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Protein film electrochemical EPR spectroscopy as a technique to 
investigate redox reactions in biomolecules 

Kaltum Abdiaziz,1 Enrico Salvadori,1,2 Katarzyna P. Sokol,3 Erwin Reisner,3 Maxie M. Roessler*,1,4

Redox reactions and paramagnetic intermediates are ubiquitous in 

biological chemistry. We report a new method, protein film 

electrochemical electron paramagnetic resonance spectroscopy 

(PFE-EPR), that enables the direct and accurate potential control of 

proteins on the electrode surface for both electrochemical and EPR 

spectroscopic characterisation of their redox centres. 

Electrochemistry and electron paramagnetic resonance (EPR) 

spectroscopy have found many applications in the chemical 

sciences.1–3 The usefulness of combining these two techniques 

to access both detailed information on redox processes and 

structures of paramagnetic states in order to gain mechanistic 

understanding of chemical reactions is well-recognised with the 

first experiments dating back to the 1970s.4 EPR 

spectroelectrochemical (SEC) studies so far fall broadly into two 

categories: (1) the in-situ detection of paramagnetic species in 

solution,5,6 and (2) ex-situ electrogeneration followed by EPR 

measurements. In the latter, EPR measurements are often 

conducted using frozen solutions, especially when applied to 

biological samples that typically contain paramagnetic 

intermediates not being EPR-detectable at room temperature. 

 Most EPR SEC studies have been devoted to short-lived 

radicals in small molecules, and submicromolar concentrations 

of organic radicals have been detected with accurate potential 

control (i.e. in the absence of redox-active molecules termed 

‘mediators’).7 However, the detection of radical species in large 

protein complexes with direct and accurate potential control 

has thus far not been reported. Yet the plethora of redox 

reactions occurring in proteins and enzymes, many at metal 

centres, and the presence of numerous mechanistically-

relevant paramagnetic intermediates, warrants the 

development of an EPR SEC method with precise potential 

control in macromolecules. Examples include redox-centres in 

many of the essential membrane proteins in photosynthesis 

and respiration, as well as hydrogenases (H2 production and 

oxidation), nitrogenases (N2 activation), to name but a few. 

 Direct electrochemical control of biomolecules for EPR 

spectroscopic investigations is currently challenged by their 

slow diffusion to the working electrode surface, and 

potentiometric titrations require mediators to determine 

reduction potentials of redox-active centres.8 Such 

potentiometric titrations can only be carried out on steady-

state radicals and are thus not suitable for detecting fleeting 

paramagnetic intermediates, for example those formed during 

enzyme catalysis. The primary difficulty in EPR SEC studies with 

proteins is slow diffusion, which can in principle be overcome 

by using protein film electrochemistry (PFE) that investigates 

the protein directly attached on the working electrode surface. 

This technique is thus not limited by mass transport of the 

redox-active species to the electrode and requires only 

picomolar sample concentrations, amongst other advantages 

discussed elsewhere.9 PFE has already unravelled mechanistic 

details for numerous redox proteins, e.g. hydrogenases,10 and 

has been successfully coupled with other spectroscopies.11,12 To 

the best of our knowledge, the combination of PFE with EPR 

spectroscopy has not been previously reported. 

 Here, we demonstrate that the technical challenges of 

achieving direct (i.e. non-mediated), accurate potential control 

of biomolecules with sufficient sensitivity for EPR detection can 

be overcome by protein film-electrochemical EPR (PFE-EPR). To 

make our (protein) film electrochemical EPR method widely 

applicable, we constructed our cell in such a way that it is 

compatible with commercially-available EPR equipment (Fig. 1) 

and investigate the stable redox-active radical (4-amino-2,2,6,6-

tetramethylpiperidine-1-oxyl, henceforth 4-amino TEMPO) and 

the enzyme Cu-Zn superoxide dismutase (henceforth SOD). 
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 We first designed, constructed and optimised the working 

