ip* ~ |i£ed|), Ep* becomes
increasingly positive and E;ed increasingly negative. This is because interfacial electron transfer
between the protein and WE becomes -slow on voltammetric timescale. The interfacial electron
transfer rate constant (kf,,) can be extracted from plots of Ep* and E;ed versus log(scan rate) using
procedures**®% based on an exponential increase of rate with overpotential, Butler-Volmer
equation®®, or Marcus theory, which is more appropriate for protein cofactors with low reorganisation
energy®. Such plots, FIG. 4B, are referred to as Trumpet Plots because the deviation of Eg* and Eged
from E° has approximately equal magnitude but opposite sign®. More complex behaviour®” is
observed for centres, such as flavins, where consecutive n = 1 reactions occur, sometimes separated
by a protonation event.



Redox-driven ligand binding and unbinding

CV provides several ways to identify and characterise redox-driven chemistry, such as ligand binding
and unbinding. One approach is to study the scan rate dependence of the non-catalytic peaks and look
for change in the relative magnitudes of ip* and i;ed, FIG. 4C®. For this example, ip* decreases
relative to | i;ed ‘ at higher scan rates. The reduction peak remains well-defined. By contrast, the
oxidation peak is increasingly smeared towards more positive potentials. The corresponding plot of
Ep* and E;ed versus log (scan rate) no longer resembles a trumpet, FIG. 4D. CV at the higher scan
rates reveals that reduction is fast, but re-oxidation is slower. Such behaviour is indicative of a
chemical change in the reduced state, which is slow to reverse, limiting the rate of re-oxidation. Using
the corresponding reaction scheme (Ox + ne” <> Red <> Red*) , rate constants can be quantified by
modelling the scan rate dependence of the non-catalytic peaks2%?2872,

A second way to identify ligand binding and unbinding is to study the non-catalytic peaks at low scan
rates in solutions of different ligand concentration (for proton binding this is different pH), FIG. 4E. For
conditions where ig* ~ | iped | and ES* ~ EJ°? the observed reduction potential E°™ = ( Eg¥ + E;¢?)/2
is dependent on ligand concentration, FIG. 4F. To define the thermodynamic parameters describing
ligand binding, the data is fitted to a relevant equation®®%%72, For example, Equation (4) describes the
behaviour for ligand binding to an n = 1 redox site:

Equation (4)

where E° is the reduction potential in the absence of a ligand, [L] is ligand concentration, Kc?x and
ngd are dissociation constants for ligand binding to the oxidised and reduced states, respectively,
FIG. 4G. In the limit that [L] >> Kgx and ngd,the value of E°* is equal to the reduction potential of
the ligand bound redox cofactor, EY, FIG. 4G.

Redox-coupled processes can occur on timescales much longer than a single cyclic voltammogram. In
this situation, the chemistry and rates can be quantified by recording cyclic voltammetry continuously
at a constant scan rate. The appearance of peaks due to the product and disappearance of peaks due
to the reactant will be observed 7374,

Redox catalysis

During PFE in the presence of a catalytic substrate, the oxidation state of an adsorbed enzyme changes
when the substrate is transformed to product. The WE acts as a redox partner to the enzyme, restoring
the initial state of the enzyme, enabling further rounds of catalysis. Electrons are no longer confined
to the protein film and a continuous flow of Faradaic current reports the rate of catalysis by the
adsorbed film. This Faradaic current is referred to as the catalytic current.



When formation of an oxidised product is irreversible — unidirectional catalysis — and substrate
binding depends on prior oxidation of the active site, the fraction of molecules that are oxidised, able
to bind a substrate and complete the catalytic cycle is defined by the WE potential through the Nernst
equation”. The corresponding CV, FIG. 5A, reports a sigmoidal increase in positive catalytic current
when sweeping from more negative to more positive WE potentials. Similarly, CV of an adsorbed
enzyme performing unidirectional reductive catalysis reports a sigmoidal increase in negative catalytic
current on sweeping to more negative WE potentials, FIG. 5B. When the catalytic current-potential
profiles are independent of scan direction and scan rate (typically < 20 mV s in PFE) steady-state
catalysis is described through Equation (5)%7¢:

Equation (5)

) Ui
Ilcat(E)I = " lmF
1+ exp <i ;?a; (Epw — E))

Here, i.a(E) is the catalytic current for WE potential E; ij;;, is the maximum catalytic current
magnitude; i%%, for oxidative catalysis and il:2¢ for reductive catalysis, FIG. 5A,B. E is the half-wave
potential, the potential where the current is half of ii; n.. relates to the steepness of the catalytic
wave and the bracketed term is positive for oxidation and negative for reduction. The values of Ehny
and nca reveal the subtleties of redox catalysis, for example, the consequences of redox equilibration
through a chain of electron transfer sites, as illustrated in FIG. 1A. The value of ij;;;, provides a direct
measure of the maximum rate of catalysis by the protein film through the relationship i}, /F =

(Coulombs/sec) + (Coulombs/mole e’) = mole e /sec.

