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Abstract 

Electrochemical, spectroscopic and computational methods are used to demonstrate that 

electrified aqueous|organic interfaces are a suitable bio-mimetic platform to study and contrast 

the accelerated electrocatalytic activity of Cytochrome c towards the production of reactive 

oxygen species (ROS) in the presence of denaturing agents such as guanidinium chloride and 

urea. 
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Introduction 

The presence of high levels of ROS in the cells of patients with chronic disease is well 

known but poorly understood.1–3 This is due to a lack of model platforms to detect and evaluate 

how subtle changes in the cytoplasmic environment affect protein performance in vivo.4 

Methodologies capable of diagnosing how these changes trigger or inhibit a cascade of 

reactions occurring within cells will inform new strategies to counteract the proliferation of 

diseases such as breast cancer,5 acute myeloid leukaemia,6 neurodegeneration7 and heart 

failure.8 

Recently, using Cytochrome c (Cyt c) as a model protein, we demonstrated the 

capability of electrified aqueous|organic interfaces to replicate the molecular machinery of the 

inner mitochondrial membrane at the onset of apoptosis.9 Precise electrochemical control of 

Cyt c adsorption at an immiscible aqueous|organic interface formed between water and α,α,α-

trifluorotoluene (TFT) activates Cyt c enzymatic production of ROS. Positive biasing of the 

water|TFT interface, by externally applying an interfacial Galvani potential difference (Δo
w𝜙) 

> +0.1 V, triggers ROS production in the presence of an organic electron donor, 

decamethylferrocene (DcMFc), whereas negative biasing (Δo
w𝜙 ≈ –0.2 V) does not. External 

polarisation regulates the electrochemical performance of the protein by modulating the 

binding of molecules to Cyt c at the interface, in particular, electrostatic and hydrophobic 

interactions between Cyt c and tetrakis(pentafluorophenyl)borate (TB–) organic electrolyte 

anions.9 At positive biasing, these Cyt c/TB– interactions are promoted, leading to (i) a 

conformational change of the adsorbed Cyt c from its native state that exposes the redox-active 

heme to small molecules and (ii) a favourable orientation of the heme-pocket perpendicular to 

the water|TFT interface. The latter facilitates interfacial electron transfer (IET) between 

partially exposed heme and DcMFc, thereby leading to ROS production. At negative bias, Cyt 

c/TB– interactions are inhibited. Thus, Cyt c does not present any preferential orientation 

towards the interface at negative bias and no detectable IET or ROS production occurs.9 

Here, using cyclic voltammetry (CV) we demonstrate that electrocatalytic activity of 

Cyt c towards production of ROS at an electrified water|organic interface is significantly 

boosted by adding denaturing agents, such as the chaotropes guanidinium chloride (GdmCl) or 

urea, to the aqueous phase. Using differential capacitance measurements, UV/vis and Raman 

spectroscopy, and molecular dynamics (MD) simulations, we reveal the atomic-scale 

mechanisms by which GdmCl and urea promote electrocatalysis. All electrochemical studies 
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were performed using a four-electrode electrochemical cell under ambient, aerobic conditions. 

The electrochemical cell configuration used is outlined in Scheme 1 and all electrochemical 

measurements were calibrated to the Galvani potential scale (for details see Fig. S1, ESI†). 

 

 

Scheme 1. Schematic of the four-electrode electrochemical cell used for all 

electrochemical measurements. For blank experiments x was 0 µM, and with Cyt c in solution 

x was 10 µM. For experiments with the chaotropes guanidinium chloride (GdmCl) and urea, y 

varied from 0 to 12 M. The organic electrolyte salt was 

bis(triphenylphosphoranylidene)ammonium tetrakis(pentafluorophenyl)borate (BATB). All 

experiments were carried out under aerobic conditions. 