electrode (WE), which is inserted into the EPR resonator (see ESI 

for details). A major hurdle in combining PFE with EPR 

spectroscopy is ensuring high sensitivity for EPR detection of the 

proteins in contact with the working electrode. PFE usually uses 

pyrolytic graphite ‘edge’ electrodes, but they give rise to large 

radical signals and are thus unsuitable for EPR spectroscopy. We 

turned to mesoporous indium-tin oxide (meso-ITO), which is 

known to be an excellent WE material, owing to good 

conductivity, hydrophilicity, easy functionalisation13 and ability 

to bind proteins such as hydrogenase14 and Photosystem II.15 

 Meso-ITO cylinders, prepared using commercially-available 

ITO nanoparticles (< 50 nm, see ESI), of ca. 1.3 mm diameter and 

5 mm length were constructed around a coiled titanium wire 

and annealed at 300 oC in air. The cylindrical meso-ITO structure 

exhibited excellent structural integrity (see scanning electron 

microscopy image in Fig. 1 inset and Fig. S1 in ESI) and 

conductivity typical for a degenerate semiconductor (Tables S1 

and S2 in ESI). Electrochemical measurements were conducted 

anaerobically, by immersing the meso-ITO cylinder into a 4 mm 

diameter borosilicate glass tube with the electrolyte solution as 

well as a reference (RE) and a counter electrode (CE) for cyclic 

voltammetry and potentiometry. 

 As a proof of concept, 4-amino TEMPO was covalently 

anchored to the three dimensional (3D) meso-ITO WE (Fig. 2 

and Fig. S2 in ESI), exploiting the high affinity of ITO for 

phosphonate groups.13 The cyclic voltammograms (Fig. 3A) 

reveal a single electrochemically reversible wave with a 

reduction potential of Em = +0.874 ± 0.011 V vs standard 

hydrogen electrode (SHE), corresponding to the 

nitroxide/oxoammonium cation redox process of 4-amino  

TEMPO (see Fig. 2C and D), which is in excellent agreement with 

previous work.16 The peak separation of the oxidative and 

reductive peaks is greater compared to the flat electrochemical 

cell equivalent (Fig. S3 in ESI), which can be attributed to 

significant resistance within the porous ITO network as well as 

the Ohmic drop in the electrolyte and internal electrical circuit 

resistance (Fig. 3C and ESI Table S1).17 The surface-bound 

nature of 4-amino TEMPO is evident from the linear 

dependence of peak currents on scan rate (Fig. 3A inset), 

impedance measurements (Fig. 3B) and rotational correlation 

times derived from the EPR spectra (Fig. S4 and Table S3 in ESI). 

 Assuming quantitative electroactive coverage from covalent 

anchoring, the number of 4-amino TEMPO molecules in the 

electrochemical set-up was calculated to be equivalent to an 8.5 

mM solution (2 nmol per mm2 of meso-ITO, see ESI and Fig. S5). 

This estimate is in good agreement with the high sensitivity 

evident from room-temperature continuous-wave (CW) EPR 

spectroscopic measurements, showing that the number of 4-

amino TEMPO molecules anchored onto the cylindrical meso-

ITO electrode is equivalent to a 7.2 mM solution (ESI Fig. S4). 

  Having established high EPR sensitivity, we tested the 

control of the electrochemical potential for our method. Eight 

distinct meso-ITO 3D electrodes were prepared and poised to 

different potentials ranging from 1.22 V to 0.20 V vs SHE using 

the electrochemical set-up (Fig. 1). Although a stable current 

was reached in less than five minutes (Fig. 3C), which is amongst 

the shortest times achieved for small molecules7 and to our 

knowledge constitutes a new benchmark for proteins in 

electrochemical EPR18 (vide infra for experiments with SOD), the 

lack of instant equilibration is attributed to cracks and 

resistance in the 3D meso-ITO WE structure (Fig. S1 in ESI). 

 Samples were flash-frozen and the corresponding CW EPR 

spectra are shown in Figure 3D (inset). A new electrode was 

assembled for each SEC sample as the meso-ITO structure was 

found to be unstable to repeated freeze-thaw cycles. The shape 

of the EPR spectra is typical of nitroxide radicals measured at 

Figure 1. Schematic diagram of the PFE-EPR spectroelectrochemical cell. 