PFE of redox catalysis can provide insight into rate defining events intrinsic to the catalytic cycle of the
enzyme. These events may be redox transformation of substrate in the active site, substrate binding
to the enzyme, or product release from the enzyme. However, before PFE is interpreted in the context
of enzyme mechanism, it is important to understand that rate defining events in catalytic PFE may also
be defined by interfacial electron transfer, or delivery of substrate to the electrode via mass transport,
FIG. 5C. Limitations due to slow electron exchange between the WE and protein can be revealed’” by
catalytic currents at high driving force, for instance at WE potentials significantly more negative or
positive than the reduction potential of the substrate-product couple. For these potentials, the
catalytic current magnitude has residual slope, FIG. 5D, instead of a plateau described by ijim, FIG.
5A,B. The residual slope arises due to contributions from enzymes with low rates of interfacial electron
transfer compared to the enzyme turnover number, k... As a result, the slope is greater when enzyme
activity is higher. Lowering the temperature, FIG. 5D, or substrate concentration can reduce the
limitations from slow interfacial electron transfer’”.

Limitations to the catalytic rate from relatively slow substrate delivery to the adsorbed enzyme are
readily detected and sometimes overcome with a RDE. The RDE alleviates mass transport limitations
by forced convection®®. Catalytic currents that are free from mass transport limitations will be
independent of the electrode rotation rate. When this cannot be achieved experimentally, catalytic
currents measured at different rotation rates may be extrapolated to the catalytic current observed
at infinitely high electrode rotation rate. This is typically done through a Koutecky-Levich plot with
inverse catalytic current versus inverse square root of the rotation rate, presented as angular velocity,
FIG. 5E787°. Another approach for alleviating diffusion related limitations is to reduce enzyme loading
(7) on the electrode surface®. This increases the diffusion layer for substrate molecules that reach the
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enzyme, by allowing hemispherical rather than planar diffusion®’. Using an ultramicroelectrode as the
WE can achieve the same outcome®%,

When ij;,, is defined by the intrinsic properties of the enzyme it can be related to the substrate
concentration, [S], through Equation (6), the electrochemical form®®® of the Michaelis-Menten
expression'’ :

Equation (6)

_ nFATke[S]
T R + 1]

where n is the number of electrons needed to convert the substrate to product; Ky is the Michaelis
constant; and k. is the turnover number of the enzyme. Often, the amount of electroactive enzyme,
I, is unknown since non-catalytic peaks cannot be discerned. However, the variation of i, with [S]
enables quantification of Ky. This is straightforward when there is very little change of /" during an
experiment. To check changes in I, the enzyme coated electrode should be returned to standard
conditions and i;;;,, remeasured at different time points in the experiment. When a time-dependent
decay can be quantified, it is often first order’>#8¢, i, can be converted to values at time zero using
the first order decay rate and the known time i;;;,, was measured. The time zero currents can be
included in Equation (6) to quantify Km. Such approaches are readily extended to assess changes in
redox catalysis due to variations in pH and inhibitor concentration. Characteristic changes in Ky and
imax (o keat for conditions where [S] >> Ku) are then interpreted through standard descriptions?’ of
enzyme catalysis.

CA provides a powerful complement to CV when studying redox catalysis. Variations in ijim with
substrate or inhibitor concentration can be defined by holding the WE at an appropriate potential and
performing sequential additions of the reagent to the electrochemical cell, FIG. 5F. During steady-
state catalysis, the catalytic current will be constant and independent of time following each addition.
When inhibitor addition leads to time-dependent changes, it suggests relatively slow inhibitor binding
and unbinding®-°,

CV can report catalytic currents for both oxidation and reduction. If the adsorbed enzyme catalyses a
reaction in both directions — bidirectional catalysis -° — the potential of zero current directly relates
to the reduction potential (E°) of the substrate-product couple through the Nernst equation®%4,
Steady-state catalytic current profiles sometimes have additional contributions that describe a boost,
or attenuation, of catalysis with increasing driving force. Different explanations have been offered for
this behaviour?.

APPLICATIONS

Building on the key concepts to interpret PFE and characterise protein redox chemistry, this section
provides selected examples that explore these ideas in greater detail. Case studies illustrate how to
tailor the WE for direct electron exchange with proteins, the utility of RRDEs, and the benefits of multi-
disciplinary studies when interpreting complex non-typical measurements. Examples are presented
within a wider discussion of three research areas where PFE is making leading contributions.

Biosensing
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In PFE, the catalytic current for an enzyme-catalysed reaction depends on the substrate concentration,
Equation (6). Consequently, PFE can quantify substrate concentration, which underpins the operation
of electrochemical biosensors®°. Biosensors operating in this way are sometimes called third
generation biosensors. Earlier generations used redox mediators or co-substrates to shuttle electrons
between the WE and enzyme. However, small-molecule mediators can diffuse away from the WE
during measurements. As a result, electron exchange with the enzyme is compromised and catalytic
currents no longer have a simple dependence on the substrate concentration. Biosensors based on
direct electron transfer benefit from not requiring redox mediators or co-substrates®. The challenge
of third generation biosensors is to establish stable electro-active enzyme populations that undergo
facile electron transfer with the WE. To address this challenge, different electrode materials and
surface functionalization have been explored and a variety of enzymes have been tested for their
ability to directly exchange electrons with these electrodes!®®1?,

