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Abstract 

The study of the structure of insulin at the interface between two immiscible 

electrolyte solutions (ITIES) following electroadsorption was undertaken in order to 

identify the structures of the adsorbed insulin and any possible changes that might 

result. Initial experiments in this thesis focused on the electrochemical study of 

tetrapropylammonium ion (TPrA+) and insulin at the ITIES. A new electrochemical set 

up based on a plastic membrane perforated with a millimetre-scale single hole was 

introduced and was used to study TPrA+ and insulin electrochemistry. Then, 

secondary structures of insulin were investigated at the newly characterised 

millimetre-sized ITIES, following electroadsorption, using FTIR and Raman 

spectroscopies. The understanding of the secondary structures of insulin at the ITIES, 

and any changes introduced by the electroadsorption, may be beneficial for some 

biomedical applications.  

The electrochemical study of TPrA+ has revealed that voltammetric peak 

responses (forward as well as backward scans) increase with increasing concentration 

of TPrA+. Likewise, a voltammetric scan rate study of TPrA+ shows that peak currents 

(forward as well as backward scans) linearly increase with increasing square root of 

scan rate. It means that the TPrA+ transfer at the ITIES follows a diffusion-controlled 

basis. In addition, the peak-peak separation and the ratio of the forward peak current 

to the backward peak current are found to be ca. 59 mV and ca. 1, respectively. The 

diffusion coefficient of TPrA+ in the aqueous phase is reported to be 5.5 x 10-6 cm2 s-

1. These electrochemical parameters validated the new electrochemical cell.  

The electrochemical study of insulin shows that peak responses (both forward 

and backward scans) increase with increasing concentration of aqueous insulin. 

Similarly, a scan rate study and the nature of the cyclic voltammogram (CV) of insulin 

show that insulin possesses a diffusion-controlled phenomenon followed by the 

adsorption/desorption of organic anion-insulin complex at the ITIES. These studies 

also validate the new millimetre-sized electrochemical set up. Adsorption of the 

insulin at the interface, in combination with electrochemical ion transfer, may 

influence insulin secondary structures. Characterising insulin secondary structure at 

the ITIES may reveal new insight regarding insulin structure and chemical function. 
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The secondary structures of insulin following electroadsorption are investigated 

using Fourier transform infrared (FTIR) spectroscopy. Combined β-sheet and irregular 

helix structures are reported in significant proportions in both solid-state insulin and 

hydrated films of insulin. However, the secondary structures of electroadsorbed 

insulin at the ITIES depend on the concentration of aqueous insulin. Combined β-

sheet and irregular helix structures are found in larger proportions at high 

concentrations. On the other hand, at low concentration of aqueous insulin, α-helical 

structures dominate over the other secondary structures. Other secondary structures 

like 310-helix, unordered, and turns remain unaltered at different concentrations. The 

impact of electroadsorpiton at different potentials on the relative proportions of 

insulin secondary structures   is also investigated. Results show that there is no impact 

on the secondary structures of electroadsorbed insulin at different adsorption 

potentials. Nevertheless, the applied potential was a trigger for the adsorption at the 

ITIES. Likewise, the relative proportions of the secondary structures of 

electroadsorbed insulin at different adsorption times is investigated. It reveals that 

the proportions of α-helical and combined β-sheet and irregular helix remain 

unaffected at different adsorption times. However, the relative proportion of 310-

helix and unordered structure show variation with different adsorption times.  

Raman spectroscopy could not detect insulin following electroadsoption, 

even at 50 µM aqueous insulin, but FTIR spectroscopy could detect 5 µM aqueous 

insulin. However, electrochemistry could detect 0.5 µM aqueous insulin. So, 

electrochemistry is the more sensitive technique for detection of insulin at the ITIES. 

Nevertheless, FTIR spectroscopy is a valuable technique for the determination of 

secondary structures of insulin following electroadsorption.  
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Chapter 1. Introduction 

The principles of electrochemistry establish the key ideas of electrochemistry 

at the liquid-liquid interface. The basic concept of electrochemistry, as well as the 

basic concept of electrochemistry at the liquid-liquid interface, is presented in this 

chapter. The electrochemistry and Fourier transform infrared (FTIR) spectroscopy 

study of bio-electroactive molecules at the interface between two immiscible 

electrolyte solutions (ITIES) are also reported in this chapter. Since a large number of 

diseases are related to the presence of protein β-sheet secondary structures,1  

knowledge of the secondary structures of insulin at the ITIES might provide fruitful 

insight to a number of biomedical applications.  Hence, an extensive review of the 

secondary structures of protein is also included in this chapter. 

 

1.1. The basic concepts of electrochemistry 

Electrochemistry is a branch of chemistry that deals with the study about the 

relationship between chemical and electrical processes.2  Electrochemistry has been 

broadly categorised into two types: (a) study of chemical or physical changes due to 

the supply of electrical energy and (b) study of electrical changes due to chemical 

processes.3 An electrochemical cell that can be used to produce electrical energy 

from chemical reactions is called a Voltaic cell or a Galvanic cell. Electrical energy is 

produced due to the spontaneous redox chemical reactions that occur at the 

electrodes. On the other hand, electrolytic cells use electrical energy to drive a 

chemical reaction. Here, to initiate chemical change, electrical energy has to be 

supplied and the reactions which take place in electrolytic cells are not spontaneous.3 

Different processes occurring in electrochemistry are discussed below. 

 

1.1.1 Electrochemistry at solid electrodes 

  Solid electrode electrochemistry involves the transfer of charge (i.e. 

electrons) between the oxidised (or reduced) species and the electrified surface 

(electrode).2,4 Carbon, gold, and platinum electrodes are the frequently used solid 

electrodes.5 Section 1.1.2 below discusses the electron transfer processes across the 

solid-liquid interface. 
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1.1.2 Electron transfer processes 

  Some of the electroactive species that are present in solution have a 

tendency to either lose or gain an electron (or electrons). Oxidation is the process in 

which the electroactive particles lose an electron (or electrons) whereas reduction 

is that process in which the electroactive particles accept an electron (or electrons) 

from the solid electrode. Oxidation and reduction are also known as anodic and 

cathodic processes, respectively. Equations (1) and (2) indicate the oxidation and 

reduction processes, respectively, where O and R stand for oxidised and reduced 

species, respectively.6 

 𝑹 → 𝑶 +  𝒏𝒆−                                                                                                                                (1) 

𝑶 + 𝒏𝒆−  → 𝑹                                                                                                                   (2)                                                                                                                               

  The chemical reactions in which both oxidation and reduction reactions take 

place simultaneously are known as redox reactions. Equation (3) describes the Gibbs 

free energy of any redox reaction in terms of activities of the species involved. 

∆𝑮 =  ∆𝑮𝟎 + 𝑹𝑻𝒍𝒏
𝒂𝑶

𝒂𝑹
                                                                                                                     (3) 

where ∆𝐺 and ∆𝐺0, respectively, indicate the Gibbs free energy and standard Gibbs 

free energy of the system in J mol-1. Also, 𝑅 and 𝑇 denote the universal gas constant 

and temperature (K), respectively. The value of 𝑅 is 8.314 J mol-1 K-1. In addition, 𝑎𝑂 

and 𝑎𝑅, respectively, represent the activities of the oxidised and reduced species. 

Here, the unit of activity is mol L-1. The Gibbs free energy of any redox reaction will 

change with the change in the ratio of activities of the oxidised and reduced species. 

The standard Gibbs free energy (J mol-1) of any redox reaction can be correlated with 

the standard electrode potential. The relationship between the standard electrode 

potential (𝐸0) and standard Gibbs free energy of any redox reaction is illustrated in 

equation (4). 

∆𝑮𝟎 =  −𝒏𝑭𝑬𝟎                                                                                                                                      (4) 

where 𝑛 is the number of moles of electrons involved in the redox reaction and 𝐹 is 

known as the Faraday constant (96485 C mol-1) whereas the other terms are as 

already defined. This equation is widely used for the prediction of whether the 

processes are spontaneous or nonspontaneous. For any spontaneous redox 

reaction 𝐸𝑐𝑒𝑙𝑙
0 > 0, while for nonspontaneous redox reactions 𝐸𝑐𝑒𝑙𝑙

0 < 0. For any 
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redox reaction, the equilibrium electrode potential is provided by the Nernst 

equation which is shown in equation (5). If the reactions are kinetically and 

thermodynamically feasible, the Nernst equation will apply.3,7 

𝑬 =  𝑬𝟎 + 
𝑹𝑻

𝒏𝑭
𝒍𝒏

𝒂𝑶

𝒂𝑹
                                                                                                                              (5) 

where 𝐸 denotes the potential difference (V). All other terms used in equation (5) are 

already defined. Equation (5) successfully explains the potential of an electrode with 

the change in the ratio of activity of the redox species in solution at the electrode 

surface.  

 

1.1.3 Faradaic and non-Faradaic reactions 

  In any electrochemical cell, two electrochemical processes (i.e. faradaic and 

non-faradaic reactions) always occur. The oxidation or reduction reactions that 

generate electric energy in the form of a current are called faradaic reactions. The 

current which is obtained by faradaic reactions is called the faradaic current. Faradaic 

reactions follow Faraday’s law.7 Faraday’s law, which is shown in equation (6), 

describes the relationship between chemical reactions and the electricity passed 

through the electrochemical cell. 

𝑸 = 𝒏𝑭𝑵                                                                                                                                            (6) 

where 𝑄, 𝑛, 𝐹, and 𝑁 represent the charge (C), the number of electrons involved, 

Faraday’s constant (96485 C mol-1), and the number of moles of reacting species 

(mol), respectively. However, non-faradaic reactions do not associate with redox 

reactions at the interface, rather they associate with the accumulation of charge at 

the interface. The current which is related to non-faradaic reactions is called non-

faradaic current, and the structure which is associated with the non-faradaic current 

is called the electrical double layer2,5,8 which is described in section 1.1.4. 

 

1.1.4 The Electrical double Layer 

  When an electrode is immersed in a liquid solution of an electrolyte, a solid-

liquid interface is formed. Similarly, when two mutually immiscible liquid electrolytic 

solutions come into contact, it gives a liquid-liquid interface. The interface of the 

latter type is used in this thesis. In both types of interfaces, a potential difference is 
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developed across the interface and an electrical double layer is formed at the 

interface. This double layer is made up of the charges on the electrode surface and 

the charges of the electrolyte ions and is in close contiguity with the electrode. 

Helmholtz2,3 proposed the basic model of the electrical double layer in order to 

explain the non-faradaic current at electrodes. This model assumed that the double 

layer is made up of charges on the electrode surface and the charges of the 

electrolyte ions in the electrolytic solution close to the electrode surface. Here, the 

electrical double layer acts as a capacitor. Figures 1 (A) and 1 (B) represent 

Helmholtz’s electrical double layer and a capacitor, respectively. 

  A capacitor is an electrical device that consists of a pair of metal electrodes 

that are parallel to each other and these metal electrodes are separated by dielectric 

medium. When a potential is imposed on the capacitor, then electrical charges are 

stored on the metal electrodes. The capacitance of the capacitor can be calculated 

by equation (7).2 

𝑪 =  
𝑸

𝑬
                                                                                                                                               (7) 

where 𝑄, 𝐸, and 𝐶 indicate the charges accumulated on the capacitor (C), applied 

potential on the capacitor (V), and capacitance (F), respectively.  Any capacitor will 

store electrical charges until 𝑄 in Equation (7) is fully satisfied. As a result, the non-

faradaic current will transfer through the capacitor. It means that the capacitance of  

double layer, 𝐶𝑑𝑙, varies according to the applied potential and hence the capacitance 

of double layer is a characteristic of the interface that exists between the electrode 

and electrolytic solution.  
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  The study of the double layer has been conducted and modified over the 

years. Gouy and Chapman launched a new idea of the diffuse layer and they proposed 

that any charged particle in the solution cannot be restricted to the electrode 

surface.2 Since the number of charged particles is less in dilute solutions and hence 

to counterbalance the charges that are located on the electrode surface, it is 

necessary that a thicker layer in close proximity to the electrode surface would form. 

This thicker layer that is present in the vicinity of the electrode is called the diffuse 

layer and this diffuse layer is as shown in Figure 2. With increase in distance of ions 

from the electrode surface, the electrostatic force is decreased and hence the 

concentration of counter ions is decreased. Similarly, the thickness of the diffuse 

layer also depends on the applied potentials. As the applied potential is increased, 

the electrostatic force decreases and hence the thickness of the diffuse layer will also 

decrease.   