 

Results and Discussion 

The influence of introducing the chaotropes GdmCl and urea to the aqueous phase on 

the electrocatalytic activity of Cyt c towards the production of ROS was revealed by CV 

measurements (Fig. 1a). The onset Galvani potential for IET (∆o
w𝜙IET

Onset) shifted negatively in 

the presence of both denaturing agents, in particular for GdmCl, with significant positive 

currents measured at low potentials (Fig. 1a). These positive currents are attributed to IET from 

organic DcMFc to aqueous O2, electrocatalysed by Cyt c.9 The negative currents at the negative 

end of the potential window are attributed to ion transfer of decamethylferrocenium cations 

(DcMFc+),10,11 generated during ROS production, from the TFT to aqueous phase. Progressive 

negative shifts of ∆o
w𝜙IET

Onset up to 250 mV were observed upon increasing the aqueous GdmCl 

concentration from 0 to 8 M (Figs. S2a-d, S3a, ESI†). By comparison, increasing the aqueous 

urea concentration from 0 to 8 M led to a small negative shift of ∆o
w𝜙IET

Onset by ca. 40 mV, that 

was independent of the aqueous urea concentration in this range (Figs. S2e-g, S3b, ESI†). Even 

with a 12 M aqueous urea concentration, ∆o
w𝜙IET

Onset shifted only ca. 70 mV (Figs. S2h, S3b, 

ESI†), far less than for lower GdmCl concentrations. Comparative analysis of the charge 

transferred in the CVs in Fig. 1a and Fig. S3, ESI†, in the absence and presence of increasing 
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GdmCl or urea concentrations, clearly demonstrates that ROS production dramatically 

increases in the presence of GdmCl compared with urea (Fig. S4, ESI†). The positive currents 

attributed to IET disappeared in control CVs with Cyt c in the presence of increasing 

concentrations of GdmCl and urea in the aqueous phase, but without DcMFc in the organic 

phase (Figs. S5, S6, ESI†). We previously reported control experiments involving in situ 

spectroelectrochemical studies, as well as CV measurements under anaerobic studies, to 

evaluate the electrocatalysis of ROS production by adsorbed Cyt c.9 

 

 

Fig. 1. Electrochemistry of Cytochrome c (Cyt c) at an electrified aqueous|α,α,α-

trifluorotoluene (water|TFT) interface in the presence of the organic electron donor 

decamethylferrocene (DcMFc). (a) Cyclic voltammetry (CV) in the presence of Cyt c, with 

and without urea or GdmCl. Scan rate was 20 mV·s–1. (b) Differential capacitance 

measurements (C / μF) in the absence of Cyt c, with and without urea or GdmCl. (c) Influence 

of applied AC frequency (5 vs. 80 Hz) on differential capacitance measurements in the presence 

of 2 M GdmCl, with and without Cyt c. (d) Differiential capacitance measurements in the 

presence of Cyt c, with and without urea or GdmCl. All capacitances were measured at 5 Hz, 

unless stated otherwise. The four-electrode electrochemical cell used for all measurements is 

described in Scheme 1. 
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Differential capacitance measurements probed the charge distribution at the water|TFT 

interface in the presence of 2 M GdmCl or urea in the aqueous phase, without (Fig. 1b,c) and 

with (Fig. 1d) Cyt c. For experiments without Cyt c, the differential capacitance increased in 

the presence of GdmCl, but decreased in the presence of urea, compared to a blank 

measurement without a chaotrope (Fig. 1b). The differential capacitance changed with 

sampling frequency (5 vs. 80 Hz) in the presence of GdmCl (Fig. 1c), but not urea (Fig. S7a, 

ESI†). 

An increase of differential capacitance indicates that the interfacial thickness (or width 

of the mixed solvent region) increases in the presence of GdmCl but decreases with urea. This 

correlates with the dependence of the differential capacitance on sampling frequency for 

GdmCl (Fig. 1c), consistent with Gdm+ cations penetrating the water|TFT interface, with part 

of the capacitive increase attributed to Faradaic processes involving Gdm+ ion transfer.12 Such 

ion partitioning, due to saturation of the aqueous phase with GdmCl, leads to Gdm+ acting as 

a co-solvent, increasing the miscibility of interfacial water and TFT. In agreement with these 

experimental observations, MD simulations vide infra reveal expediated interfacial water|TFT 

mixing in the presence of GdmCl, due to Gdm+ enhancing the hydrophobicity of the interface. 