Case Study 1

Cellobiose dehydrogenase (CDH) is an enzyme that oxidises lactose, providing a basis for
electrochemical biosensing of a disaccharide that is prevalent in dairy products and causes symptoms
of lactose intolerant. CDH®® is a monomeric enzyme, FIG. 6A, consisting of a catalytic dehydrogenase
domain (DH) with strongly a bound flavin adenine dinucleotide in the active site, and a cytochrome
domain (CYT) that carries a b-type heme. A flexible linker region connects the DH and CYT domains.
When CDH is adsorbed on unmodified, solid gold WEs, electrons generated by lactose oxidation in the
DH domain are shuttled via CYT to the WE. To improve the long-term stability and catalytic current
density of the biosensor, positively charged polyethyleneimine-coated gold nanoparticles (PEI-AuNPs)
can be deposited on the WE prior to CDH adsorption!®, FIG. 6A. The nanostructured material
increases the WE surface area available for enzyme adsorption. In addition, the positively charged PEI
binds and orientates the negatively charged CYT domain to favour direct electron exchange with the
WE. CV of CDH adsorbed on PEI-AuNPs, FIG. 6B, reports well-defined, reversible peaks due to redox
cycling of the b-heme in the CYT domain. Variation of the peak potentials with scan rate gives a typical
trumpet plot. From this, the rate constant (k},;) for electron transfer between CYT and PEI-AuNPs can
be calculated as 40 s™*. The rate is higher than electron transfer between DH and CYT domains (30 s7%),
meaning the catalytic oxidation currents measured in the presence of lactose, FIG. 6C, are fully
determined by the intrinsic properties of the enzyme. Catalytic currents vary linearly with lactose
concentrations 1-100 uM, FIG. 6D. Fitting to Equation (6) gives a Ky of 0.2 mM lactose. The limit of
detection is 0.33 pM lactose. CA establishes that the catalytic currents decrease by only 5.3% during
~300 continuous injections of lactose over 24 hours, indicating excellent long-term stability.

Energy conversion

Many redox enzymes evolved to harness energy from the environment, either from sunlight during
photosynthesis or chemicals during respiration. PFE replaces an enzyme’s natural redox partner with
a WE, creating opportunities for sustainable energy conversion. Examples include transfer of chemical
to electrical energy in biofuel cells!%>1% gnd the conversion of light to electricity in biophotovoltaic
devices®¥4152197 Eor converting light to electricity, Photosystem 11 (PSII) attracts much interest. PSl is
a membrane spanning protein complex that produces electrons, oxygen and protons simultaneously
via a water-splitting photoreaction®>%, PFE readily measures the light-triggered photocurrents
through CA by holding the biophotoelectrode at a desired potential and exposing it to alternating
light/dark regimes. Results!®® comparing the WE behaviour with and without immobilized PSII are
illustrated in FIG. 7A, where PSIl was linked to a SAM coated gold WE. The SAM was terminated by
nickel-nitrilotriacetic acid functionalities, enabling a direct link to PSIlI through a polyhistidine-tag.
Another approach''® to immobilize PSII uses electrostatic interactions at ITO WEs, FIG. 7B. PSlI carries
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a permanent dipole moment, bringing a positive charge to the region of the protein where electron
exchange with the WE occurs. Consequently, ITO WEs coated with a carboxylate (negatively)
terminated SAM produces higher photocurrents than equivalent WEs with no SAM or an amine
(positively) terminated SAM. Photocurrents can be further enhanced and show greater stability when
the carboxylate terminated SAMs incubated with PSII are exposed to covalent coupling molecules,
such as carbodiimide and N-hydroxy succinimide.

Case Study 2

Mechanistic insights into the photoreactivity of PSIl by PFE can be achieved using a RRDE** and
potentiostat to independently control the potential applied at the disk and ring WEs. To study water
oxidation, PSIl was adsorbed on a glassy carbon disk electrode, FIG. 7C (centre) and held at 0.5 V vs
SHE in a nitrogen-purged electrolyte solution. Positive photocurrents report light-driven oxidation by
PSIl, FIG. 7C (left red). A platinum ring electrode, held at -0.5 V versus SHE, provides direct
quantification of oxygen liberated by PSII as a reductive current, FIG. 7C (left blue). Quantifying the
photocurrent ratios reveals that the majority (>94%) of electrons delivered to the electrode are used
for water oxidation by PSII. A separate experiment performed in the presence of oxygen detected
light-driven reduction currents from the PSIl coated disk electrode, accompanied by oxidative
photocurrents at the ring electrode held at 0.9 V vs SHE FIG. 7C (right). Further experiments®*
established two pathways for oxygen reduction to H,0; via a PSII generated superoxide (O;7).