  According to Helmholtz, Gouy, and Chapman, ions are point charges that 

could come close to the electrode surface without any hindrance.2 Because of the 

finite size of the electrolyte ions, however, ions could not arbitrarily come to the 

surface of the electrode if the distance is less than the ionic radius of approaching 

ions. In order to overcome the limitation of previous models, Stern proposed another 

model by considering  the plane of closest approach known as the Outer Helmholtz 

 

 

Figure 1: (A) Schematic representation of Helmholtz’s electrical double layer model 

and (B) Schematic representation of a capacitor. 
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Plane (OHP) for the centre of ions at a certain distance, X2 (Figure 2).9 Likewise, 

Grahame made some improvement on the Stern model by considering the term Inner 

Helmholtz Plane (IHP).10 IHP is made up of the adsorbed ionic species and these 

species may be strongly held on the electrode surface and this plane is the distance 

X1 from the metallic surface to the centre of the adsorbed species, as depicted in 

Figure 2. 

 

 

1.1.5 Mass transport 

  The movement of electroactive particles in the electrolytic solution towards 

or away from the interface is known as mass transport and is often measured in the 

form of flux (J). In any electrolytic solution, mass transport can be described by three 

mechanisms:  

(1) Diffusion - occurs due to concentration gradients. 

(2) Migration - occurs due to the impact of an electric field. 

(3) Convection - occurs due to mechanical forces like temperature variation or 

stirring.2,5 

 

Figure 2: The electrical double layer model given by Stern and Grahame showing 

outer and inner Helmholtz planes (The idea of this figure was adopted 

from Grahame 10). 
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  The Nernst-Plank equation describes the mass transport of any ionic species 

(𝑖) to the electrode as the flux which is shown in equation (8). 

𝑱𝒊(𝒙) =  −𝑫𝒊
𝝏𝑪𝒊(𝒙)

𝝏𝒙
−  

𝒛𝒊𝑭

𝑹𝑻
 𝑫𝒊𝑪𝒊

𝝏∅(𝒙)

𝝏𝒙
 + 𝑪𝒊 𝝂(𝒙)                                                         (8) 

where, 𝑱𝒊, 𝑫𝒊, 𝑪𝒊 and 𝒛𝒊 are the Flux (mol cm-2 s-1), diffusion coefficient (cm2 s-1), 

concentration (mol cm-3), and charge of the electroactive species (𝑖), respectively, 

and (𝑥) shows the hydrodynamic velocity (cm s-1). Similarly, 
𝜕𝐶𝑖(𝑥)

𝜕𝑥
 and 

𝜕∅(𝑥)

𝜕𝑥
 are the 

concentration gradient and potential gradient along the  𝑥 – axis, respectively.2,5 

Many factors like temperature, viscosity, and molecular size of electroactive species 

are responsible for the value of the diffusion coefficient of the species.11 At standard 

temperature (298 K), the diffusion coefficient of the diffusing species vary from 10-6 

to 10-5 cm2 s-1 at aqueous conditions.5,12 

  By running the electrochemical cell in the presence of excess electrolyte and 

at stationary solution conditions, the mass transport caused by migration and 

convection can be minimised. At this condition, the mass transport of the species is 

limited by diffusion process8,13 and such process is mathematically described by Fick’s 

first law as shown in equation (9).  

𝑱𝒊(𝒙, 𝒕) =  −𝑫𝒊
𝝏𝑪𝒊(𝒙,𝒕)

𝝏𝒙
                                                                                                                     (9) 

This equation (9) helps to calculate the diffusion flux of electrolytic species at time 𝑡 

at 𝑥 distance from the electrode at its concentration 𝐶𝑖. Similarly, equation (10) 

exhibits Fick’s second law, which helps to explain the diffusional flux with time. 

𝝏𝑪𝒊(𝒙,𝒕)

𝝏𝒙
= 𝑫𝒊

𝝏𝟐𝑪𝒊(𝒙,𝒕)

𝝏𝒙𝟐                                                                                                                                  (10)                                                   

  Likewise, equation (11) gives the direct relationship between current and 

flux and is used to calculate the rate of charge flow. 

𝒊 =  −𝒏𝑭𝑨𝑱 (𝒙, 𝒕)                                                                                                                                 (11)      

   Combining equations (9) and (11) gives equation (12). 

𝒊 = 𝒏𝑭𝑨𝑫
𝝏𝑪𝒊(𝒙,𝒕)

𝝏𝒙
                                                                                                                         (12) 

In equation (12), 𝑛, 𝐹, 𝑎𝑛𝑑 𝐴, respectively, represent the number of electrons 

exchanged during the process, Faraday’s constant and area of the electrode. It gives 

the diffusional current on suppression of the other modes of mass transport 

(convection and migration). 
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1.2. Electrochemistry at the ITIES  

1.2.1. Introduction to the ITIES  

When two mutually immiscible (or poorly miscible) solutions, one containing 

hydrophilic electrolyte (e.g. LiCl) and other having hydrophobic electrolytes (e.g. 

bis(triphenylphosphoranylidene)ammonium tetrakis(4-chlorophenyl)borate 

(BTPPATPBCl), are brought in contact with each other, then an interface between the 

two immiscible electrolyte solutions (ITIES) is formed. The hydrophobic electrolyte 

should be dissolved in organic solvents (e.g. 1,2-dichloroethane (1,2-DCE), 1,6- 

dichlorohexane (1,6-DCH)) which are polar and with sufficient dielectric permittivity 

to dissolve and dissociate the organic electrolyte.14,15 At the ITIES, often ion transfers 

take place from one medium to other,16 and redox reactions can occur but in special 

conditions.17,18 Because of many advantages of the ITIES, these days, many 

researchers have applied electrochemistry at the ITIES. Those ions or ionisable 

species which cannot be easily oxidised or reduced can be detected by using the ITIES 

because the transfer of these ions across the ITIES produces a current.15 So, 

electrochemistry at the ITIES has been widely used for the label-free detection of 

various biomolecular species.19 In addition, the ITIES in the different length scales like 

macro16,20, micro21, and nano22,23 has been used by different researchers to study the 

various ionic or ionisable species.  

Nernst and Riesenfeld initiated electrochemical studies at the ITIES in 1902 

using water-phenol-water interfaces.24 In 1963, Blank and Feig25 also added some 

valuable works on the field of electrochemical studies at the ITIES. Later, Gavach et 

al.26 observed the polarisable nature of the ITIES, and concluded that charge transfer 

at the ITIES could be due to the Galvani potential difference across the interface. Like 

Gavach’s work, later, Koryta and co-workers have considered the polarisability of the 

interface, and they announced that the charge transfer behaviour across the ITIES 

was found to be similar with redox species at conventional solid electrodes.27 This 

paved the way to study the charge transfer behaviour of various redox species at the 

ITIES. Using a four-electrode system, Samec and co-workers, investigated the kinetic 

nature of various charge transfer processes at the ITIES.16 

Not only different biomolecules (e.g. choline,28 noradrenaline,29 

acetylcholine,30 dopamine,31 insulin,32 lysozyme,33 and haemoglobin34), drugs (e.g. 
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metoprolol,35 and daunorubicin36), carbohydrates (e.g. heparin)37,38 but also DNA39,40 

have been extensively studied using electrochemistry at the ITIES by different 

researchers. In addition, the electrochemical behaviour of various food substances 

like aspartame and acesulfame K has also been studied by using the ITIES.41 These 

substances have ionic characters and these substances are widely used for the 

manufacture of sugar-free liquid refreshment. Likewise, different analytical 

techniques like scanning electrochemical microscopy (SECM),42 capillary 

electrophoresis,43 ion chromatography,44 and flow injection analysis (FIA)45 have 

been widely assimilated with electrochemistry at the ITIES. 

 

1.2.2. Structure of the ITIES 

In order to describe the structure of the ITIES, by making some modifications 

to the Gouy-Chapman theory, Verwey and Niessen announced a theoretical model of 

the structure of the ITIES.5,46 According to this theory, the ITIES consists of two back 

to back diffuse layers, one having large proportions of positive charges, while the 

other has large proportions of negative charges. Gavach and co-workers, however, 

have introduced the idea of a rigid non-ionic layer of oriented molecules which are 

aligned in a particular orientation that isolates the back-to-back diffuse layers.26 In 

addition, Girault and Schiffrin proposed the formation of an intermixed solvent layer 

at the interface as shown in Figure 3, and according to them the composition of this 

layer does not remain constant.47,48 According to Schmickler et al., the thickness of 

this mixed solvent layer varies according to the miscibility of two solvents chosen.49  

Likewise, the width of water-alkane interfaces was examined by Schlossman et al. 

using synchrotron X-ray reflectivity.50 This group also performed molecular dynamics 

(MD) simulations to calculate the distribution of ions.51 Moreover, Mitrinovic et al. 

also used X-ray reflectivity to analyse the thickness of water-alkane interfaces, and 

successfully determined the thickness of it, which was found to be 3.5 – 6 Å.52 By 

using neutron reflection and scanning electrochemical microscopy (SECM), Strutwolf 

et al. were able to calculate the root mean square roughness of the water-

dichloroethane interface.53 Afterward, by considering the impact of the capillary 

waves, capillary wave theory described the non-linear polarisation of the double 

layer.54  
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1.2.3. Thermodynamic overview of the ITIES 

When two mutually immiscible electrolyte solutions are brought into contact, 

an ITIES is formed. At the ITIES, because of the separation of charges, a difference in 

Galvani potential, ∆𝑜
𝑤𝜙, is developed. The equilibrium Galvani potential difference at 

the ITIES is given by equation (13):6,14 

 

𝚫𝒐
𝒘𝝓 =  𝝓𝒘 −  𝝓𝒐                                                                                                                          (13) 

where 𝜙𝑤 and 𝜙𝑜 are the aqueous phase (𝑤) and organic phase (𝑜) potentials, 

respectively. Using this equation the potential of either phase at the interface can 

also be calculated.  

Any electrochemical species has an electrochemical potential at a particular 

point in space. However, the electrochemical potential of any electrochemical ion (𝑖) 

at the equilibrium state is constant everywhere. The electrochemical potential at 

equilibrium can be written by the following equation (14):2,3  

 

Figure 3: Figure demonstrating the electrical double layer which is formed at the 

ITIES. Darker and lighter shaded circles, respectively, represent the 

organic and aqueous solvents.  𝜙𝑜, 𝜙𝑤, and 𝛥𝑜
𝑤𝜙, respectively, denote 

the potential in the aqueous phase, the potential in the organic phase, 

and the Galvani potential difference across the ITIES. 
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�̅�𝒊
𝒘 =  �̅�𝒊

𝒐                                                                                                                                              (14) 

where �̅�𝑖
𝑤 and �̅�𝑖

𝑜are the electrochemical potentials of an ion (𝑖) in water and organic 

phase, respectively.  

According to thermodynamics, the work required to migrate an ion (𝑖) from a 

vacuum phase to a liquid phase (𝛼) is given by equation (15):2 

�̅�𝒊
𝜶 =  𝝁𝒊

𝜶 +  𝒛𝒊 𝑭𝝓𝜶                                                                                                                           (15) 

where 𝜇𝑖
𝛼 and 𝑧𝑖  are the chemical potential in phase (𝛼) and charge of the ion (𝑖), 

respectively. Likewise, the term 𝑧𝑖 𝐹𝜙𝛼shows the electrical work responsible for the 

electrochemical potential.  

For any species, the chemical potential and the electrochemical potential are 

related by equation (16):2 

𝝁𝒊
𝜶 = 𝝁𝒊

𝜶,𝟎  +  𝑹𝑻𝒍𝒏𝜶𝒊
𝜶                                                                                                                   (16) 

where 𝜇𝑖
𝛼,0 and 𝛼𝑖

𝛼 are the standard chemical potential and activity of the ion (𝑖), 

respectively. Factors like temperature, pressure, and solution compositions have a 

large influence on the activity of the ion. Equation (17) shows the relationship 

between activity and concentration. 

𝜶𝒊
𝜶 =  𝜸𝒊

𝜶 𝑪𝒊
𝜶                                                                                                                                       (17) 

where 𝛾𝑖
𝛼and 𝐶𝑖

𝛼  represent the activity coefficient and concentration of ion (𝑖), 

respectively. 

