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Abstract: 

We report here the influence of chemical denaturation of haemoglobin on its electrochemical 

behaviour at the polarised liquid|liquid interface. Denaturation with urea resulted in a 

modification of the haemoglobin electrochemical behaviour, with the disappearance of the 

forward transfer peak and a decrease of the reverse peak current. Although the reverse peak 

current increased linearly with the concentration of denatured haemoglobin in the aqueous 

phase, the slope of the current-concentration plot was three times lower than that for native 

haemoglobin over the 0.1 – 1 M concentration range. These results indicate the sensitivity of 

electrochemistry at liquid|liquid interfaces to protein tertiary structure. 
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Introduction 

Proteins are the molecular machines of life and tools for their detection enable both the study 

of biological processes and the diagnosis of disease. Electrochemical methods provide 

important analytical tools for protein detection [1]. Amongst these, electrochemistry at 

polarised liquid|liquid interfaces has been used for the investigation of non-redox 

electrochemistry [2, 3] and electroanalytical determination [4] of a range of ions. Recently, a 

variety of large polycationic molecules have been studied at the liquid|liquid interface, 
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including dendrimers [5], peptides [6] and proteins [7-20]. We have recently investigated the 

electrochemical behaviour of haemoglobin [15-17], insulin [18] and lysozyme [19] at the 

liquid | liquid interface. In agreement with previous studies [7-10, 14, 20], protein adsorption 

occurred on the aqueous side of the aqueous|organic interface and the charge transfer process 

was attributed to transfer of organic-phase electrolyte anion into the aqueous phase where it 

formed a complex with the adsorbed polycationic protein [14-16, 18, 19]. The availability of 

hydrophobic pockets within the proteins’ structures facilitated complexation with the 

hydrophobic anions of the organic phase. It was also surmised that protein conformational 

changes occurred at the interface, especially following the interactions with the hydrophobic 

anion of the organic phase [15, 17].  

 

As the natural function of proteins is determined by their tertiary structure, the investigation 

of the modification of this structure is important. Protein denaturation (or unfolding) has been 

investigated by a range of techniques, such as fluorescence, Raman and infra-red 

spectroscopies and NMR and mass spectrometry [21]. Protein unfolding has also been 

investigated by electrochemical means for cytochrome c [22-26], bovine serum albumin [27] 

and haemoglobin [28]. 

 

We report here the influence of the chemical denaturation of haemoglobin on its cyclic 

voltammetric behaviour at the liquid|liquid interface, as part of our on-going studies of protein 

electrochemical behaviour and detection. In the present study, haemoglobin was denatured 

using either urea (9.5 M) or guanidine hydrochloride (7 M). The aim of this study was to 

investigate whether protein unfolding alters the electrochemical behaviour at the liquid|liquid 

interface. If denaturation destroys the hydrophobic pockets available within the tertiary 

structure of haemoglobin, then there should be less anion transfer facilitated by the protein. 

The results presented show that the denatured protein is less electroactive at the liquid|liquid 

interface and that analytical sensitivity is decreased relative to that of the native protein. 

 

Experimental details 

All reagents were purchased from Sigma-Aldrich Ireland Ltd and were used as received. The 

organic phase electrolyte salt was bis-(triphenylphosphoranylidene) ammonium tetrakis(4-

chlorophenyl)-borate ((BTPPA
+
)(TPBCl

-
)), prepared by metathesis of bis-

(triphenylphosphoranylidene) ammonium chloride with potassium tetrakis(4-chlorophenyl)-
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borate. The organic solvent was 1,2-dichloroethane (1,2-DCE). The composition of the 

electrochemical cell is shown in Scheme 1. 

 

Haemoglobin was denatured overnight at room temperature using either 9.5 M urea in 0.15 M 

KCl + 0.15 M HCl or 7 M guanidine HCl. Purified water with a resistivity of 18 M  cm, 

from an Elgastat system (Elga, UK), was used in the preparation of all aqueous solutions.  

 

All voltammetric experiments were performed with a PGSTAT302N potentiostat (Ecochemie 

B.V. The Netherlands). A four-electrode electrochemical cell with a pair of Ag|AgCl 

reference electrodes (one in each phase) and a pair of Pt mesh counter electrodes (one in each 

phase) was used. The interfacial geometric area was 1.16 cm
2
 and was flat in appearance. All 

potentials are reported relative to the experimentally used reference electrodes. The potential 

range was scanned from + 0.1 V towards more positive potentials. In all experiments, a 

positive cell current indicated the transfer of a cation from the aqueous phase to the organic 

phase, or of an anion from the organic to the aqueous phase. A negative current indicated the 

transfer of an anion of the aqueous phase to the organic phase or of a cation of the organic 

phase to the aqueous phase. All experiments were done at ambient room temperature (20 ± 1 ° 

C).  

 

Results and Discussion. 

The electrochemical behaviour of haemoglobin (Figure 1) was investigated by cyclic 

voltammetry (CV) before and after denaturation with urea. The presence of native 

haemoglobin in the aqueous phase gave a pair of peaks (+0.78 V on the forward scan and + 

0.68 V on the reverse) in agreement with previous studies [15, 16]. These peaks were 

attributed to the transfer of the anion of the electrolyte of the organic phase facilitated by the 

presence of haemoglobin on the aqueous side of the interface. The addition of denatured 

haemoglobin to a 10 mM HCl aqueous phase resulted in a very different CV (Figure 1). The 

forward peak was decreased to the extent that it was not discernible above the background 

current and the reverse peak was shifted to less positive potentials and was of lower intensity. 