Elucidating mechanisms of redox catalysis

Michaelis-Menten descriptors of steady-state redox enzyme catalysis are readily defined by PFE. PFE
also provides a powerful route to resolve catalytic mechanisms and properties of catalytic
intermediates. For example, CV with substrate concentrations in large excess of Ku enables
examination of electron transfer within the enzyme-substrate complex when scan rates are
sufficiently fast to outrun the catalytic cycle!!, For studies of electron transfer within covalent enzyme
adducts, the presence of the covalent adduct can be confirmed by mass spectrometry immediately
before adsorption on the electrode and on recovery of the sample from the electrode after Cv®°,

Arguably, the most significant contributions of PFE to understanding enzyme mechanisms are in
dissecting the redox driven activation and deactivation of active centres, and elucidating molecular
determinants of substrate access to deeply buried active centres. Such studies highlight how complex
behaviours observed by CV as hysteretic catalytic current-potential profiles can be resolved through
CA®88112113 " An jllustrative example is the behaviour of Aquifex aeolicus NiFe hydrogenase, which
catalyses H, oxidation®. The CV, FIG. 8A, shows a peak of positive catalytic current corresponding to
a maximum H, oxidation rate. Sweeping to more positive WE potentials increases the rate of H»
oxidation from the active enzyme and simultaneously drives the oxidative formation of inactive
enzyme. The activity of the enzyme is recovered by sweeping to more negative potentials, Fig. 8A,
meaning oxidative inactivation reverses on enzyme reduction. Activation and inactivation are slow on
the voltammetric timescale — an experiment at 0.3 mV/s takes about an hour — because the catalytic
currents are smaller when sweeping to more negative potentials than when sweeping to more positive
potentials. CA exposed the hydrogenase to potentials that inactivated (+65 mV) and then re-activated
(-60 mV) the hydrogenase such that the catalytic current decreased and then increased, FIG. 8B.
Variations in the catalytic current magnitude are directly proportional to the fraction of active enzyme.
Rates of activation and deactivation can be quantified by fitting to a scheme that describes the
reversible interconversion of active and inactive forms®.
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Case Study 3

PFE has contributed to multi-disciplinary studies®%11411> of CO binding to and inhibition of
Desulfovibrio fructosovorans NiFe hydrogenase. The crystal structure of this enzyme has a
hydrophobic channel that allows H;, from the surrounding solution to diffuse to the NiFe-cofactor
containing active site, FIG. 8C. The same channel allows CO to reach the active site and act as a
competitive inhibitor of H, oxidation. Insights into how the channel affects CO diffusion rates in the
protein were provided by CA of NiFe hydrogenase adsorbed on a rapidly rotating electrode in an
electrochemical cell continuously bubbled with H, gas®. Introducing an aliquot of CO to the enzyme
produced immediate inhibition, followed by a slow recovery of activity as CO was flushed out of the
electrochemical cell, FIG. 8D (left). Gas binding and release rates were calculated from the
corresponding amperomograms.

Changing residues Valine74 and Leucinel22 in the gas channel to Isoleucine and Phenylalanine
respectively, FIG. 8C, reduced the CO diffusion rate within the gas channel more than 10-fold®, FIG.
8D (right). The same mutations had minimal impact on the catalytic rate of H, oxidation,
demonstrating that the enzyme may be engineered to resist gaseous inhibition and could be applied
as an alternative to platinum catalysts in H, conversion technology. Furthermore, gas diffusion rates
are not simply correlated with the main gas channel width defined by X-ray crystallography, FIG. 8C.
Molecular dynamics calculations point towards CO diffusion rates being controlled at multiple
locations within the gas channel®,

REPRODUCIBILITY AND DATA DEPOSITION

For a given protein, reproducibility in PFE relates to the data collected with a single film and from
different films. Use of data repositories has not been adopted, but published results are typically
available in accord with open access agreements.

Repeatability is related to several factors. PFE for a given protein is critically dependent on instrument
parameters, for example, scan rate and vertex potentials for CV, and poising potential and time for
CA. The WE rotation rate and temperature may also be defining parameters when studying redox
catalysis. If the protein film is prepared on a cold WE, care should be taken to ensure equilibrium
occurs at the desired measurement temperature before data collection. Non-reproducible values of
Eo and Eny can arise from poorly maintained Res or gas bubbles in the electrochemical cell.

Unwanted and irreproducible contributions can arise from trace amounts of redox active impurities.
The method is sensitive, with redox signals visible for quantities < pmol/cm?. All solutions should be
carefully defined using water and reagents of the highest possible purity. Careful cleaning of glassware
with, for instance, nitric acid, aqua regia, or fuming sulfuric acid is sometimes required to prevent
unwanted signals. Protein adsorption may be influenced by co-adsorbing impurities regardless of their
redox activity.

For a given sample and measurement condition, variations between separately prepared films include
differences in charging current, electroactive coverage and desorption rates. Such discrepancies can
be pronounced for different WE treatments. For example, extended application of a certain potential
to the electrode can change the electrode surface and protein behaviour. Prolonged poising of the WE
after the protein film has formed can also alter the response by changing the state of an enzyme or
interface. However, PFE should report the same behaviour when freshly prepared films are subject to
an equivalent series of chemical and measurement conditions. For example, values for E,, Wy, and the
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ratio i;x/i;ed should be consistent for CV that defines redox couples and ligand binding events. During
redox catalysis, critical features of the current-potential profile, such as Enw and net, should be
consistent. These parameters can be hard to accurately define when the population of electroactive
protein is low, making accurate subtraction of the charging current from the measured current
challenging. This challenge is amplified when the baseline deviates significantly from the theoretical
behaviour® of a plate capacitor. For example, broad peaks due to oxidation or reduction of surface
groups are a known complication of working with graphite electrodes. The most appropriate approach

to baseline subtraction is still a topic of debate.