Combining equations (15) and (16), a new equation (18) defined as follows: 

�̅�𝒊
𝜶 =  𝝁𝒊

𝜶,𝟎  +  𝑹𝑻𝒍𝒏𝜶𝒊
𝜶 +  𝒛𝒊 𝑭𝝓𝜶                                                                                                   (18) 

As already discussed when the electrochemical potential of ion (𝑖) is equal in 

both phases, then there exists a thermodynamic equilibrium in the system. So, 

combining equation (14) and equation (18), the following equation  (19) is defined:3 

𝝁𝒊
𝒘,𝟎  +  𝑹𝑻𝒍𝒏𝜶𝒊

𝒘 +  𝒛𝒊 𝑭𝝓𝒘    =  𝝁𝒊
𝒐,𝟎 + 𝑹𝑻𝒍𝒏𝜶𝒊

𝒐 + 𝒛𝒊 𝑭𝝓𝒐                                            (19) 

On rearranging equation (19), the Galvani potential difference at the interface 

can be written as shown in equation (20):3 

∆𝒐
𝒘 𝝓 =  𝝓𝒘 −  𝝓𝒐 =  

𝝁𝒊
𝒐,𝟎−𝝁𝒊

𝒘,𝟎

𝒛𝒊 𝑭
+  

𝑹𝑻

𝒛𝒊 𝑭
 ln ( 

𝜶𝒊
𝒐

𝜶𝒊
𝒘)                                                                           (20) 

Equation (21) describes the relationship between the difference in standard 

chemical potentials and the standard Gibbs energy of ion transfer, ∆𝐺𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟,𝑖
0,𝑤→𝑜  using 

standard ion transfer potential, ∆𝑜
𝑤𝜙𝑖

𝑜.2 
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∆𝒐
𝒘𝝓𝒊

𝒐 =  
∆𝑮𝒕𝒓𝒂𝒏𝒔𝒇𝒆𝒓,𝒊

𝟎,𝒘→𝒐

𝒛𝒊 𝑭
 = 

𝝁𝒊
𝒐,𝟎−𝝁𝒊

𝒘,𝟎

𝒛𝒊 𝑭
                                                                                                      (21) 

where 𝜇𝑖
𝛼,0 represent the standard chemical potential of ion (𝑖) in different phases 

(𝛼) (𝑤-aqueous phase and 𝑜-organic phase). Combining equations (20) and (21), we 

get the Nernst equation at the ITIES as shown in equation (22).2,14,15,55  

∆𝒐
𝒘 𝝓 =  𝝓𝒘 −  𝝓𝒐 =  ∆𝒐

𝒘𝝓𝒊
𝒐 + 

𝑹𝑻

𝒛𝒊 𝑭
 ln ( 

𝜶𝒊
𝒐

𝜶𝒊
𝒘)                                                                                  (22) 

On altering the potential at the interface, the value of 
𝛼𝑖

𝑜

𝛼𝑖
𝑤  should be changed 

as the value of ∆𝑜
𝑤𝜙𝑖

𝑜 remains constant at given conditions. The value of 
𝛼𝑖

𝑜

𝛼𝑖
𝑤  will 

change only when a certain portion of equilibrated ions migrate from one phase to 

the other, which is responsible for generating an electric current. Therefore, a graph 

between the measured current and the applied potential at the interface can be 

obtained which is called a voltammogram, the same as that from the solid electrode-

electrolyte condition. Likewise, the potential difference at the ITIES can be controlled 

by varying the activities of the common ion in both phases.  

The Nernst equation i.e. equation (22), can also be written by the different 

way by considering the activity coefficient (𝛾) and concentration (𝐶) of ionic species 

(𝑖) as shown in equation (23): 

∆𝒐
𝒘 𝝓 = ∆𝒐

𝒘𝝓𝒊
𝒐 +  

𝑹𝑻

𝒛𝒊 𝑭
 ln ( 

𝜸𝒊
𝒐𝑪𝒊

𝒐

𝜸𝒊
𝒘𝑪𝒊

𝒘)                                                                                                       (23) 

Equation (23) can be re-written in terms of activity coefficient by replacing 

the standard Galvani transfer potential and activity coefficients with the formal 

transfer potential (∆𝑜
𝑤𝜙𝑖

𝑜′
) (equation 24). Similarly, equation (25) can be defined for 

the case of the concentration of species (𝑖) in either phase.56  

∆𝒐
𝒘𝝓𝒊

𝒐′
= ∆𝒐

𝒘𝝓𝒊
𝒐 +  

𝑹𝑻

𝒛𝒊 𝑭
 ln (

𝜸𝒊
𝒐

𝜸𝒊
𝒘)                                                                                                     (24) 

∆𝒐
𝒘 𝝓 = ∆𝒐

𝒘𝝓𝒊
𝒐′

+  
𝑹𝑻

𝒛𝒊 𝑭
 ln (

𝑪𝒊
𝒐

𝑪𝒊
𝒘)                                                                                                       (25) 
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1.2.4. Classification of the ITIES 

The interface between the two immiscible electrolyte solutions (ITIES) can be 

classified as either polarisable or non-polarisable in the same way as a solid-liquid 

interface. Polarisation at the ITIES takes place only when both phases show excess 

charges, negative in one phase and positive in the other phase.57 If the aqueous and 

the organic phases, respectively, contain more hydrophilic (A+B−) and more 

hydrophobic (C+D−) electrolytes, it results in a polarisable interface as shown in 

Figure 4 (A). In contrast, a non-polarisable interface, as shown in Figure 4 (B), can be 

achieved in two ways: first, when both phases contain the same binary 

electrolyte (A+B−) and, second, when both phases contain electrolytes having a 

common ion (A+). In the first case, from equation (22), the Nernst equations for 

cation (A+) and the anion (B−) can be written as follows (when both cation and anion 

have charges +1 and -1, respectively): 

∆𝒐
𝒘 𝝓 =  ∆𝒐

𝒘𝝓𝑨+
𝒐 +  

𝑹𝑻

𝒛𝒊 𝑭
 ln (

𝜶
𝑨+
𝒐

𝜶
𝑨+
𝒘 )                                                                                                    (26) 

∆𝒐
𝒘 𝝓 =  ∆𝒐

𝒘𝝓𝑩−
𝒐 +  

𝑹𝑻

𝒛𝒊 𝑭
 ln (

𝜶𝑩−𝒐

𝜶𝑩−
𝒘 )                                                                                                     (27) 

At the ITIES, due to the difference in solubility of (A+) in both mediums, a 

distribution potential is established and this potential is not affected by 

concentration. So, the Nernst equation can be re-defined in terms of the activity 

coefficient as shown in equation (28).  

∆𝒐
𝒘 𝝓 =

∆𝒐
𝒘𝝓

𝑨+
𝒐′

+∆𝒐
𝒘𝝓𝑩−𝒐′

𝟐
+  

𝑹𝑻

𝟐𝑭
 ln (

𝜸
𝑨+
𝒐 𝜸𝑩−𝒘

𝜸
𝑨+
𝒘 𝜸𝑩−

𝒐 )                                                                                      (28) 

However, in the second case, the Galvani potential difference across the ITIES is 

governed by (A+) because (B−) and (C+) ions are hydrophilic and hydrophobic in 

nature, respectively, and they do not distribute across the interface. So, equation (28) 

can be simplified and rewritten as follows: 

∆𝒐
𝒘 𝝓 =  ∆𝒐

𝒘𝝓𝑨+
𝒐 +  

𝑹𝑻

𝑭
 ln (

𝜶
𝑨+
𝒐

𝜶
𝑨+
𝒘 )                                                                                                        (29) 
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Figure 4: (A) Figure representing the polarisable interface between the two 

immiscible electrolyte solutions A+B- (Hydrophilic) and C+D- 

(Hydrophobic). (B) Figure showing the non-polarisable interface 

between the two immiscible electrolytic solutions either containing 

same electrolyte A+B- or containing different electrolytes having one 

ion common (i.e. A+B- and A+C-) where B- and C- are highly hydrophilic 

and hydrophobic, respectively. 

 

1.2.5. The potential window at the ITIES 

The potential window of the ITIES can be described using a cyclic 

voltammogram (CV) as shown in Figure 5, which is obtained by using 10 mM 

hydrochloric acid (HCl) as the aqueous electrolyte and 10 mM 

bis(triphenylphosphoranylidene)ammonium tetrakis(4-chlorophenyl)borate 

(BTPPATPBCl) as the organic electrolyte. The aqueous and the organic solvents, in this 

case, are deionised water and 1,2-dichloroethane (1,2-DCE), respectively. In the cyclic 

voltammogram (Figure 5) two points, one lower and the other higher potential, were 

chosen and the potential was scanned between these two points while the current 

of different magnitude was recorded. On the forward scan, a positive potential is 

maintained on the interface (low to high potential), which results in a positive 

current. In contrast, on the backward scan, a negative current is transferred through 

the interface (high to low potential). Here the positive (for forward direction) and 
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negative (for backward direction) currents simply represent the direction of current 

that arises due to the movement of ions. 

In Figure 5, the CV of only the background electrolyte is divided into three 

different compartments. The dashed line boxes represent the compartments. On 

scanning at lower potentials (0.0 to 0.22 V), the 𝐵𝑇𝑃𝑃𝐴+ ions from the organic phase 

are transferred to the aqueous phase and at the same time the 𝐶𝑙− ions from the 

aqueous phase are transferred to the organic phase. On further scanning to higher 

potentials (0.22 to 0.72 V), background electrolyte ions did not show any transfer. 

Nevertheless, on further increase in potential (0.72 to 0.80 V), again ions of the 

background electrolyte undergo transfer. In this case, the current is caused by the 

transfer of 𝑇𝑃𝐵𝐶𝑙− ions from the organic to the aqueous phase and the transfer of 

𝐻+ from the aqueous to the organic phase simultaneously. When the potential is 

reversed from higher to lower potential (0.8 to 0.0 V), the previously transferred ions 

are returned to their original phases as shown in Figure 5. On backward scanning the 

potential from 0.8 to 0.72 V, the 𝑇𝑃𝐵𝐶𝑙−ions returned to the organic phase and at 

the same time 𝐻+ transferred back to its aqueous phase. Similarly, at the potential 

between 0.72 to 0.22 V, the transfer of electrolyte ions did not take place. On further 

scanning back to 0.0 V from 0.22 V, 𝐵𝑇𝑃𝑃𝐴+ ions are transferred back to the organic 

phase and at the same time 𝐶𝑙−  ions from the organic phase are transferred back to 

the aqueous phase. In Figure 5, the potential region between 0.22 to 0.72 V is known 

as the potential window. The current in this region arises due to the charging of 

interface. The current which is associated with the potential window is known as a 

charging current. The range of potential window is determined by the forward and 

backward transfer of background electrolyte ions.  In this region, ions of the 

background electrolytes do not transfer at all. Thus, those analytes which have a 

tendency to transfer within the potential window without the hindrance of the 

background electrolyte can be analysed.  Larger potential windows can be obtained 

by choosing highly hydrophilic electrolytes in the aqueous phase and highly 

hydrophobic electrolytes in the organic phase. The range of potential window also 

depends upon the salting-out effect (i.e. salt-induced precipitation).58 
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Figure 5: The cyclic voltammogram of 10 mM BTPPATPBCl (gelled in 1,2-DCE and 

10 % w/v PVC) as the organic phase and 10 mM HCl as the aqueous phase. 

The signal on the extreme left and right boxes indicate the background 

electrolyte transfer while in the middle box shows the potential window 

where background electrolytes do not transfer. Ag/AgCl electrodes were 

applied as counter and reference electrodes, containing one in each 

phase. 10 mV s-1 scan rate was used. Full electrochemical cell notation 

used to produce this data: 
Ag|AgCl|BTPPACl(1 mM), LiCl(10 mM)aq|BTPPATPBCl(10 mM) 1,2-DCEorg||HCl(10mM)aq|AgCl|Ag 

 

 

1.2.6. Different modes of charge transfer across the ITIES 

There are different modes of charge transfer across the ITIES. They are: ion 

transfer (IT), facilitated ion transfer (FIT), and electron transfer (ET). IT is the simplest 

mode of charge transfer. It is feasible only when the applied potential difference 

across the interface overcomes the Gibbs energy of transfer for that ion.14 In a FIT, a 

complex59, which is formed by the combination of a ligand and ion, is responsible for 

the transfer of the charges. In this case, the transfer energy of the ion is lowered by 

the presence of the ligand so that it transfers within the potential window. FIT is of 

different types: (a) transfer by interfacial complexation (TIC), (b) transfer to the 

organic phase followed by complexation (TOC), (c) transfer by interfacial dissociation 

(TID), and (d) aqueous complexation followed by transfer (ACT). ET is another mode 
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of charge transfer across the interface. This mode of charge transfer is possible if each 

phase contains redox-active species. Figure 6 summarises all three types of charge 

transfer processes across the interface.   