The additional reverse peak observed at + 0.7 V was due to the change in the background 

electrolyte. Control experiments (not shown) demonstrated that this electrochemical protein 

signal was not due to the composition of the aqueous electrolyte solution. The presence of 

urea in the denaturation medium was necessary to observe a modification of the 

electrochemical signal for haemoglobin. Furthermore, the aqueous electrolytes were acidic 
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(pH 1.4 for 0.15 M KCl + 0.15 M HCl; pH 1.9 for 10 mM HCl) so that the haemoglobin was 

fully protonated and positively charged. This ensured that the changes in electrochemical 

behaviour were due to the modification of haemoglobin tertiary structure and not to the 

changes of aqueous electrolyte pH. Previous studies of proteins at the liquid|liquid interface 

demonstrated that electrochemical detection occurs only when the protein is present in 

solution at a pH below its isoelectric point, so that it is positively charged [15, 18, 19].  

 

In 10 mM HCl, haemoglobin may be partially unfolded. However, it has been reported that at 

pH <2.5 haemoglobin retains a large amount of tertiary structure in which the highly 

hydrophobic tryptophan residues have little exposure to the surrounding solvent [29]. 

Chemical denaturants, such as urea and guanidine HCl, destabilise the hydrophobic 

interactions, leading to its full unfolding [30]. Such destruction of hydrophobic pockets 

should, in principle, result in transfer of less hydrophobic anion across at the interface. 

Indeed, the charge under the reverse CV peak before denaturation was 467 C, but this 

dropped to 63 C after protein unfolding, indicating that there was less interaction between 

the protein in the aqueous phase and the anion of the organic electrolyte phase after 

denaturation. These results suggest that hydrophobic interactions, as well as electrostatic 

interactions [15, 18, 19], between proteins and anions of the organic electrolyte phase are 

important.  

 

The peak intensity on the reverse scan increased with the concentration of the denatured 

protein in the aqueous phase (Figure 2). It can also be seen that the forward transfer peak 

current became more obvious with increasing concentration of denatured protein. A plot of 

the reverse peak current versus the concentration of denatured haemoglobin (Figure 2, inset) 

had a slope of –32 A M
-1

 (N=10). This was three-times lower than that obtained for native 

haemoglobin (–101 A M
-1

, N=10), indicating the sensitivity of liquid|liquid interface 

electrochemistry to protein tertiary structure. 

 

Further experiments using 7 M guanidine HCl as the denaturation medium were carried out. 

Figure 3 shows that the addition of 7 M guanidine HCl to the aqueous phase (so that 0.69 M 

guanidine HCl was in solution) resulted in an increase of the background current, attributed to 

the high ionic strength. A broad peak was observed on the reverse scan, due to the 

background electrolyte. Upon addition of an aliquot of 100 M of haemoglobin denatured by 
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guanidine HCl to the aqueous phase (providing concentrations of 1 M haemoglobin and 0.69 

M guanidine HCl), the reverse scan peak was broadened and shifted towards less positive 

potentials. The high background current masked the haemoglobin signal and it was not 

possible to assess the influence of guanidine HCl denaturation medium on the behaviour of 

haemoglobin. It was also seen that the organic phase turned white and cloudy after 

experiments, irrespective of whether haemoglobin was present or not. This suggests that 

guanidinium was transferred from the aqueous to the organic phase.  

 

Conclusions 

Denaturation of haemoglobin by urea caused a substantial decrease of the electrochemical 

detection signal at the liquid|liquid interface. This decreased electrochemical behaviour may 

be explained by the destruction of hydrophobic pockets within the protein upon denaturation 

by urea, which in turn decreased the extent of interaction between the cationic protein and the 

organic phase electrolyte anion. Despite a decreased electrochemical signal for denatured 

haemoglobin, the transfer peak current on the reverse CV scan increased linearly with the 

concentration of unfolded haemoglobin in the aqueous phase, although the sensitivity was 

three-times less than that for native haemoglobin. The results presented indicate the 

sensitivity of electrochemistry at liquid|liquid interfaces to protein tertiary structure and that 

denatured proteins are less electroactive at these interfaces. 
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Figure and Scheme captions 

 

Figure 1: CV of 10 mM HCl (solid line), 0.2 M native haemoglobin (dotted line) and 0.2 

M haemoglobin denatured in 9.5 M urea (concentration in aqueous phase was 0.19 µM) 

(dashed line).  

 

Figure 2: CV of increasing concentrations of haemoglobin denatured in 9.5 M urea added to a 

10 mM HCl aqueous phase. Concentrations of denatured haemoglobin were 0, 0.1, 0.2, 0.3, 

0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1 M.  Inset: Calibration graphs for native () and denatured 

haemoglobin (). 

 

Figure 3: CV of 10 mM HCl (solid line), 0.69 M guanidine in 10 mM HCl (dotted line) and 1 

M haemoglobin + 0.69 M guanidine in 10 mM HCl (dashed line). 

 

Scheme 1: Composition of the electrochemical cell employed. 
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Figure 1 
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Figure 2 
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Figure 3 
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Scheme 1 
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