PFE will ideally provide the same description of redox chemistry for two or more independently
purified samples of a given protein. Unintended and non-reproducible signals can arise from cofactors
released from adsorbed or denatured proteins. This is a frequent complication in studies of
flavoproteins using graphite electrodes!'®. The extent of adsorption may depend on the presence or

identity of an affinity tag introduced to facilitate protein purification?’.

LIMITATIONS AND OPTIMISATIONS

Not all redox proteins can be studied by PFE. It is essential that the protein has at least one surface
exposed redox centre that can act as a point of connection between the electrode and any additional
redox centres in the protein, FIG. 1A. Establishing conditions to detect and optimise PFE is like finding
the conditions for highly ordered protein crystallization ahead of structure resolution by X-ray
diffraction. The chances of success are greater with small, soluble proteins due the high percentage
of surface exposed redox cofactors compared to larger proteins.

Most electrode-protein interactions have a contribution from electrostatic interactions. The extent
and orientation of protein adsorption can be modulated through changes in the pH and ionic strength
of the protein-containing solution, the presence of a co-adsorbate, the choice of WE, and the
functional groups in the SAM*, If initial experiments have no, or small, Faradaic signals then it is
worth exploring different conditions to increase the electroactive population. For studies of redox
enzymes, the catalytic currents are proportional to the product of enzyme concentration and turnover
number (Equation 6). The chances of success are also increased for highly active enzymes. Because
catalytic currents are larger than the corresponding non-catalytic peaks, sometimes by several orders
of magnitude, it is always worth adding a substrate to experiments with redox enzymes to look for a
catalytic response. Studies of redox catalysis are informative even when there are no detectable non-
catalytic peaks.

The WE and composition of the pH buffered electrolyte solution places constraints on the explorable
electrochemical potential window. As the majority of PFE is performed in aqueous solution, direct
reduction of protons, leading to H; evolution at the WE, can result in large negative currents that mask
currents from the protein of interest. Fortunately, proton reduction is slow at most WE materials
specifically mentioned in this account, including gold electrodes with a well-formed SAM.
Consequently, the currents appear only at large overpotentials with respect to the H*/H, couple. These
currents tend to be smaller and appear at more negative potentials for measurements performed at
more alkaline pH and faster scan rates. The limiting value of positive potential is typically defined by
currents due to oxidation of anions from the electrolyte. It can be altered by changing the
concentration or identity of the ions, for instance chloride versus sulphate or chlorate. When using a
SAM-coated gold WE, the accessible potential window depends on the identity of the thiol and pH but
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is typically -0.6 to +1.0 V vs SHE'*12°_ Reductive desorption of the SAM is minimised by using scan
rates > 0.1 V/s.

Most PFE experiments aim to uncover the intrinsic properties of proteins relevant to biochemistry. To
ensure that the PFE does not arise from a denatured protein or dissociated cofactor, behaviour
reported by PFE should correlate with properties observed in complementary measurements!?, For
redox enzymes, Ku values are readily compared to those from the classical biochemical assays.
Reduction potentials are typically compared to those defined by potentiometric titration of the
protein in solution, although small differences (< 25 mV) can be observed as the environment of an
adsorbed protein is not identical to that in solution. The currents measured in PFE report redox activity
but do not define the chemical basis of those redox events. To confidently assign a reduction potential
to a specific cofactor, and catalytic current to formation of a specific product, information from
complementary methods is needed.

OUTLOOK

PFE has seen continuous developments, with advances in electrode materials, theory, methodology
and in situ combination of PFE with spectroscopy and microscopy. Further improvements in these
areas will continue to expand the applications of PFE.

For some applications, PFE is limited by low electroactive coverage due to non-optimal protein
orientation, poor protein adsorption or because surface exposed redox co-factors are inaccessible for
electron exchange with planar macroscopic WEs. These challenges are sometimes overcome by
including conducting nanoparticles, for example carbon nanotubes, graphene oxide flakes, and gold
and ITO nanoparticles. Nanoparticles have two important benefits. First, they increase the surface
area of the WE, providing more sites for attachment and increasing protein coverage. A second benefit
is that nanoparticles enable more interactions with the topologically rich surface of a redox protein.
These versatile interactions mean nanoparticles can approach redox centres more closely than planar,
macroscopic electrodes.

As shown in Case Study 1%, FIG. 6A, electrodes modified with nanoparticles before protein
application can strongly enhance the electroactive coverage. In an alternative approach, protein
samples can be mixed with nanoparticles and suspensions applied to the electrode. In the most
extreme cases, the protein-nanoparticle composite material can be considered to have become the
WE, with the underlying conducting material only used as a connector to the composite material. The
resulting higher electroactive coverage has enabled in situ spectroscopy. Examples are hydrogenase
studied under turn-over conditions using Fourier transform infrared spectroscopy!?? and redox co-
factors characterised at various oxidation states with electron paramagnetic resonance
spectroscopy!® or electronic absorption spectroscopy®®. Extending the use of spectroscopy in the
future will greatly improve the understanding of PFE and expand its applications.