Furthermore, MD simulations demonstrate that high interfacial concentrations of urea impede 

access of TFT to the water phase, leading to a decreased interfacial thickness. 

The minimum capacitance, defined as the potential of zero charge (PZC), is sensitive 

to adsorption of species from both the aqueous and organic phase;13–15 e.g., a negative shift 

implies adsorption of positive species at the interface. The PZC shifted negatively in the 

presence of both GdmCl and urea, compared to a measurement without a chaotrope (Fig. 1b). 

While such shifts were expected for adsorption of Gdm+ cations, their origin is less clear for 

adsorption of neutral urea molecules. One hypothesis is that urea species display a cationic 

behaviour, with well-defined dipole moments oriented towards the interface, when an external 

bias is applied. Indeed, this cationic behaviour of neutral urea molecules, leading to a negative 

shift of the PZC, has previously been observed at electrified water|1,2-dichloroethane 

interfaces.16 

Upon addition of Cyt c to the aqueous phase, the PZC shifted negatively, as expected 

since Cyt c has a net charge of +9 in its oxidised form at pH 7 (Fig. 1d and Fig. S7b-d, ESI†).17 

Also, near-identical PZC values centred at Δo
w𝜙 ≈ 0 V were observed, irrespective of the 

presence or nature of a chaotropic agent (Fig. 1d). Increasing the concentrations of urea and 

GdmCl to 4 and 6 M produced the same trends in PZC observed using 2 M concentrations (Fig. 
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S8, ESI†). Thus, when Cyt c adsorbs at the water|TFT interface in the absence or presence of 

a chaotrope, the resulting interfacial charge distributions are similar at Δo
w𝜙 ≈ 0 V and nearby 

potentials (–0.1 to +0.1 V). 

A key question then is why does GdmCl promote the electrocatalytic activity of Cyt c 

more than urea, despite near-identical interfacial ionic environments being experienced by 

adsorbed Cyt c? Differential capacitance measurements probe the ionic environment at the 

electrified water|TFT interface as a whole, and are thus relatively insensitive to any subtle 

conformational changes of an adsorbed protein. In contrast, CV probes IET, dependent on 

local, molecular-level factors that increase the probability of simultaneous interactions of the 

heme active site with DcMFc and O2, especially subtle conformational changes that expose the 

heme active site or orientate the heme towards the interface. Hence, despite Cyt c adsorption 

occurring at similar potential ranges in the presence of GdmCl or urea, the electrocatalytic 

activity of Cyt c with GdmCl is correlated with conformational changes specific to that 

chaotrope. Thus, spectroscopic experiments in bulk aqueous phases and MD simulations at the 

water|TFT interface were employed to investigate the precise conformational changes 

experienced by Cyt c at the interface in the presence of GdmCl or urea and their links to the 

observed electrocatalytic activity. 

Changes of the UV/vis absorbance spectra of aqueous Cyt c solutions in the presence 

of various concentrations (y M, Scheme 1) of urea or GdmCl (Figs. S9, S10, ESI†) were 

consistent with conformational changes leading to a moderate exposure of the heme pocket in 

the presence of urea, but major exposure in the presence of GdmCl. Shifts of the Soret band 

maximum absorbance (λmax) with increasing chaotrope concentration were monitored (Fig. 