Borosilicate glass tube with meso-ITO WE (206 mm2). Coiled Ti wire (O.D. 0.32 m) 

maximises connection with meso-ITO structure. The pseudo-RE is Teflon-coated 

Ag wire (O.D. 0.125 m) and CE is bare Pt wire (O.D. 0.125 m). The electrolyte 

solution is phosphate-buffered saline (PBS) with 150 mM NaCl, adjusted to pH 7 or 

8. Inset: scanning electron microscopy images of the meso-ITO electrode.  

Figure 2. Schematic representation of the surface anchoring strategy for 4-amino 

TEMPO and SOD to meso-ITO. (A) Bare meso-ITO, (B) self-assembled monolayer, (C, 

D) oxidised and reduced 4-amino TEMPO. (i) Functionalisation using 3-

phosphonopropanoic acid. (ii) Covalently anchorage of 4-amino TEMPO with 

coupling agents. (iii) Electrostatically anchored SOD. Inset: active site of SOD, with 

the redox-active Cu. A, B, C labels refer to the species characterised in Fig. 3B. See 

ESI for further details.
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low temperatures.19,20 The double integrals (i.e. areas) of 

individual EPR spectra were plotted as a function of potential 

and the resulting data points (* in Fig. 3D) fitted well onto the 

expected one-electron Nernst equation (solid line in Fig. 3D). 

Small deviations are attributed to the variability in the meso-ITO 

structure within each sample and the exact position of the EPR 

sample in the resonator, rather than any error in the applied 

potential. The reduction potential of +0.874 V vs SHE 

determined from the potentiometric titration (Fig. 3D) is in 

perfect agreement with that determined from cyclic 

voltammetry (Fig. 3A), demonstrating the accurate potential 

control of our film-electrochemical method. 

 To be able to carry out EPR measurements with a reasonable 

quality factor (Q = 1200  100), only the bottom 1 mm3 of the 

borosilicate glass tube (Fig. 1) were inserted into the EPR 

resonator (for low-temperature measurements carried out in 

water, see ESI). This is perhaps unsurprising in light of the high-

conductivity of the sample (primarily lowering Q), combined 

with the high dielectric constant of water. The resulting 

sensitivity (Fig. 3D inset) is excellent, considering that less than 

1% of the fill-volume of the resonator is occupied by the 

paramagnetic sample.  

 To explore the suitability of our method for the investigation 

of proteins, we turned to Cu-Zn superoxide dismutase (SOD), a 

16 kDa dimer. In principle any redox protein that can be 

attached in an electroactive configuration to ITO should be 

suitable for PFE-EPR. SOD was chosen because it is a well-

characterised enzyme, with a clear electrochemical response 

resulting from the Cu2+/+ redox couple,21 that is EPR-active when 

oxidised (Cu2+) and EPR-silent when reduced (Cu+).22 SOD from 

bovine erythrocytes was immobilised electrostatically onto the 

meso-ITO WE using self-assembled monolayers (Fig. 2 and 

ESI).15,21  

 The reduction potential obtained from cyclic voltammetry 

(Fig. 4A, see also ESI Fig. S6), carried out in the electrochemical 

set-up depicted in Fig. 1, resulted in a reduction potential Em 

= +0.123 V vs SHE of the Cu2+/+ redox process that agrees with 

previous work.21 The linear relationship of peak current against 

scan rate (Fig. 4B) demonstrates the surface-bound nature of 

SOD. Peak currents remained unchanged after 100 scans at 20 

mV/s (ESI Fig. S7), showing excellent stability of SOD on ITO. 

  To assess the quality of potential control for this sizeable 

protein, we conducted a potentiometric titration analogous to 

that described for 4-amino TEMPO, with selected resulting EPR 

spectra shown in Fig. 4C (for a full set of EPR spectra see ESI Fig. 

S8). As expected, the Cu2+ EPR signal decreases and ultimately 

vanishes with decreasing potential. The SOD anchored to the 

meso-ITO was determined to be equivalent to a 44 μM solution 

of SOD in buffer (12 pmol/mm2 of ITO), as determined with UV-

vis spectroscopy (see ESI and Fig. S3) explaining the notably 

good signal-to-noise ratio in the EPR spectra. With only 

approximately 1 mm3 of the meso-ITO bound SOD inserted into 

the EPR resonator, the high sensitivity is attributed to the large 

surface area available for protein immobilisation in the meso-

ITO working electrode. 

 The resulting ‘Nernst curve’ for the Cu2+/+ redox couple in 

SOD was obtained by plotting the intensity of gx,y transition as a 

function of the applied potential (Figure 4C). The reduction 

potential of Em = +0.123 V vs SHE determined from fitting the 

one-electron Nernst equation (solid line) is in excellent 

agreement with the value obtained from cyclic voltammetry. 