A drawback of using nanoparticle modified WEs when studying redox catalysis — particularly if thick
(um) layers are used with proteins embedded in the nanoparticle layer — is that diffusion of substrates
and products through nanoparticle films can be limited. Detailed descriptions of diffusion in such
electrodes have yet to be established. However, experimental approaches that facilitate diffusion
through nanoparticle layers are being developed. One example is hierarchically structured surfaces
with micrometre-sized pores, engineered by templating or printing techniques®®?*, Further
developments to electrode materials will improve adsorption of electroactive protein and access to
substrates. Electrocatalytic currents of > 1 mA/cm? have already been obtained?>!2%, Current densities
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>> 10 mA/cm? could make PFE commercially relevant for biosynthesis of fuels and chemicals, but this
would require improvements in the stability of the protein films, for example by grafting??”:12® the
enzyme to the electrode. New electrochemical theory and models will benefit electrode structure
design and further optimization!?®.

Protein films in PFE are typically prepared for and used to study one enzyme at a time. However, many
interesting metabolic pathways, for example methanogenesis, contain enzyme cascades. The
products of PFE, such as NAD(P)H, are high-value substrates for industrially relevant enzymes and
biocatalytic reactions. Coupling multiple enzymes on a surface, or trapping them in small
compartments on the electrode, will provide new opportunities in biotechnology?® and to control
points within a metabolic pathway3%-132,

For PFE to find widespread applications in biosensing, it is necessary to use reproducible, cheap, and
possibly single-use electrodes. Historically, most laboratories used home built WEs, although some
electrodes suitable for PFE are now commercially available. This situation is expected to stimulate
more research using PFE. Commercially available and affordable single-use electrodes, such as screen-
printed electrodes, that support reproducible PFE would benefit applications in biosensing and
diagnostics.

There are several classes of proteins that are difficult to study with PFE. The first is membrane
proteins, which require detergents to accommodate their amphiphilic nature and prevent
aggregation. However, detergent micelles in solution and around the protein can interfere with
protein film formation. PFE is possible for membrane proteins with large extramembranous domains
and relatively small transmembrane domains 33 134, but is increasingly difficult for complex polytopic
membrane proteins. Electrodes have been designed to accommodate membrane proteins within lipid
membranes®®®, but imbedding in a lipid membrane influences the orientation of a membrane protein
on an electrode surface. New methods, for instance with nanoparticles*®, need to be explored to see
how membrane proteins can be studied with PFE.

A second class of oxidoreductases that are difficult to study with PFE are those that have a ping-pong
mechanism with active sites buried deep in the enzyme core. An example is glucose oxidase, where
oxygen and glucose alternatively bind to an active site flavin adenine dinucleotide (FAD) in the centre
of the protein. The relatively long distance between the FAD and protein surface means that direct
electron transfer to the WE is strongly impaired and requires special considerations, such as
attachment of gold nanoparticles at specific surface sites!®’. There are only a few examples of PFE
used to study enzymes with radical intermediates, that undergo thiol-disulphide interconversion, that
produce radical oxygen species or that produce radical nitrogen species!®3°, Developing strategies
to interface oxidoreductases with WEs will extend the number of redox proteins and processes that
can be studied with PFE.

This manuscript has focussed on CV and CA. However, other techniques have contributed to the
development of PFE, notably square-wave voltammetry, differential pulse voltammetry and
electrochemical impedance spectroscopy®¥14®142 Developments in large amplitude sinusoidal
voltammetry or Fourier transform alternating current voltammetry have enabled differentiation of
various components that contribute to voltametric currents, for instance, non-Faradaic versus
Faradaic currents, or catalytic versus non-catalytic currents 3143144 To widen the use of these
techniques, they need to become available on commercial potentiostats, with freely accessible
software for analysis.
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FIGURE LEGENDS:

Fig. 1 | Concept of protein film electrochemistry (PFE). A| The protein of interest is adsorbed as a
(sub-)monolayer film on a working electrode (WE). Direct electron transfer occurs between the WE
and a redox cofactor terminating a chain of additional redox sites within the protein: heme (royal
blue), iron-sulphur cluster (navy) and Mo (teal) cofactors (PDB ID: 10GY). The protein retains full
activity towards molecules and/or ions introduced to the surrounding electrolyte solution. The Mo
cofactor is the active site of this redox enzyme. The hemes and iron-sulphur cluster relay electrons
between the active site and the WE. A potentiostat applies defined and variable potential to the WE
while simultaneously measuring the flow of current through that electrode. The measured current has
two contributions: Faradaic current due to redox transformation in the protein (red arrows),
capacitance due to migration of electrolyte ions (brown arrows). B| The excitation profile applied
during cyclic voltammetry (CV) illustrating how scan rate is defined. C| An excitation profile for
chronoamperometry (CA). Brown arrows indicate that reactants can be introduced at desired times in
both CV (B) and CA (C).