 

 

Figure 6: Schematic representation of possible charge transfer processes across the 

interface (i.e. Simple ion transfer (IT), Facilitated ion transfer (FIT), and 

Electron transfer (ET)) and different types of FIT: Transfer by interfacial 

complexation (TIC), Transfer via interfacial dissociation (TID), Transfer to 

the organic phase followed by complexation (TOC), and Aqueous 

complexation followed by transfer (ACT). (The idea of this figure was 

adopted from Samec et al.14) 

 

1.2.7. Gelled ITIES 

Mechanical stability is a major problem of the ITIES. Over time, different 

researchers used gelled ITIES to study different analytes. Senda and co-workers for 

the first time used the gelled ITIES using a gelled organic electrolyte.60 They analysed 

the transfer of tetramethylammonium ions (TMA+) and picrate ions using gels.60 They 

have used polyvinyl chloride-nitrobenzene gel/water interface and agar-water 

gel/nitrobenzene interface to see the electrochemical behaviour of TMA+. Usually, 

the organic phase is gelled, but the aqueous phase has also been gelled for some 

experiments. Although gellification increases the resistance (R) of the cell, by using 
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miniaturised ITIES, such impact can be reduced. As a jellifying component, polyvinyl 

chloride (PVC) is the most common one. Different types of PVC based gelled ITIES like 

PVC-nitrophenyl octyl ether (NPOE),61 PVC-nitrobenzene (NB),62 PVC-1,6-

dichlorohexane (DCH)63,64 and PVC-1,2-dichloroethane (DCE)65 have been used by 

different researchers. Fantini et al. have used agarose gel (i.e. aqueous phase gel) for 

the liquid-liquid extraction of ions.66  

 

1.2.8. Interfacial geometry of the ITIES 

Different geometry like recessed, inlaid, and hemisphere of the interface 

result in different voltammograms at the solid-liquid electrochemical system.67,68 In 

liquid-liquid electrochemistry, the interfacial geometry has also played a crucial role 

in the voltammetric behaviours. For example, the interface may be formed by 

locating it within a hole or pore in a membrane. If the pore is completely filled with 

the organic phase, then it gives an inlaid geometry, as shown in Figures 7 (A) and 7 

(B). In this condition, ions undergo radial diffusion when transferring from the 

aqueous to the organic phase. But, on back transferring the ions from the organic to 

the aqueous phase, these ions follow linear diffusion. The inlaid geometry is true in 

case of micro-ITIES. Inlaid geometry is also possible when the pore is completely filled 

with the aqueous phase. However, the transferring ions then have different diffusion 

patterns. In this case, radial diffusion occurs when ions transfer from organic to the 

aqueous phase, while transferring the ions from aqueous to the organic phase, linear 

diffusion takes place. A recessed geometry may appear if the pore is equally filled 

with both phases as shown in Figures 7 (C) and 7 (D). In this condition, the 

combination of radial and linear diffusion is shown, depending on the timescale of 

the experiment. The interfacial geometry of the ITIES is mainly affected by the 

wetting properties and hydrophobicity of the membrane used to contain the pores.69 
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Figure 7: Figure demonstrating the different mode of diffusing profile: (A) linear 

diffusion from the organic to the aqueous phase, (B) radial diffusion from 

the aqueous to the organic phase, (C) linear diffusion from the aqueous 

to the organic phase, and (D) linear diffusion from the organic to the 

aqueous phase. 

 

1.3. Bio-electroactive molecules at the ITIES 

Different biological molecules have been extensively studied at the ITIES. 

Vanysek and co-workers for the first time investigated the electrochemical behaviour 

of biomolecules (e.g. bovine serum albumin (BSA), ovalbumin, colicine E3) using an 

aqueous-nitrobenzene interface.70 Electrochemistry of different bio-molecules like 

neurotransmitters (e.g. dopamine,71 noradrenaline29) amino acids,72 peptides,73,74 

ionisable drug molecules15 (e.g. propranolol,75 warfarin,76 daunorubicin,36 

metoprolol35), carbohydrates (e.g. biopolymer heparin,77) biomacromolecules (e.g. 

proteins)34,63,78,79 have been studied over time.  

The ITIES has been widely used for the study of the electrochemical behaviour 

of various proteins63,80,81 not only because it provides a label-free detection strategy 

but also because it minimises the amount of analytes used.19 Vanysek and co-workers 

for the first time reported the behaviour of proteins at the ITIES.70 Likewise, Karyakin 
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et al. were able to observe the transfer behaviour of protein at the ITIES using 

surfactant.82 Likewise, Amemiya et al. in 2003 conducted the electrochemistry of 

protamine at polarised liquid/liquid interfaces.83,84 Protamines were also investigated 

at the ITIES using cyclic voltammetry, quasi-elastic light scattering (QELS) and 

conductometry.85  It revealed that protamine exhibits the facilitated transfer into the 

organic phase. O’Sullivan and Arrigan explored the electrochemical behaviour of 

various proteins like myoglobin, haemoglobin, and cytochrome c at the ITIES using 

bis(2-ethylhexyl) sulfosuccinate as a surfactant.79,86 They found that the signal in the 

presence of the surfactant was due to the complex formed between the protein and 

surfactant. Herzog et al. also contributed to analyse the electrochemical behaviour 

of protein digested with the enzyme at the ITIES.34 They found the different 

responses of protein after digestion with enzyme. They also observed the 

conformation change of haemoglobin at the ITIES.  

Using the adsorptive stripping technique at the ITIES, Alvarez de Eulate and 

Arrigan were able to detect nano-molar concentration of lysozyme using a suitable 

adsorption potential.87 Recently, these researchers investigated the influence of 

electrodeposition on the formation of cytochrome c oligomer at the ITIES.80  

In the literature,  the ITIES was used for the electrochemical analysis of 

insulin32 applying different techniques. By using alternating current (AC) 

voltammetry, Thomsen et al. have studied the adsorption kinetics of insulin at 1,2 –

dichloroethane-aqueous interface.88 Likewise,   Kivlehan et al. studied the 

electrochemical nature of bovine insulin at the interface.32  They found that the 

electrochemical response is due to the formation of a complex between the positively 

charged insulin and anion of the organic phase followed by adsorption at interface. 

Electrochemical adsorption of insulin at the soft interface was subsequently 

established by O’Sullivan et al., using adsorptive stripping voltammetry (AdSV).89 

They were able to investigate the selective identification of insulin from the aqueous 

mixtures of albumin and insulin by applying suitable adsorption potentials. However, 

despite studies of its electrochemical detection, there have been few studies of 

protein structures at the ITIES.  
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1.4. Structures of proteins 

Proteins are made up of amino acid units. Some protein may contain 

hundreds of amino acid units while some may contain hundreds of thousands of 

amino acid units.90 They play a crucial role in life. In the cell, proteins actively 

participate in various biological functions. Various enzymatic chemistries along with 

various transport processes are controlled by protein molecules. Four different types 

of structures of proteins were reported in the literature.91 The different types of 

structures of proteins are: (a) primary structure (peptide bonds link the amino acids), 

(b) secondary structure (hydrogen bond is responsible for inter and intra-molecular 

interactions), (c) tertiary structure (obtained due to the side-chain interaction of 

components of secondary structures), and quaternary structure (formed due to the 

accumulation of individual polypeptide chains in a single unit). Among these four 

structures, secondary structures of proteins are widely studied. α-helix, 310 helix, 

irregular helix, β-sheet, unordered, and turn are common examples of secondary 

structures of insulin.92–95 Since β-sheet secondary structures have been implicated in 

many diseases like Alzheimer’s disease, Prion disease, Parkinson’s disease, and 

Amyotrophic diseases,1,96 the secondary structures of proteins have been widely 

studied by different researchers over time. Different methods like Fourier transform 

infrared (FTIR) spectroscopy, X-ray crystallography, nuclear magnetic resonance 

(NMR) spectrometry, Raman spectroscopy, Mass spectrometry (MS) and circular 

dichroism (CD) spectroscopy have been widely used for the study of secondary 

structures of proteins.97–111 Nonetheless, despite studies of other secondary 

structures, there have been few studies of protein structures at the ITIES. 

 

1.5. Mass Spectrometry (MS) and Fourier transform infrared (FTIR) spectroscopy 

studies of proteins at the ITIES. 

Although proteins have been extensively studied by various researchers using 

the different techniques as mentioned above (section 1.4), reports of structural study 

of proteins at the ITIES is limited. In 2014, Arrigan and co-workers studied one 

protein, lysozyme, at the ITIES.81 They used electrostatic spray ionization mass 

spectrometry (ESI-MS) to analyse the tertiary structure of lysozyme following 
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electroadsorption and they were able to open up a new technique for the 

identification of the tertiary structure of proteins that interact with the ITIES.  

FTIR spectroscopy is one of the most widely used techniques for the analysis 

of protein secondary structure. In FTIR spectra, the amide I band which arises due to 

the C=O stretching vibration is the most useful absorption band to analyse the 

secondary structures of proteins. The different secondary structural components of 

proteins are related to the frequencies of the amide I band components. In addition, 

second derivatives of the amide I band successfully provide information about the 

individual components of secondary structures of proteins.112,113 Booth et al. in 2019 

have analysed the secondary structure of proteins following electroadsorption at the 

ITIES using FTIR spectroscopy.105 Proteins like lysozyme, myoglobin, cytochrome c, 

and haemoglobin were investigated by them. From the FTIR data, they reported that 

except for lysozyme, the proteins showed antiparallel β-sheet aggregates and this 

was possible because of the interaction of these proteins with the anion of the 

organic phase of the ITIES. However, the structure of lysozyme remained unchanged 

at the ITIES. These results of FTIR spectroscopy were supported by data obtained 

from matrix-assisted laser desorption/ionisation time of flight mass spectroscopy 

(MALDI ToF MS).105 Nevertheless, the structural analysis of insulin at the ITIES has not 

been studied yet.   

 

1.6. Insulin and its secondary structures 

Insulin, which controls glucose in blood, consists of 51 amino acid units. 

Different diseases like Diabetes mellitus, Insulinoma, and Polycystic ovary syndrome 

are common diseases that are related with insulin. Insulin possesses different 

secondary structures like α-helix, 310-helix, irregular helix, β-sheet, unordered, and 

turn.110,111 Over time, different techniques as mention above (section 1.4) have been 

widely used to study the secondary structures of proteins.  

In 1983 Williams114 studied the secondary structures of insulin using Raman 

spectroscopy and found larger proportions of combined β-sheet and irregular helix 

as shown in table 1. Likewise, Wei et al. in 1991 investigated the secondary structure 

of insulin using FTIR spectroscopy and compared their results with the X-ray 

crystallography data of the secondary structures of insulin as shown in Table 1.110 
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Table 1 shows that combined β-sheet and irregular helix were found in remarkable 

proportions, while the other secondary structures were found in lower proportions. 

The results of FTIR they reported were found in good agreement with the results 

reported by Williams as shown in Table 1.114 Xie and Tsou also reported larger 

proportions of combined β-sheet and irregular helix, in agreement with other 

researchers.111 The different relative proportions of secondary structures reported 

by Xie and Tsou were shown in Table 1. Furthermore, Vecchio et al. in 1996 also 

reported the presence of significant proportions of combined β-sheet and irregular 

helix in the insulin as shown in Table 1.99 

Table 1: Summary of relative proportions of secondary structures of insulin (%) as 
reported by different researchers. 

Authors Relative proportions (%) Source of 
insulin 

Method 

α-
helix 

310-
helix 

Irregular 
helix 

β-
sheet 

unordered Turn Combined 
β-sheet and 
irregular 
helix 

Williams114 33 - 16 24 9 15 40 Not 
specified 

Raman 
 

Wei et 
al.110 

17.5 
21 

12.2 
11.8 

23.6 
17.6 

13.9 
19.6 

26.7 
13.7 

6.1 
15.6 

37.5 
37.2 

Bovine FTIR 
X-ray 

Xie and 
Tsou111 

15.9 16.6 13.2 30.9 12.4 11.1 44.1 Porcine FTIR 

Vecchio et 
al.99 

18.9 11 15.5 23 21.3 9.4 38.5 Bovine FTIR 

 

Over time, many scientists have conducted the study of the secondary 

structure of insulin because a large number of diseases1 are related to the β-sheet 

secondary structures. It was found that the immunogenicity of insulin increased while 

the biological activity of insulin decreased due to the formation of aggregates on 

injecting insulin into the bloodstream.115 Therefore, it is crucial to know if any 

structural change of insulin occurs in various conditions. Bouchard et al. studied the 

impact of temperature on the formation of Bovine insulin fibrils in acidic conditions 

using FTIR, CD and electron microscopy (EM).102 They have observed that insulin 

possesses substantially alpha-helical form at pH 2 (without heating). But, at 70°C, 

most of the alpha form has changed into β-sheet forms that lead to the formation of 

fibrils. Such fibrils formation of insulin on heating  (or agitation) was also studied by 

Nielsen et al. using bovine insulin and their results were in good agreement with 

Bouchard et al. who studied insulin in acid solution.100  Mass spectrometry was used 
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by Nettleton et al. to study Bovine insulin behaviour under similar conditions to 

Bouchard et al. at pH 2.116 They have found that insulin essentially exists as a 

monomeric form but observed insulin aggregation in solution which was not detected 

by Bouchard and co-workers.  The Nettleton et al. results were in agreement with the 

results of human insulin conducted by Hua and Weiss103 in similar conditions,  using 

2D NMR in 20% acetic acid. Similarly, Nault and co-workers have characterised bovine 

insulin behaviour at hydrophobic surfaces on a silicon prism functionalized by 

phenyldimethylmethoxy silane (PDMMS) using ATR-FTIR spectroscopy.117 They have 

found that insulin possessed conformational changes on interaction with a 

hydrophobic surface. Yeo et al. analyzed the secondary structures of microparticulate 

insulin powders (Bovine insulin) using Raman spectroscopy at two different 

temperatures (i.e. 25° and 35°C) and compared with the secondary structures of 

commercially available insulin (Total helix = 46 % and total β-sheet = 30 %).118 They 

observed a decrease in α-helical (11 %) and a remarkable increase in β-sheet (60 %) 

components in microparticulate insulin. But, this change was slightly greater at 35°C 

(α-helical = 10 % and β-sheet = 65 %). However, the proportion of the random coil 

(commercial powder = 10 %, microparticulate insulin at 25°= 8 % and microparticulate 

insulin at 35°=7 %) and β-turn (commercial powder = 24 %, microparticulate insulin 

at 25° = 29 % and microparticulate insulin at 35° = 24 %) remains unaltered in both 

cases. Although different researchers have studied the secondary structure of 

proteins, few researchers were focused on the analysis of the secondary structure of 

proteins at the ITIES following electroadsorption. So, the literature reviews show that 

the spectroscopic study of the secondary structure of electroadsorbed insulin at the 

ITIES is still unknown.  