S11, ESI†), as this band is attributed to π–π* transitions of the heme porphyrin ring and 

sensitive to changes in the heme environment, ligation state of the iron, and the protein 

conformation.18 For both urea and GdmCl, small step-wise shifts of λmax were observed for low 

chaotrope concentrations (0.2 ≤ y < 2 M). However, at higher chaotrope concentrations (2 ≤ y 

≤ 8 M), the ~1 nm shift of λmax observed with urea was increased to ~6 nm with GdmCl. When 

λmax = 407 nm, the population of non-native Cyt c tertiary structures (Cyt c intermediates) 

increases by ca. 80%.19 Using this benchmark, GdmCl triggers more significant conformational 

changes and stabilises a more open structure at lower concentrations than urea. λmax reaches 

and passes the 407 nm mark within the 2 to 4 M range with GdmCl, while with urea this occurs 

at ~7 M (Fig. S11, ESI†). 
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Raman spectroscopy confirmed that within the 2 to 8 M range, Cyt c passes through 

more conformational changes in the presence of GdmCl than urea, with larger frequency 

upshifts of Cyt c core size markers observed with GdmCl (Fig. S12, ESI†). The frequency 

shifts (e.g., ν15, ν13, ν21, ν4, ν11, etc.) are mainly seen for in-plane skeletal modes due to a 

combination of core-expansion and more extensive Fe–porphyrin backbonding in Cyt c,19,20 

with further details given in Table S1, ESI†. 

To further probe Cyt c conformational shifts and quantify exposure of the heme pocket 

in the presence of chaotropes (2M aqueous solutions of urea and GdmCl), we used interface 

models (with the experimental ion distributions estimated based on the differential capacitance 

measurements with Cyt c present at the water|TFT interface at 0.0 V as detailed in Fig. S13, 

ESI†) to perform multiple, 0.5 s long MD simulations (see Fig. 2) of the electrochemical cell 

(for details see Section S3, ESI†). Experimentally, in the presence of GdmCl but not urea, the 

bond between Met80 and the heme is broken.19 This is accounted for in the present simulations. 
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Fig. 2. Computed density profiles across the water|TFT interface of solvents, molecular and 

ionic species in the presence of chaotropes (a) urea and (b) guanidinium chloride (Gdm+Cl-). 

(c) Simulation timelines showing near-normal orientations sampled between the heme plane 

and the water|TFT interface in the presence of both denaturing agents. (d) Root mean square 

fluctuations (RMSF) showing the flexibility of the Cyt c amino acid residues. Representative 

snapshots showing the orientation of the Cyt c heme active site (orange sticks, with the full 

protein shown in cartoon representation) in the presence of (e) urea (brown) and (f) Gdm+ 

(green). The BA+ and TB– ions from the organic phase are shown as blue and red sticks. Only 

chaotrope molecules within 1.2 nm of Cyt c, and BA+ and TB– ions within 0.3 nm of Cyt c are 

shown. 

 

The computed density profiles of solvents and ions reveal a dip in the water density 

corresponding to the position of Cyt c in the water phase, which is closer to the interface and 

less prominent in the presence of urea (Fig. 2a) than in the presence of GdmCl (Fig. 2b and 

Fig. S19a, ESI†). This is coupled with a larger urea than Gdm+ population at the interface, the 
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latter being more distributed in the water phase with a slightly higher density near Cyt c. The 

observation of this dip in water density for both chaotropes, coupled with the observation of 

IET by CV in the presence of both chaotropes (Fig. 1a), clearly indicates that the concentration 

of chaotropes employed does not produce a physical screening effect between Cyt c and the 

organic side of the interface. 

We note a predicted thicker interface in the presence of GdmCl (~2 nm) vs. urea (~1 

nm), despite the lower local concentration of Gdm+ at the interface (Fig. 2b). Gdm+ at the 

interface expedites interfacial water|TFT mixing, enhancing the hydrophobicity of the interface 

and leading to a decrease in the computed dielectric constant (𝜀r) from 40 in the presence of 

urea to 30 in the presence of GdmCl (Fig. S18a, ESI†), compared with 52 in the absence of 

chaotropes. By contrast, the high concentration of urea at the interface may partly limit 

interfacial water|TFT mixing (see Section S3.4, ESI†). These predictions are in agreement with 

the experimental observations that the differential capacitance is slightly increased in the 

presence of Gdm+ species and slightly decreased in the presence of urea (Fig. 1b). In the 

presence of both chaotropes, the heme active site is exposed and docked to the interface with 

the heme plane oriented perpendicular to the interfacial plane throughout the 0.5 s dynamics 

(Fig. 2c). 