31



A

current

potential

potentiostat
9

pH
buffered _J
electrolyte

solution

working

reference electrode (RE) [j
counter electrode (CE)

ligands, substrates, inhibitors

adsorbed
protein

electrode
(WE)

1254

B +

working

electrode
potential

Cyclic Voltammetry

C

addition 1
addition 2
A
]
1
!
1
1
U
- gradient = scan rate
time
Chronoamperometry
* addition 2
working addition 1
electrode |
potential
----- >
time

32



Fig. 2 | Schematics of electrochemical cells. (WE = working electrode; CE = counter electrode; RE =
reference electrode). A| A basic electrochemical cell such as can be purchased commercially for use
with a rod-shaped WE. B| An optimised electrochemical cell for stationary electrochemistry with a
rod-shaped WE. The main cell has a water jacket (grey) for temperature control. The RE is placed to
the side of the main cell to enable separate temperature control. Leakage of RE solution (for instance
saturated KCl solution) into the main cell is minimised by using a second junction (either a glass frit or
a luggin capillary). The second junction is placed close to the WE to minimize solution resistance (R)
and hence potential drop (iR drop). C| Cell for use with a rotating disk electrode (RDE). The WE is a
disk on the lower face of the rotated housing. The cell volume should be sufficiently large to preclude
a significant drop of substrate concentration during measurement of redox catalysis. The CE and luggin
tip are positioned to minimise turbulence. D|A basic electrochemical cell for working with a plate-
shaped WE. If a transparent gold electrode is used — for example a <50 nm thick gold film on a glass
slide — this cell can be combined with epi-fluorescent microscopy in an inverted microscope. Here,
the glass cell is placed on top of the WE with an O-ring, which is not air-tight, and oxygen can slowly
diffuse to the plate electrode from the side.
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Fig. 3] Non-catalytic peaks in the cyclic voltammetry (CV) of adsorbed proteins. A| Cyclic
voltammogram (black) of a protein with a single n = 1 cofactor. Scan rate 10 mV s, black arrow shows
the scan direction. Currents due to capacitance (grey dotted line) and Faradaic currents (blue) are also
shown. Peak potentials (E,), peak currents (i,)and half-height widths (W.,) are indicated for the
oxidation (ox) and reduction (red) peaks. The peaks originate from a Cu®’* cofactor. B| Cyclic
voltammogram (black) of a protein with a single n = 2 couple and two n = 1 cofactors. Scan rate 19 mV
s, black arrow indicates the scan direction. Charging currents (grey dotted line) and Faradaic currents
(blue) are also shown. The peaks originate from [3Fe-4S]**/°, [4Fe-4S]%*/** and [3Fe-45]%%* cofactors in
order of increasingly negative reduction potential. C| Examples of the Faradaic currents typically
produced by protein cofactors. For a single cofactor moving between oxidised (Ox) and reduced (Red)
states with n = 1 (light green) and n = 2 (orange). For a single cofactor where two sequential n =1
processes convert Ox to Red via a half-reduced (HR) state (red) and the reduction potentials for the
two half-reactions are equal. For two cofactors moving between their Ox and Red states inn =1
processes with £, — E; = 0.1 V (dark green) and E;| = E; (purple). D| Faradaic currents that can be
produced by a single cofactor having two sequential n = 1 process where conversion of Ox to Red via
a half-reduced (HR) state is described by Eoxwur = 0 V and the value for Eurred is as indicated. In
practice, measured non-catalytic peaks, for example panels A and B are typically broader and less
symmetrical about the potential axis than theory predicts.
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Fig. 4 | Trumpet plots and ligand binding and unbinding. A| Faradaic currents from CV at the stated
scan rates illustrating behaviour typical for a reversible redox couple. B| Plot of peak potentials versus
scan rate on a log scale for the experiment in A. Symmetrical displacements of EJ* and Egedabout E°
are indicative of reversible electron transfer uncomplicated by slow redox-driven chemistry. C|
Faradaic currents from CV at the stated scan rates illustrating behaviour indicative of fast reduction
followed by a slower, gated reoxidation due to ligand binding to the reduced protein. D| Plot of peak
potentials versus scan rate on a log scale for the experiment in C. At higher scan rates the
displacements of Ep* and E},’edabout E° are not equal. E| Faradaic currents from CV at the stated
ligand (L) concentrations illustrating behaviour typical of ligand binding with greater affinity to an
oxidised than reduced cofactor. F| Variation of E°* for the data in E fit to the behaviour predicted for
the dissociation constants Kgx =30 uM, ngd =100 mM and a reduction potential (E°) of -0.4 V for
a non-ligated n = 1 cofactor. G| Square-scheme illustrating ligand binding to an n = 1 redox centre and
the corresponding thermodynamic parameters.
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Fig. 5 | Redox catalysis. A| CV of adsorbed enzyme performing unidirectional oxidation of substrate
(S) to product (P). B] CV of adsorbed enzyme performing unidirectional substrate reduction. C|
Schematic illustration of processes that may determine the catalytic rate of an adsorbed enzyme:
substrate transport to the electrode, enzyme kinetics (kc.) and interfacial electron transfer. D| CV of