 

1.7. Aims of this research work 

The aims of this research work are as follows: 

 The design and development of plastic-based single pore ITIES and its 

characterisation by the transfer of tetrapropylammonium ions (TPrA+) across the 

interface.  

 Analysing the electrochemical behaviour of insulin at the ITIES. 
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 Investigating the secondary structures of insulin following electroadsorption at 

the ITIES using FTIR spectroscopy. 

 Comparing the sensitivity of electrochemistry, FTIR spectroscopy and Raman 

spectroscopy for the detection of insulin at the ITIES. 

Cyclic voltammetry (CV) was applied in order to justify the newly developed 

plastic-based ITIES and TPrA+ ions transfer was used to study its electrochemical 

behaviour; these results were compared with previously published data.  

Then, the electrochemistry of insulin at the interface was discussed. This was 

followed by using FTIR spectroscopy to study the secondary structures of insulin 

following electroadsorption. Finally, comparing the sensitivity of electrochemistry, 

FTIR spectroscopy and Raman spectroscopy for the detection of insulin was 

discussed. These results are explained in chapter 3. 

In chapter 4, the overall conclusions and any suggestions for further works are 

presented. 
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Chapter 2. Experimental procedures 

This chapter first discusses the electrochemical arrangement of the ITIES. 

Secondly, it discusses the various reagents used in this thesis. Thirdly, it discusses the 

preparation and arrangement of the macro-ITIES. After that, it discusses the different 

electrochemical techniques (i.e. Cyclic Voltammetry (CV), Stripping Voltammetry 

(SV), and Chronoamperometry (CA)) and electrochemical measurements. Finally, this 

chapter discusses the measurements of spectra and techniques for their analysis of 

FTIR spectroscopy and Raman spectroscopy.   

 

2.1  Electrochemical arrangement of the ITIES 

2.1.1 Electrochemical cell 

Different researchers have used different types of electrochemical set up to 

study analytes at the ITIES. A four-electrode cell was used by the Samec et al. at the 

ITIES.16,119 A Four-electrode electrochemical set up is made up of two counter and 

two reference electrodes, as shown in Figure 8. Each phase is connected with one 

reference and one counter electrode. The ohmic drop, which is developed by the 

resistive solution, can be counterbalanced by using such an electrochemical set up. 

In millimetre or centimetre sized ITIES, the resistance is often high; thus, such 

resistance can be compensated using this type of cell.  The new electrochemical 

system can be characterised using the voltammetry of the ITIES in a four-electrode 

system. Since the resistance caused by the organic phase is reduced on lowering the 

surface area of the ITIES, so, a two-electrode cell set up having miniaturised ITIES can 

also be used to study various analytes.  

Two silver/silver chloride electrodes (Ag/AgCl), both serving as counter and 

reference electrodes, containing one in each phase were employed in this set up as 

shown in Figure 9. The ITIES used in this work was created with a single pore in a 

plastic membrane (Melinex S, polyethylene terephthalate). A polyvinyl chloride (PVC) 

based organogel in 1,2-dichloroethane (1,2-DCE) was packed in the glass cylinder, 

and this gel containing a cylinder was inserted into the beaker containing the aqueous 

medium. The interface is formed when both phases come into contact with each 

other. All the voltammograms presented in chapter 3, unless otherwise stated, were 

measured in this two-electrode set up. This set up was used in this research work 
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because the magnitude of current that flows through the system lies in the 

nanoampere (nA) scale and hence there is less ohmic drop. 

 

Figure 8: Schematic representation of a four-electrode cell for electrochemistry at 

the ITIES, where RE and CE, respectively, indicate the reference electrode 

and counter electrode.  

Since reference solution and organic phase are in the cell, a non-polarisable 

interface is formed between them. The interface between the organogel and 

aqueous phase, however, is polarisable, and by the application of external voltage 

through the two Ag/AgCl electrodes, the change in potential difference across the 

interface can be controlled. An Autolab PGSTAT101 electrochemical workstation 

(Metrohm, The Netherlands) was used for electrochemical measurements and was 

operated with the supplied NOVA software. To prevent the impact of external 

charges, the whole electrochemical cell was enclosed in a Faraday cage. Solutions 

were not stirred and all experiments were at laboratory temperature (25°C).  
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2.1.2 Electrodes and electrolytes. 

Different materials like gold, platinum, silver, and carbon that are conductive 

can be used as electrodes in different areas. In this research, silver/silver chloride 

(Ag/AgCl) was employed as the reference electrode (RE). Equation (30) shows the 

standard half-cell reaction of the Ag/AgCl electrode. 

𝑨𝒈𝑪𝒍(𝒔) +  𝒆−  →   𝑨𝒈(𝒔) + 𝑪𝒍−(𝒂𝒒)                                                                                        (30) 

When this electrode is dipped into the aqueous phase containing chloride 

ions, then a non-polarisable interface is formed around it. Then, two non-polarisable 

interfaces are formed by the Ag/AgCl electrode, one at the aqueous phase (e.g. HCl 

as electrolyte provides Cl-) and another at the reference electrolytic solution 

(BTPPACl as an electrolyte provides Cl-). The potential of this electrode can be 

calculated by the Nernst equation provided below in equation (31). It shows that the 

potential varies according to the variation of activity of chloride ions (Cl-). According 

to the International Union of Pure and Applied Chemistry (IUPAC), the standard 

potential of the Ag/AgCl/KCl (1 mM) electrode is +0.222 V when it coupled with the 

 

Figure 9: Figure demonstrating the two electrode macro ITIES with single pore 

plastic membrane. 
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standard hydrogen electrode (SHE).120 NaCl or KCl (from 1.0 mM to saturated 

concentrations) can be used as a source of chloride.2  

𝑬𝑨𝒈/𝑨𝒈𝑪𝒍 =  𝑬𝟎
𝑨𝒈/𝑨𝒈𝑪𝒍 −  

𝑹𝑻

𝑭
 𝒍𝒏𝒂𝑪𝒍−                                                                                           (31) 

When the organogel (having hydrophobic electrolyte) is brought into contact 

with an aqueous hydrochloric acid (hydrophilic electrolyte) phase, a polarisable ITIES 

is formed as discussed in chapter 1.  The charge transfer process of interest occurs at 

this interface; thus, this interface behaves as a working electrode. By changing the 

potential across the interface, the transfer behaviour of ions across the ITIES can be 

studied. 

Nevertheless, a non-polarisable interface is formed between the reference 

electrolytic solution and the organogel which is due to the presence of a common ion 

(i.e. BTPPA+) in both phases.55 In the non-polarisable interface, there is no change in 

potential taking place, although, the current is passed through the electrochemical 

cell.  

 

2.2 Reagents 

All reagents including insulin (insulin from bovine pancreas, product codes: 

1002743779, 1002726793, 1002878501) were purchased from Sigma-Aldrich 

Australia. These reagents were used in the experiment without any further 

purification. The organic electrolyte salt bis(triphenylphosphoranylidene)ammonium 

tetrakis(4-chlorophenyl)borate (BTPPATPBCl) was prepared by metathesis of 

equimolar amounts of bis(triphenylphosphoranylidene)ammonium chloride 

(BTPPACl) and potassium tetrakis(4-chlorophenyl)borate (KTPBCl). This salt was 

prepared by using a solvent which is prepared by mixing water and methanol in the 

ratio of 1:2. 

For the preparation of this salt, first, 0.5740 g BTPPACl and 0.4926 g of KTPBCl were 

dissolved in 5 mL solvent separately to form the clear solutions. Then, the clear 

solution of BTPPACl was added dropwise with stirring into the clear solution of KTPBCl 

until complete precipitation. Here, a white precipitate of BTPPATPBCl having some 

impurities was produced. To remove the impurities, like KCl, this precipitate was 

washed with the above-mentioned solvent several times, vacuum-filtered using a 
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Buchner funnel and dried in a desiccator overnight. Then, the dried salt was dissolved 

in minimum acetone. By adding methanol dropwise, the crystal product of 

BTPPATPBCl was obtained and this salt was again isolated using a Buchner funnel. In 

this way, obtained BTPPATPBCl was then subjected to overnight drying in a desiccator 

and stored in the fridge for further use. The other electrolyte solutions needed in this 

research were 1 mM BTPPACl (in 10 mM aqueous LiCl), 10 mM aqueous HCl, and 2.5 

mM insulin (in 10 mM aqueous HCl).  

 

2.3 Macro ITIES 

The interface between the two immiscible electrolytic solutions (ITIES) used in 

this research was created with a single pore in the plastic membrane (Melinex S, 

polyethylene terephthalate) having a diameter of 1.56 mm. This diameter was 

measured by using a USB Digital Microscope with 300 magnification and 5 M pixels 

image sensor. The pore was made in the middle of the plastic membrane using a hand 

punch that was purchased from a local fabric supply shop. The plastic membrane 

thickness was also measured using a Dino-Lite Edge / 5MP AM7515 series microscope 

and was found to be 0.13 mm. The total geometric area of this single pore was 0.019 

cm2 and hence the interface also had this geometric area. The single pore plastic 

membrane was sealed using 100 % silicone sealant onto the mouth of a glass cylinder 

as shown in Figure 10. 
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Figure 10: A schematic representation of a single pore plastic membrane having 

diameter 1.56 mm attached to the end of cylinder pipette. 

Organogel was prepared by using BTPPATPBCl and low molecular weight 

polyvinyl chloride (PVC). 1,2-Dichloroethane (1,2-DCE) was used as an organic 

solvent. During the preparation of organogel, the concentration of BTPPATPBCl and 

PVC were maintained at 10 mM and 10 % (w/v), respectively. To prepare the 

organogel, first, the calculated weight of BTPPATPBCl was taken in a vial and 

dissolved in a calculated volume of 1,2-DCE. Then, the required weight of low 

molecular weight PVC was added into that vial. After that, by using a magnetic 

stirrer/hot plate, this mixture was heated up to 60°C to form the organogel. Then, 

100 µL of that organogel was introduced into the glass cylinder containing the single 

pore plastic membrane using a pipette. Then 1 hour after preparation, this set up was 

inserted into the beaker containing 10 mM HCl as shown in Figure 9. Then, the organic 

reference solution (composition: 1 mM BTPPACl in 10 mM LiCl) was added in the glass 

cylinder containing the organogel such that the height of the reference solution and 

the solution in the beaker should be equal. By using this ITIES, the electrochemical 

measurements were performed. The electrochemical set up used in this case was 

summarised by scheme 2 as shown below. 
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Scheme 2: Schematic representation of the electrochemical cell used. x indicated the 

concentrations of various analytes used in this study. 

 

2.4 Electrochemical techniques 

2.4.1 Cyclic voltammetry 

One of the most widely used electrochemical techniques is cyclic voltammetry 

and this technique is extensively applied to study the kinetics, diffusion, adsorption, 

reversibility, and number of charges (or electrons) transferred in reactions of various 

analytes of interest.5,121 In this technique, an initial potential, E1, was applied to a 

particular system and scanned to maximum potential, E2, and then switched back to 

the initial potential, E1, at the same scan rate, , as shown in Figure 11. E1 is usually 

chosen so that no reaction occurs at that applied potential. The two extreme 

potentials (i.e. E1 and E2) at the ITIES will be selected depending upon the ion transfer 

behaviour of ions of interest. The region between these two potentials is known as 

potential window, the region where the analytes of interest will be transferred across 

the interface.  The selection of the potential window should be done properly 

otherwise the current signal of analytes to be studied could be masked by the 

background electrolytes transfer.  