 We have demonstrated the first successful direct 

combination of PFE with EPR spectroscopy, which provides 

Figure 3. Electrochemical and EPR characterisation of 4-amino TEMPO in the PFE-EPR 

cell. (A) Cyclic voltammogram of 4-amino TEMPO in PBS, 0.15 M NaCl (pH 7.00), scan 

rate of 40 mV/s; inset: peak intensity against scan rate ν. (B) Electrochemical impedance 

spectra to monitor functionalisation of meso-ITO, see Fig 2 for schematic diagram of the 

functionalisation steps. (C) Current response of potential-controlled potentiometry in 

the PFE-EPR cell; inset: zoom of 200 - 800 s timeframe. (D) Potentiometric titration: 

double integrals of individual EPR spectra (dots) and fit (solid line); inset: EPR spectra 

(100 K) of surface bound 4-amino TEMPO reduced to different potentials. 

Figure 4. EPR SEC response of SOD in the PFE-EPR cell. (A) Cyclic voltammogram of SOD 

in PBS, 0.15 M NaCl (pH 8.02) at 60 mV/s. (B) Plot of peak intensity against scan rate. 

(C) Intensity of gx,y transition of Cu2+ in SOD (dots) and fit (solid line). Inset: CW EPR 

spectra (16 K) of surface bound SOD. * signal from meso-ITO electrode (see ESI Fig. S9).  
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exquisite potential control of a redox-active protein in the 

absence of any redox mediators for EPR spectroscopic 

investigations. The purpose of this PFE-EPR method is not to 

determine reduction potentials – for which classical EPR-

monitored potentiometric titrations with mediators, such as the 

small-volume method we reported recently,8 should suffice. 

Rather, the determination of the reduction potential of 4-amino 

TEMPO and SOD by cyclic voltammetry and by titration, and the 

goodness of the fit of the latter to the one-electron Nernst 

equation, was carried out to assess the accuracy of potential 

control.  

 In the future, we envisage that it will be possible to harness 

the full palette of advantages that stem from PFE, in particular 

the possibility to trap paramagnetic intermediates under 

precise electrochemical conditions during catalysis, to obtain 

structural information from EPR spectroscopy, ultimately 

including pulse methods to give detailed insight that is often not 

accessible with continuous-wave EPR alone.3 To achieve this, a 

number of challenges will need to be overcome. “Wiring” any 

protein to the electrode in the right configuration can be a 

limitation of PFE.23,24 Moreover, our working electrode material 

will need to be improved to enable instant potential control and 

to make it fully EPR-silent. Experiments with custom-made ITO 

nanoparticles are underway, as is the construction of inverse-

opal ITO architecture14 to accommodate larger protein 

complexes. 

 Our method falls between the two main categories of EPR-

SEC experiments discussed above: Whilst not in-situ, the direct 

potential control of (some) in-situ methods is retained. Besides 

the key feature of attaching the redox-active molecule to a 

highly tuneable electrode material that enables astonishing 

sensitivity, the success of our method has relied on the use of 

frozen samples for EPR measurements – as typically required for 

metalloproteins with fast-relaxing metal centres – which 

tolerates the high dielectric constant of water in combination 

with the conductive working electrode. In contrast to 

conventional EPR experiments, only nanomoles of protein are 

required, making PFE-EPR highly attractive for investigating 

proteins that are difficult to obtain in large quantities, in 

addition to other advantages that stem from PFE, such as 

probing the effect of pH and inhibitors easily and reversibly.  

 In conclusion, we have presented a novel method that 

enables direct, accurate and fast potential control of redox 

centres, together with the EPR spectroscopic characterisation 

of paramagnetic intermediates, in any molecule irrespective of 

its size. Whilst our method is widely and generally applicable to 

any redox-active molecule, we believe that with further 

refinement it will be particularly useful in its application to 

proteins and enzymes undergoing catalysis. By harnessing 

information both on reactions (through PFE) and the nature and 

structure of steady-state and non-steady state paramagnetic 

intermediates (though EPR), PFE-EPR promises to lead to new 

mechanistic understanding of redox-based processes in 

biomolecules. 
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