The short-lived, sporadic nature of the interactions between TB– and Cyt c at the 

interface (Figs. S15, S19; see details in Section S3.4, ESI†) mean that the ordering of Cyt c 

could not be solely attributed to the local interfacial concentration of TB– (Figs. 2a, b). To 

further understand the different mechanisms of pre-organisation of the Cyt c heme pocket for 

IET and its increased exposure to the water|TFT interface in the presence of urea and GdmCl, 

we calculated the root mean square fluctuations (RMSF Dev.), or flexibilities, of the protein 

residues (Fig. 2d). The RMSF data reveals that in the presence of urea with the Met80–heme 

bond intact, a mobile loop spanning residue positions 40–57 in Cyt c flips (blue line in Fig. 2d, 

also see Fig. S14b, ESI†) to create a more open structure that increases the accessibility of the 

heme pocket at the interface (see Movie S1, ESI†). The dynamicity of this so-called “ loop” 

is known to regulate unfolding of Cyt c.21,22 On the other hand, in the presence of GdmCl with 

the Met80–heme bond broken, residue ranges 20–30 (belonging to loop-A)23 and 76–82 

(belonging to loop-D)24 undergo structural rearrangements (red line in Fig. 2d and Fig. S14b, 

ESI†) and open up the Cyt c structure as a first step to expose the heme pocket when the Cyt c 

Met80-heme bond is broken (see details in Section S3.4, ESI†), while the  loop remains more 

closed than in urea (Fig. 2d). By these two distinct chaotropic effects on different parts of Cyt 
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c, GdmCl and urea promote exposure of the heme pocket to facilitate its near-normal 

orientation at the interface (see Figs. 2e, f, and also Cyt c–TB– interactions in Fig. S15, ESI†). 

To further map how heme pocket opening couples with partial unfolding of Cyt c, we 

tracked the decay in secondary structure and native contacts (Figs. S17-19, ESI†). In the 

presence of chaotropes, Cyt c presents a more open structure than without, as evident from the 

faster and larger loss of native contacts (Fig. S18b, ESI†). Control simulations in the presence 

of 2 M chaotropes in water with the experimental electrolyte ion concentration but without a 

water|TFT interface present, confirm the significance of interface-ordered opening of the heme 

pocket and partial unfolding of Cyt c (Fig. S20, ESI†). 

 

Conclusions 

In summary, upon adsorption at an aqueous|organic interface, Cyt c experiences 

equivalent ionic environments but undergoes distinct conformational shifts and rearrangements 

(by entirely different mechanisms) in the presence of molar concentrations of the aqueous 

chaotropes urea and GdmCl. We find that ROS production (by IET from DcMFc to O2 

electrocatalysed by adsorbed Cyt c) is promoted more by GdmCl than urea because the 

presence of GdmCl leads to physicochemical changes to the water|TFT interface and 

conformational changes to the adsorbed Cyt c, which work in tandem to increase the probability 

of DcMFc and O2 reaching the heme active site. Specifically, Gdm+ cations penetrate the 

interface, creating a more hydrophobic environment that increases the interfacial concentration 

of DcMFc, leading to enhanced IET. Meanwhile, urea partially impedes access of TFT to the 

water phase, which may retard IET. Most importantly, the distinct Cyt c unfolding mechanism 

with GdmCl leads to a more open heme pocket structure than when urea is added. 

Our data shows that the partial unfolding of Cyt c and its conformational changes 

occurring at aqueous|organic interfaces can be tracked and understood even in the presence of 

low concentrations of denaturing agents. The use of 2 M of chaotropes is sufficient to produce 

Cyt c intermediates that exhibit outstanding electrocatalytic behaviours at the interface and 

could lead to development of new strategies to inhibit ROS production. We have demonstrated 

that aqueous|organic interfaces are suitable and tuneable platforms to carry out 

bioelectrochemistry and direct electron transfer reactions with proteins in the presence of 

spectator and co-factor organic molecules, a further step toward full cytoplasmimetics. 
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