 

Ag     AgCl                                
x µM analyte 

in 10 mM HCl 

10 mM BTPPATPBCl 

gel with 1,2-DCE (10 

% w/v PVC) 

1mM BTPPACl 

in 10 mM LiCl 
 AgCl Ag 
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The nature of CV varies according to the types of the ITIES used. The CVs 

obtained after the use of micro and millimetre interfaces are shown in Figure 12 (A) 

and 12(B), respectively. Figure 12 (A) is obtained due to the unsymmetrical diffusion 

(radial diffusion on the forward scan and linear diffusion on the reverse scan); 

however, Figure 12 (B) results due to the linear diffusion of the charged particles in 

both scan directions.  

For a reversible process, the peak current arises due to the linear diffusion of 

charged particles and can be calculated by using the Randles-Sevcik equation as 

shown in equation (32).  

 

 

 

Figure 11: The waveform of cyclic voltammetry describing the relationship 

between applied potential and time.  
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Figure 12: Figures representing cyclic voltammograms due to transfer of cation in 

(A) micro ITIES (forward transfer controlled by radial diffusion but the 

backward transfer is controlled by linear diffusion) and (B) milli ITIES (both 

forward and backward transfer are linear diffusion-controlled). 

 

𝑰𝒑 = (𝟐. 𝟔𝟗. 𝟏𝟎𝟓)𝒛𝒊
𝟑/𝟐

𝑨𝑫𝒊
𝟏/𝟐

𝑪𝒊𝝂
𝟏/𝟐                                                                                                (32) 

where 𝐼𝑝 , 𝑧𝑖 , 𝐷𝑖  and 𝐶𝑖 are the peak current, the charge, the diffusion coefficient, and 

the concentration of species  (𝑖), respectively. Similarly, 𝐴 represents the area of the 

interface. This equation reveals that the peak current is directly proportional to the 

square root of the scan rate (𝜈1/2). This equation is derived on the assumptions that 

the interface is flat, background electrolytes are present in excess amount, and the 

diffusion process is one dimensional .2  

This equation (32) can be used to calculate the diffusion coefficient of the 

species that transfers through the ITIES.  For singly charged species that follow the 

reversible process, the ratio between the forward and backward peak current 

(𝐼𝑝,𝑤→𝑜/  𝐼𝑝,𝑜→𝑤) should be ~1 and the peak-peak separation (𝐸𝑝,𝑤→𝑜/  𝐸𝑝,𝑜→𝑤) 

should be ~ 59 mV / 𝑧𝑖 at 25°C.21 Nevertheless, the equation (32) can be re-written 

as shown in equation (33) (for quasi-reversible processes). 

𝑰𝒑 = (𝟐. 𝟗𝟗  𝟏𝟎𝟓)𝒛(𝜶𝒛𝒊)
𝟏/𝟐𝑨𝑫𝒊

𝟏/𝟐
𝑪𝒊𝝂

𝟏/𝟐                                                                                 (33) 

 where 𝛼 and 𝑧 indicate transfer coefficient and charge for the charge transfer step, 

respectively. Other terms used in this equation are already defined. 
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Likewise, if adsorption occurs at the interface, the peak current for the 

adsorption process can be determined by using equation (34) as shown below. It 

indicates that the peak current is proportional to the scan rate () of that experiment.  

𝑰𝒑 =  
𝒛𝒊

𝟐𝑭𝟐𝚪𝑨𝝊

𝟒𝑹𝑻
                                                                                                                                       (34) 

where the terms 𝑧𝑖, 𝐹, 𝛤, 𝑅, and 𝑇, respectively, represent the charge of the 

transferred ions, Faraday’s constant, surface coverage of the interface, the universal 

gas constant, and temperature of the system.  

Similarly, equation (35) can be used to see the behaviour of the adsorption 

process. It shows that for the adsorption process, the charge accumulated (𝑄) is 

proportional to the surface coverage (Γ) at the interface.2  

𝑸 =  𝒛𝒊𝑭𝑨𝚪                                                                                                                                          (35) 

However, for the radial diffusion, which is observed in micro ITIES array, the 

steady state current can be calculated by using equation (36). This equation is 

applicable only when the interface is inlaid as discussed in chapter 1.  

𝑰𝒍𝒊𝒎 = 𝒏𝟒𝒛𝒊𝑭𝑫𝑪𝒓                                                                                                                              (36) 

where 𝐼𝑙𝑖𝑚, 𝑛, 𝑧𝑖 , 𝐹, 𝐷, 𝐶, and 𝑟 indicate the limiting current, number of micro 

interfaces, charges of ionic species, Faraday’s constant, diffusion coefficient, bulk 

concentration, and radius of the interface, respectively.  

 

2.4.2 Stripping voltammetry 

Stripping Voltammetry (SV) is an important electrochemical technique that is 

often used to enhance the detection limit of analytes.122,123 It involves two steps, (1) 

pre-concentration and (2) detection step, as shown in Figure 13. In the first step, a 

fixed potential is applied up to a certain period of time for the adsorption or extraction 

of species to be analysed and in the second step, for the detection of the analyte, the 

potential is scanned either in a positive or in a negative direction such that the 

accumulated analyte returns back to their original phase.  

Adsorptive stripping voltammetry (AdSV) is one type of SV in which the species of 

interest was adsorbed on the interface in the pre-concentration step at a certain time 

at a fixed potential and then followed by scanning of the potential that acts as the 
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detection step. Based on the CV of the analyte, suitable adsorption potential can be 

selected.  

In this thesis, the suitable adsorption potential in the pre-concentration step 

was selected to be 0.70 V. Then, this adsorption potential was applied to the interface 

by choosing different pre-concentration times followed by voltammetric scan to the 

lower potential of 0.30 V.  

   

 

 

Figure 13: A waveform illustrating the different steps involved in the stripping 

voltammetry. 

 

2.4.3 Chronoamperometry 

Chronoamperometry (CA) is an electrochemical technique that can be used 

for the determination of the mechanism and kinetics of various electrochemical 

processes.  By stepping the potential of the interface, the variation of current with 

time can be monitored. A typical waveform of potential step chronoamperometry is 

shown in Figure 14. Here, the potential of the interface is stepped from E1 (Initial 

potential) to E2 (final potential). There is no flow of current at E1; however, charge 

transfer takes place at E2. Figure 15 is a chronoamperogram which describes the 

variation of current with time.2,11 
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For linear diffusion that occurs at a macroelectrode, the Cottrell equation 

(equation (37)) well describes the relationship between current and time.121  

ǀ𝑰ǀ   =  
𝒛𝒊𝑭𝑨𝑫𝟏/𝟐𝑪

𝝅𝟏/𝟐𝒕𝟏/𝟐                                                                                                                                    (37) 

where ǀ𝐼ǀ, 𝑧𝑖, 𝐹, A, 𝑡, 𝐷, and 𝐶 are the diffusion-limited current (A), charges of ions, 

the Faraday constant, the surface coverage of the interface (cm2), time (s), the 

diffusion coefficient of ionic species (cm2 / s), and bulk concentration (mol / cm3), 

respectively.  

 

Figure 14: Potential-time waveform showing steps in chronoamperometry. 

 

 

Figure 15: Figure illustrating a chronoamperogram. 
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2.5 Electrochemical measurements 

Voltammetric measurements were performed using a 10 mV / s scan rate for 

all the experiments unless otherwise stated. In these measurements Ag/AgCl 

electrodes were applied as counter and reference electrodes, containing one in each 

phase as shown in Figure 9. A blank cyclic voltammogram was measured on each 

fresh cell to confirm that there was no drift in the potential scale. CVs of 

tetrapropylammonium ion (TPrA+) were measured at the ITIES located at the single 

pore plastic membrane at different concentrations and different scan rates. Likewise, 

CVs of insulin were measured at the scan rate of 10 mV / s by maintaining different 

insulin concentrations in the aqueous phase, and the results were compared with 

previously reported data. Similarly, different scan rate study was performed using a 

fixed concentration of insulin in the aqueous phase. Then, the impact of the scan rate 

on the transfer behaviour of insulin was analysed and compared with the previously 

reported data. Similarly, AdSV was employed to identify the detection limit of insulin.  

Similarly, CA was applied for the adsorption of insulin at the interface. Different 

potentials like 0.35, 0.50, 0.60, 0.65, 0.70, and 0.75 V were applied to the interface 

for adsorption at different times. The different adsorption time was discussed in the 

corresponding chapters. The CA results were also discussed in chapter 3. Also, 

surface coverage of insulin at the ITIES was studied using CAs. Here, the charges 

accumulate at the interface during adsorption at a fixed adsorption time was 

correlated with surface coverage using equation (35). 

For surface coverage study of insulin, a fixed potential (i.e. 0.70 V) was applied 

to the interface for 30 min. The surface excess concentrations of adsorbed insulin at 

four different concentrations (i.e.  5, 20, 50, and 100 µM) were calculated in terms 

of monolayers using surface coverage. Likewise, by keeping the fixed concentrations 

of aqueous insulin (20 µM), the surface coverage of insulin at the ITIES at different 

times was also monitored. The spectra of electroadsorbed insulin were measured 

with FTIR spectroscopy. 

 

 



59 
 

2.6 FTIR spectroscopy 

FTIR spectroscopy is a widely used technique to analyse various materials. 

Since almost all compounds possess a characteristics IR spectra, this technique can 

be widely used for the qualitative as well as quantitative analysis of various 

compounds. In this study, ATR-FTIR measurements were done on a Thermofisher 

Scientific Nicolet iS50 FTIR spectrometer (Massachusetts, USA) using a diamond ATR 

crystal. Spectra were collected with 64 co-added scans and 4 cm-1 spectral resolution 

in 96 s. The wavenumber range of the spectral window collected was 4000-400 cm-1. 

A background spectrum of the blank diamond ATR crystal was collected under the 

same conditions every time before measuring the FTIR spectra of adsorbed insulin. 

FTIR spectra of solid-state insulin were recorded by placing the insulin on the 

diamond ATR crystal. Also, the FTIR spectra of aqueous insulin, referred to in the 

Results and Discussions as films of hydrated insulin, were recorded. In this 

measurement, 2.5 µL of 2.5 mM aqueous insulin (dissolved in 10 mM HCl) was directly 

added onto the diamond ATR crystal and was subjected to complete evaporation 

followed by spectra measurement. Similarly, organogels (10 mM BTPPATPBCl-1,2-

DCE (10 % w/v PVC) were properly covered and stored overnight in the laboratory. 

Then FTIR spectra of the organogel were also measured by adding this gel onto the 

diamond ATR crystal as shown in Figure 16. The organogels containing insulin (after 

electroadsorption) were properly covered and stored overnight in the laboratory. 

Then, spectra of electroadsorbed insulin were measured by placing the organogel 

containing insulin at the ATR crystal. All data were discussed in chapter 3.   

 

Figure 16: Schematic representation of ATR-FTIR spectrometer showing organogel 

on the ATR crystal. 
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After measuring the FTIR spectra of organogel, electroadsorbed insulin,  

hydrated film of aqueous insulin and solid-state insulin using FTIR spectroscopy, the 

amide I region (1600 - 1700 cm-1)111 of the different spectra were analysed using 

second derivative and curve fitting techniques. In order to determine the second 

derivatives of the amide I region, 21 smoothing points were taken, using a Savitzky-

Golay function. The software OPUS 7.0 was used for spectra analysis. Likewise, the 

Local least square method was applied for 30 s iteration time in the curve fitting 

technique.124 On the basis of infrared spectra of insulin with known crystallographic 

data, the different deconvoluted peak frequencies of the different types of secondary 

structures of insulin were assigned in the curve fitting technique. In this thesis, based 

on the literature, the insulin deconvoluted peak positions that were assigned in curve 

fitting technique were 1693, 1690, 1680, 1660, 1656, 1649, 1637, and 1620 cm-

1.100,110,111 In this study, 1637, 1649, 1656, and 1660 cm-1 were assigned as combined 

β-sheet and irregular helix, unordered, α-helix, and 310-helix, respectively.100,110,111 

Likewise, wavenumber 1680 and 1690 cm-1 were assigned as turn.110 Similarly, 1693 

and 1620 cm-1 were assigned as an extended chain.110 Table 2 shows the vibrational 

frequencies of insulin spectra used in peak assignment. All the results of FTIR spectra 

of organogel, electroadsorbed insulin, hydrated film of aqueous insulin, and solid-

state insulin were discussed in the Results and Discussion chapter. 