A. vinosum [NiFe] hydrogenase adsorbed on a PGE electrode. Temperature as indicated for 1 atmos.
H,, pH 7. Electrode rotation rate 2500 rpm. Scan rate 1 V s, E| CV of E. coli cytochrome c nitrite
reductase adsorbed on a PGE electrode in 130 uM nitrite (red). Electrode rotation at the indicated
rates. Scan rate 30 mV s’%. CV in the absence of nitrite (grey). Arrow shows measurement of catalytic
current (icar) at -550 mV for the scan towards more negative potential at 3000 rpm. Inset: Koutecky-
Levich plot showing 1/(ica measured at -550 mV) against 1/(angular velocity, ®)*2. F| CA for a redox
enzyme adsorbed on a PGE electrode rotated at 3000 rpm. Arrows indicate addition of substrate to
the electrochemical cell to give the indicated concentration.
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Fig. 6 | Biosensing. A| Cartoon illustrating assembly and operation of a lactose biosensor using direct
electron transfer between AuNPs and the enzyme CDH. Blue: CYT domain. Red: DH domain. B| CV of
CDH adsorbed on PEI-AuNPs on a gold WE (red line) and directly on a gold WE (black line) in 5 mM
acetate, pH 4.5. Scan rate 1 mV s. C| CV of PsCDH electrostatically immobilized on PEI-AuNPs on a
gold WE for the indicated lactose concentrations in 5 mM acetate, pH 4.5. Scan rate 1 mVs™. D|
Variation of catalytic response with lactose concentration as defined by CA with the WE poised at +250
mV vs. Ag/AgCl (0.1 M KCl). Inset: the response in the low-micromolar range.
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Fig. 7 | Photoreactivity. A| CA of a gold WE coated with a SAM terminated by nickel-nitrilotriacetic
acid without (left) and with (right) polyhistidine tagged-PSIl. WE held at 0.2 V vs. Ag/AgCl (sat. KCl). B|
Schematic of a mesoporous ITO WE coated with a carboxylate terminated SAM onto which PSlI
spontaneously adsorbs (top left) and PSIl covalently linked to the same electrode by carbodiimide with
N-hydroxy succinimide (top right). CA (bottom left) reporting catalytic currents during cycles of
irradiation by red-light for mesoporous ITO WEs coated with (a) carboxylate terminated SAM, (b)
carboxylate terminated SAM treated with carbodiimide and N-hydroxy succinimide, (c) PSIl (d)
carboxylate terminated SAM and PSlI, (e) carboxylate terminated SAM and PSII followed by exposure
to the coupling agents carbodiimide with N-hydroxy succinimide. (f) is a control experiment. CA
(bottom right) comparing the catalytic currents during continuous red-light irradiation for electrodes
(c—e). WEs poised at +0.5 V vs NHE. C| Cartoon of the RRDE setup for studying PSIl photochemistry
(centre panel). CA revealing H,O oxidation by PSII at the glassy carbon disk electrode (0.5 V vs SHE)
and O, detection at the Pt ring electrode (-0.5 V vs SHE) (left panel). CA revealing reduction of O by
PSII at the disk electrode with H,0, detected at the ring electrode. Electrode rotation at 400 rpm.
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Fig. 8 | Enzyme mechanism. A| CV of A. aeolicus NiFe hydrogenase adsorbed on a graphite electrode.
Electrode rotation rate 4000 rpm, scan rate 0.3 mV s, pH 7, 40 °C, 1 atm. H,. Arrows indicate the
direction of the sweeps. B| CA of A. aeolicus NiFe hydrogenase. Electrode rotation rate 4000 rpm, pH
8, 40 °C, 1 atm. H,. WE potential against time (upper panel). Catalytic current (red) against time and
fit (green) (lower panel). Film loss during measurement accounts for the lower H, oxidation current at
approx. 500 s that at t = 0. C| Structure of D. fructosovorans NiFe hydrogenase (upper). Detail of the
gas tunnel leading to the active site in wild type enzyme (lower left) and the 174, F122 variant (lower
right). D| CA of D. fructosovorans NiFe hydrogenase wild-type enzyme (left) and the L122F-V74li
mutant (right) under 1 atmos. H, and exposed to carbon monoxide (CO) at t = 0. Enzyme adsorbed on
a PGE WE. Electrode rotation rate 2000 rpm.
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Glossary

Chronoamperometry a technique in which electric current is measured as a function of time with the
WE held at a defined electric potential, or stepped between two or more defined electric potentials.

Counter electrode — an electrode that carries electric current flowing in a three-electrode
electrochemical cell. Electrochemical processes occurring at this electrode are not of interest.

Cyclic voltammetry — a technique in which the current is measured as the WE potential is ramped
linearly with time. When a defined WE potential is reached, the potential is ramped linearly in the
opposite direction to return the WE to its initial potential.

Faradaic current — electric current generated by the oxidation or reduction of species at a WE.

Non-Faradaic current — electric current measured in an electrochemical cell that is not due to redox
processes. Typically, this current arises from migration of ions in response to the electric potential
applied to an electrode.

Redox catalysis - the interconversion of reactants and products through a redox reaction catalysed
by an enzyme. For an enzyme catalysed reaction the reactants are often referred to as substrates.

Reference electrode — an electrode with a stable and defined electrode potential. The potential of
the working electrode is defined relative to that of the reference electrode.

Working electrode — the electrode at which redox chemistry of interest occurs in a three-electrode
electrochemical cell.
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