Table 2. The vibrational frequencies of insulin spectra used in peak assignment of 
the different secondary structures of insulin.100,110,111,125 

Secondary structures Peak position (cm-1) 

α-helix 1656 

310-helix 1660 

Combined β-sheet and irregular helix 1637 

Unordered 1649 

Turn 1680 
1690 

Extended chain 
 

1693 
1620 

 

 

2.7 Raman spectroscopy  

Raman spectroscopy is a branch of spectroscopy that deals with the study 

about the inelastic scattering of monochromatic light. In this analysis, the frequency 

of scattered light is shifted by the frequency of a vibrational mode, relative to the 

incident excitation light source. Raman spectroscopy provides the structural 
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fingerprint of molecules to be analysed.126 The most important reason to choose 

Raman spectroscopy is that it offers better spatial resolution (shorter wavelength of 

light) and also that it may be more suited to real-time analysis as it is less affected by 

H2O. In this thesis, Raman spectroscopy measurements were performed with an 

Alpha300SAR+ confocal Raman microscope (WiTec GmbH, Ulm, Germany) utilising a 

20x/0.4NA objective (Zeiss, Jena, Germany) and a frequency doubled Nd:YAG laser (λ 

= 532 nm). The 600 lines/mm grating in the spectrometer provides a spectral 

resolution of 1 rel. cm-1. A minimum of 100 accumulations at an integration time of 

100 ms was recorded for single spectrum data. The instrument is controlled with the 

manufacturer’s Control Four software. Data were post-processed using the WITec 

Project Four+4.1 software (WITec GmbH, Ulm, Germany). Before recording the 

Raman spectra of the corresponding sample, a background spectrum of Silicon was 

collected all the time and used for spectral calibration. By using this confocal Raman 

spectrometer, the Raman spectra of organogel and electroadsorbed insulin were 

collected and these spectra were discussed in the chapter 3.  
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Chapter 3. Results and discussions 

3.1 Electrochemical behaviour of tetrapropylammonium ions at the ITIES 

3.1.1 Cyclic voltammetry of  tetrapropylammonium ions at different 

concentrations 

The electrochemical behaviour of tetrapropylammonium ions (TPrA+) was 

investigated by different researchers at liquid-liquid interfaces.37,127–132 These reports 

show that the TPrA+ ion transfer is linearly dependent on the concentrations and the 

square root of the scan rate. In addition, the peak-peak separation and the ratio of 

forward peak current and backward peak current of TPrA+ ion transfer were found to 

be ~ 59 mV and  ~ 1, respectively.127,129 These behaviours are consistent with 

reversible, linear diffusion-controlled behaviour. 

In this research also the electrochemical behaviour of TPrA+ ions was as a way 

to validate new electrochemical set up. In this research, a two-electrode system at 

the water/1,2 -DCE organogel interface was used. Cyclic voltammetry was performed 

to investigate the transfer behavior of TPrA+ ions at the ITIES located at a single pore 

in a plastic membrane. Figure 17 represents the cyclic voltammograms (CVs) in the 

absence (dashed line) and the presence of 120 µM TPrA+ (solid line) along with 

background electrolyte. Figure 17 shows that the background electrolyte’s ions do 

not show any transfer behaviour at the potential between 0.10 V to 0.50 V. However, 

the current appeared in the range of 0.10 V to 0.50 V is due to the charging current. 

The range of potential related to the charging current is known as the potential 

window. So, those analytes that can be transferred within this potential window 

could be analysed in the presence of the background electrolytes. On adding 120 µM 

TPrA+ to aqueous electrolytic phase, two distinct peaks appeared, one for the forward 

and one for the backward voltammetric scans. The forward response appeared due 

to the transfer of TPrA+ ions from the aqueous phase to the organic phase. However, 

on the back transferring of TPrA+ from the organic phase, the backward response was 

observed.  Thus, TPrA+ ions can be analysed using this set up. Nonetheless, in Figure 

17, the forward and backward currents at the potential < 0.1 V in the presence and 

absence of TPrA+ ions were due to the transfer of background electrolytes ions. The 

forward current at potential < 0.1 V was due to the simultaneous transfer of BTPPA+ 
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ion from the organic phase to the aqueous phase and Cl- from the aqueous phase to 

the organic phase. Whilst, the backward current at the potential < 0.1 V was due to 

the back transfer of BTPPA+ from the aqueous phase to the organic phase and Cl- from 

the organic phase to the aqueous phase. 

 

 

Figure 17: The CVs in the presence and absence of TPrA+. Scan rate is 10 mV / s and 

the concentration of TPrA+ is 120 µM. The blank experiment is shown as 

the dashed line while the TPrA+ transfer is shown as the solid line. 
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Figure 18: (A) CVs showing transfer of TPrA+ at different concentrations (i.e. 20, 40, 

60, 80, 100, and 120 µM) (20 to 120 µM, increasing as directed by the 

arrow direction). (B) A plot of peak current against TPrA+ Concentrations. 

10 mM aqueous HCl as the aqueous phase. 10 mM BTPPATPBCl-1,2-DCE 

(10 % w/v PVC) organogel as organic phase. 10 mV s-1 scan rate. Errors 

are calculated from standard deviations of three trials.   
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The electrochemical behaviour of TPrA+ ion transfer at different 

concentrations at the ITIES was discussed in this portion. Figure 18(A) shows the cyclic 

voltammograms (CVs) of the TPrA+ ions at different concentrations at 10 mV scan 

rate and it shows that the peak response of TPrA+ ions increases with increase in 

concentration. Figure 18(B) shows the variation of the peak current of TPrA+ ions with 

the increase in the concentration of TPrA+ ions in the aqueous phase. Figure 18(B) 

shows that the current (forward and backward) due to the transfer of the TPrA+ ions 

is directly proportional to the concentration of TPrA+ ions in the aqueous phase.  

Literature reviews show that for singly charged species, in any reversible cyclic 

voltammetry, the peak-peak separation and the ratio of forward peak current to the 

backward peak current are ~ 59 mV and ~ 1, respectively.133,134 In addition, the peak 

potential is independent of the scan rate and the peak current is directly proportional 

to the square root of the scan rate.133,134 The peak-peak separation for the transfer 

of TPrA+ at the ITIES is ca. 59 V and the ratio of forward peak current (Ifp) to the 

backward peak current (Ibp) is ca. 1  which are consistent with the data already 

recorded for the singly charged species.133,134 Likewise, the peak potential of TPrA+ 

ions transfer is independent of concentrations of TPrA+ ions which is as recorded 

elsewhere in the literature.130 The TPrA+ ions transfer was investigated by Samec and 

co-workers using a four-electrode system at the nitrobenzene/water interface. They 

reported the linear relationship between the concentrations of TPrA+ with the peak 

current obtained due to the transfer of TPrA+ ions. The result of TPrA+ transfer across 

the ITIES obtained in this research at different concentrations is also consistent with 

the Samec results.127,130  

 

3.1.2 Cyclic voltammetry of tetrapropylammonium ions at different scan rates 

Cyclic voltammetry at different scan rates was performed to investigate the 

transfer behavior of tetrapropylammonium ions (TPrA+) at the ITIES located at a 

single pore in a plastic membrane having a diameter of 1.56 mm. Figure 19 (A) 

represents CVs of 100 µM TPrA+ ions at different scan rates (ranges from 10 mV to 70 

mV). The forward and backward peak responses in the CVs appeared due to the 

transfer of TPrA+ ions. The forward peak response is due to the transfer of TPrA+ from 

the aqueous to the organic phase, whilst the backward peak response is because of 
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back transfer of TPrA+ ions from organic to the aqueous phase. Samec et al. reported 

similar results to explain the TPrA+ transfer with a four-electrode system using a 

nitrobenzene/water interface.127 Figure 19(A) clearly shows that the amount of 

current response flowing through the interface rises with increase in scan rate. In 

addition, Figure 19(B) also shows that the current (both forward and backward) due 

to the transfer of TPrA+ ions is directly proportional to the square root of the scan 

rate. Since the TPrA+ ion transfer shows a direct relationship between the peak 

current and the square root of the scan rate, it means that the transfer behaviour of 

TPrA+ ion is diffusion-controlled. 14,127,130 It means that the TPrA+ ions at the ITIES 

strictly follow the Randles-Sevcik equation133 which is as shown in equation (32). The 

diffusion coefficient (DTPrA+) of TPrA+ ion in the aqueous phase was calculated using 

this equation which was found to be 5.5 x 10-6 cm2 s-1.  This data is in good agreement 

with the data reported elsewhere (literature value of DTPrA+ = 8.5 x 10-6 cm2 s-1).14,134  
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Figure 19: (A) CVs showing transfer of TPrA+ ions at different scan rates (i.e. 10, 20, 

30, 40, 50, 60, and 70 mV/s) (10 to 70 mV/s, increasing as directed by the 

arrow direction). (B) A plot of peak current against the square root of the 

scan rate. 10 mM HCl is used as the aqueous phase. 10 mM BTPPATPBCl-1,2-

DCE (10 % w/v PVC) as the organic phase. Error bars are the standard 

deviations of three trials.  
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As already defined that for singly charged species the ratio of forward peak 

current to the backward peak current (𝐼𝑓/𝐼𝑏)  and peak-peak separation were found 

to be ~1 and ~ 59 mV, respectively.133 This research showed that the (𝐼𝑓/𝐼𝑏)  and 

peak-peak separation of TPrA+ transfer were ca. 1 and ca. 59 mV, respectively.  

Similarly, the diffusion coefficient value of TPrA+ that was calculated in new 

electrochemical cell was in good agreement with the literature value (Literature value 

of DTPrA+ = 8.5 x 10-6 cm2 s-1).14,134  These electrochemical parameters validated the 

new electrochemical cell. Thus, this electrochemical cell was further used to study 

the electrochemical behaviour of insulin.  

 

3.2 Electrochemical behaviour of insulin at the ITIES 

3.2.1 Cyclic voltammetry of insulin at different concentrations of insulin. 

The electrochemical behaviour of insulin at liquid-liquid interfaces has previously 

been investigated by several other researchers.32,88,89 O’Sullivan et al. using the 

adsorptive stripping voltammetry (AdSV) technique at an array of microscale ITIES 

studied the electrochemical behaviour of insulin. They were able to investigate the 

lowest limit of detection of insulin concentration (i.e. 10 nM) of insulin at the 

microscale ITIES applying the potential-controlled adsorption followed by 

voltammetric desorption.89 Likewise, Kivlehan et al. conducted the electrochemical 

behaviour of insulin at the ITIES using a four-electrode system. They also studied the 

effect of pH on the electrochemical behaviour of insulin at the ITIES. They concluded 

that the pH of the solution and organic electrolyte ions have a great impact on the 

electrochemical behaviour of insulin. According to them, acidic pH below the 

isoelectronic point (pI) is the favourable detection condition for insulin at the ITIES. 

In addition, the anion of the organic electrolytes having less hydrophobicity is the 

favourable condition for the response of insulin at the ITIES.32 Thomsen et al. also 

studied the transfer behaviour of insulin at the ITIES using a four-electrode system.88 

They have chosen 1,2-DCE as the organic phase and 10 mM phosphate buffer as the 

aqueous phase. They reported the adsorptive nature of insulin at the ITIES by 

observing the variation of interfacial capacitance.  
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In this thesis, a new electrochemical cell (scheme 2 is shown on page 52) was 

further characterised by observing the electrochemical behaviour of insulin at the 

ITIES. All experiments were conducted in the acidic medium using 10 mM aqueous 

HCl because at this condition insulin is highly susceptible to protonation and gets 

adsorbed on the interface.32 In other words, below the isoelectronic point (  

5.5),135,136 insulin exists in a cationic charged form and at a suitable potential, it 

adsorbs on the interface.  

Figure 20 represents CVs in the presence and absence (blank) of insulin in the 

aqueous phase. The dashed line and solid line represent the CVs in the absence and 

presence of insulin in the aqueous phase, respectively. The CV in the absence of 

insulin at the aqueous phase is a control experiment. Here, the current is due to the 

charging of the double layers at the ITIES. The response, in this case, is due to the lack 

of transfer of background electrolytes at the potential range between 0.25 to 0.75V 

as shown in Figure 20. The range of potential at which only the current is responsible 

for charging the double layer where the background electrolytes do not transfer is 

known as the potential window. Nonetheless, the solid line CV indicates the charge 

 

Figure 20: CVs in the presence and absence of insulin at 10 mM HCl as an aqueous 

phase. 10 mM BTPPATPBCl-1,2-DCE (10 % w/v PVC) as the organic phase. 

Dashed line indicates the blank, while solid line indicates the 60 µM 

insulin. Scan rate: 10 mV s-1. 
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transfer behaviour of insulin at the ITIES. Since the transfer of insulin occurs within 

the potential window, thus, the electrochemical behaviour of insulin can be studied 

in the presence of background electrolytes. In this case, the forward peak response 

is due to the insulin-facilitated transfer of the organic phase anion.32 Similarly, the 

backward peak response is due to the back transfer of the organic phase anion from 

the interface to the organic phase. At the interface, the anion of the organic phase 

interacts with insulin to form a complex species and this complex species adsorbed 

on the interface. Since in the reverse scan the current decreased abruptly to a 

baseline current, this feature of CV shows that the adsorption/desorption 

phenomenon occurs. A similar phenomenon has been reported to insulin and other 

protein like Cyt c.32,137  

Figure 21 (A) represents the CVs that illustrated the variation of current with 

potential at different concentrations of insulin in the aqueous phase. It shows that 

suitable potential for forward and backward peak responses at the interface were 

0.70 V and 0.46 V, respectively. It demonstrates that the peak currents (both forward 

and backward peak current) linearly vary with the concentration of insulin. It means 

that with the increase in the concentration of insulin, the peak responses were 

increased as shown in Figure 21 (B). However, with the increase in the concentration 

of insulin, transfer peak potential remains unchanged in both forward and backward 

processes. In addition, the shape of the peaks was found to be different than the 

shape of the peaks that were observed in the simple reversible ion-transfer process 

for TPrA+ ions. The different shapes of the peaks may be because of a process that 

involves insulin facilitated ion transfer of organic anion followed by different 

conformational rearrangements of this complex at the interface which was reported 

elsewhere in the literature.32  

This experiment concluded that (a) peak current linearly varies with the 

concentration of insulin in the aqueous phase, (b) peak potential does not change 

with the change in concentration of the insulin, (c) different shape of the peaks for 

forward and backward scans are due to the different conformational rearrangements 

of a complex of insulin at the ITIES. The results reported in this thesis were found to 



71 
 

agree with that found in the literature.32 This electrochemical behaviour of insulin at 

the ITIES characterised the new electrochemical cell used in this research. 

Figure 22 shows the relationship between the peak charges (both forward and 

backward) at the different concentrations of insulin. It reveals that the increase in the 

concentration of insulin the charges that accumulate at the ITIES is increased. 

However, the backward peak charges are greater than forward peak charges. It could 

be due to the high concentration of elctroadsorbed insulin at the gel ITIES and this 

gel phase prevents the electroadsorbed species diffusing away from the interface. 
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Figure 21: (A) CVs of insulin at different concentrations (i.e. 10 µM, 20 µM, 30 µM, 

40 µM, 50 µM, and 60 µM) (10 to 60 µM, increasing as directed by the 

arrow direction). (B) A plot indicates a relation between peak currents 

and concentrations of insulin at forward and backward scans. 10 mM HCl 

as the aqueous phase. 10 mM BTPPATPBCl-1,2-DCE (10 %  w/v PVC) as 

the organic phase. Scan rate: 10 mV s-1. Error bars are the standard 

deviations of three independent experiments in the same conditions.  

A 
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Figure 22: Plot showing the relation between peak charges and concentration of 

insulin (i.e. 10, 20, 30, 40, 50, and 60 µM). 10 mM HCl as the aqueous 

phase. 10 mM BTPPATPBCl-1,2-DCE (10 %  w/v PVC) as the organic phase. 

Scan rate: 10 mV s-1. Errors calculated from the standard deviation of 

three trials where no error bars are visible, they are smaller than the 

symbol size. 

  

3.2.2 Cyclic voltammetry of insulin at different scan rates. 

In this section, the impact of the scan rate on cyclic voltammogram (CV) of 

insulin was discussed. The data were generated by performing a series of 

experiments using 10 mM HCl as an aqueous electrolytic solution and 10 mM 

BTPPATPBCl-1,2-DCE (10 % w / v PVC) as an organic electrolyte. Figure 23 (A) 

represents a CV of 40 µM insulin at different scan rates. This Figure illustrated the 

effect of the scan rate on the peak responses. With the increase in the scan rate, both 

forward and backward peak responses increase as documented in the literature.32  

However, the peak potentials at different scan rates remain unchanged.  

A linear relationship between the peak current and square root of the scan 

rate was established which is as shown in Figure 23(B). It shows that both forward 

and backward peak currents linearly varied with the square root of the scan rate 

((𝜈)1/2). Although the linear dependency of backward peak current with the square 

root of the scan rate ((𝜈)1/2) describes the linear diffusion-controlled transfer across 

the interface, the shape of CVs exhibits the adsorption/desorption process (i.e. lack 

of diffusional tailing) in the CV. Hence, the scan rate study and the nature of the CV 



74 
 

of insulin indicates the diffusion-controlled ion transfer process, followed by the 

adsorption of complex species at the interface. The complex is formed due to the 

interaction of anion of the organic phase and the positively charged insulin at the 

interface.  These results were in good agreement with the results reported at the 

ITIES using insulin at a four-electrode system.32 Amemiya and co-workers using 

protamine reported similar results at the ITIES.83 Likewise, Shinshi et al. also reported 

similar results for other proteins like Cyt c at the ITIES.137 Hence, this electrochemical 

study of insulin also characterised the new electrochemical cell used in this research 

work. The adsorption basis of the insulin electrochemical response has been reported 

previously32,88,89 and also give up a way to study insulin structure following its 

adsorption.  
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Figure 23: (A) CVs response of insulin at different scan rate: 10 mV s-1; 20 mV s-1; 

30 mV s-1; 40 mV s-1; 50 mV s-1; 60 mV s-1 (10 to 60 mV s-1, increasing as 

directed by the arrow direction).  (Aq): 10 mM HCl + 40 µM insulin. 10 mM 

HCl is used as the aqueous phase. 10 mM BTPPATPBCl-1,2-DCE (10 % w/v 

PVC). (B) Current response to ()1/2 for forward and backward peaks. 

Standard deviations of three trials are used to calculate error bars.  
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3.2.3 Adsorptive stripping voltammetry of insulin 

Different proteins like insulin, lysozyme, and haemoglobin have been studied 

at the ITIES using adsorptive stripping voltammetry.63,87,89 O’Sullivan and co-workers 

detected the lowest concentration of insulin (i.e. 10 nM) using adsorptive stripping 

voltammetry (AdSV) at a micro-ITIES array.89 In this thesis, the lowest detection limit 

of insulin at the macro ITIES was investigated. To find out the lowest detection limit 

of insulin, a suitable adsorption potential (i.e. 0.70 V) was selected. Then, this 

potential was applied to the interface for a specific period of time to adsorb the 

insulin. After that, the detection step (voltammetry) was taken by scanning to the 

lower potentials (i.e. 0.35 V) at which any adsorbed protein desorbed to give the 

response.  Figures 24(A) and 24(B) show the resulting voltammograms of 0.1 µM and 

0.5 µM of insulin at different pre-concentration times, respectively. Stripping peaks 

were not observed in 0.1 µM insulin at different pre-concentration times as shown in 

Figure 24 (A). Even at 150 s pre-concentration time, desorption peak was not seen at 

0.1 µM insulin. Likewise, no stripping peak was observed at 0.5 µM insulin at 20 s pre-

concentration time. Nonetheless, a small stripping peak appeared at 40 s pre-

concentration time at this concentration of insulin as shown in Figure 24 (B).  In 

addition, the stripping peak increased with increasing pre-concentration time as 

shown in Figure 24 (B). Here, before adding the insulin in the aqueous phase, the 

AdSV of blanks were conducted at all times. Blank did not show any stripping peak as 

shown in Figure 24 (C). From this experiment, the lowest concentration of insulin was 

found to be 0.5 µM. Nonetheless, O’Sullivan et al. using a micro-ITIES array recorded 

the lowest detection limit of insulin, 10 nM.89 To find out the lowest detection limit 

of insulin, they also used the AdSV for 450 s pre-concentration time. The lower 

detection limit of the micro ITIES as compared to the macro ITIES could be due to the 

less resistivity of the micro ITIES and more pre-concentration time that used in the 

micro ITIES.  
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Figure 24: (A) AdSVs of 0.1 µM insulin at various pre-concentration times (i.e. 20 

(black line), 40 (grey line), 60 (yellow line), 120 (blue line), and 150 s 

(green line)). (B) AdSVs of 0.5 µM insulin at various pre-concentration 

times (i.e. 20 (black line), 40 (grey line), 60 (yellow line), 120 (blue line), 

and 150 s (green line)). (C) AdSV of 10 mM HCl at 20 s pre-concentration 

time. 10 mM HCl as the aqueous phase. 10 mM BTPPATPBCl-1,2-DCE (10 

% w/v PVC) as the organic phase. Scan rate: 10 mV s-1.  

 

 

 

A 
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3.2.4 Surface coverage study of insulin 

The surface excess concentrations of adsorbed insulin at four different 

concentrations (i.e. 5, 20, 50, and 100 µM) were calculated using surface coverage 

analysis. For this analysis, insulin was adsorbed at the constant applied potential for 

a certain time and the current measured as a function of time. For the adsorption of 

insulin 0.70 V potential was applied to the interface for 30 min in all cases. A blank 

CV was measured on each fresh cell to ensure no drifting on the potential scale. All 

the data were recorded at 10 mM aqueous HCl. This electrochemical study was done 

using a cell which was shown in scheme 2 (as shown in page 52). Figures 25 (A) 

describes the relationship between current and adsorption time at different 

concentrations whereas Figure 25 (B) illustrates the variation of charges with time at 

different concentrations of insulin at a fixed potential. In this case, charge in Figure 

25 (B) is the integrated current. Figure 25(A) reveals that at the specific potential and 

given adsorption time, the current remains unaltered at fix concentration. But, with 

the increase in the concentration of insulin in the aqueous phase, the response of 

current is increased. The current at 100 µM insulin is highest, while the current at 5 

µM is recorded to be least among the four different concentrations. These results 

show that the large current at higher concentration of insulin is due to more anion 

transfer from the organic phase to the interface.  These higher concentrations of 

anions lead to more insulin deposition at the interface. Unlike the current, at the 

given applied potential, the amount of charge accumulated at the interface is 

increased with increase in time (Figure 25 (B)). This increase in charges at the 

interface is due to the accumulation of more insulin-anion complex. Likewise, the 

amount of charges that accumulate at the interface is also increased with the 

increase in the concentration of aqueous insulin. It reveals that with the increase in 

aqueous insulin, more insulin is deposited at the interface. So, charge accumulation 

is favourable at high insulin concentration with greater adsorption time. 
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By analysing the accumulated charge at the interface, the surface coverage of 

the insulin at the interface can be studied. In order to determine the surface coverage 

of the insulin, the charge flowing through the system at a specified period of time 

was calculated and substituted in equation (35). The charge that accumulated at 30 

 

 

Figure 25: (A) Chronoamperograms of insulin at different concentrations. (B) 

Figure showing the relationship between adsorbed charge and 

adsorption time at different concentrations of insulin. 5, 20, 50, and 

100 µM Insulin (5 to 100 µM, increasing as directed by the arrow 

direction) concentrations are maintained. 0.70 V adsorption potential 

for 30 min adsorption time. 10 mM HCl as the aqueous phase. 10 mM 

BTPPATPBCl-1,2-DCE (10 % w/v PVC) as the organic phase.  
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min adsorption time was considered to calculate the surface coverage at different 

concentrations. 

Figure 26 (A) indicates the experimental surface coverage at different 

concentrations of aqueous insulin (i.e. 5, 20, 50, and 100 µM) which were 1.8, 10.9, 

19.6, and 25.8 nmol cm-2, respectively. These results show that with the increase in 

the concentration of insulin in the aqueous phase, the surface coverage of insulin at 

the interface is increased. These surface coverage data were used to determine the 

number of monolayers formed at the interface. From the literature, the theoretical 

monolayer of insulin was found to be 0.0252 nmol cm-2.89 Hence, the number of 

monolayers around the interface when 5, 20, 50, and 100 µM insulin were 

maintained in the aqueous phase were estimated to be 73, 431, 779, and 1025 

monolayers, respectively. It clearly indicates that with the increase in the 

concentration of insulin at the aqueous phase, multilayers of insulin around the 

interface increases. Similar results were reported by O’Sullivan et al. for insulin using 

micro ITIES.89 For the concentration ranges between 10-1000 nM of insulin, they 

found between 0.1 and 1 monolayer of insulin at the ITIES. Hence, higher the insulin 

concentration in the aqueous phase, multilayers formation of insulin is favourable.  

In addition Figure 26 (B) describes the relationship between surface covered 

by the insulin at different adsorption times (i.e. 5, 10, 20, and 30 min) at fixed insulin 

concentration (20 µM). The surface coverage at 5, 10, 20, and 30 min adsorption 

times were determined to be 1.5, 2.9, 5.6, and 10.9 nmol cm-2, respectively. Similarly, 

the number of monolayers formed on the interface were 59, 116, 223, and 431 at 5, 

10, 20, and 30 min adsorption times, respectively. Thus, the surface coverage of 

insulin at the interface varies with adsorption time at fixed concentration and 

potential.  
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This experiment concludes that insulin can form multilayers around the 

interface and these multilayers increase with the increase in the concentration of 

insulin at the aqueous phase. The multilayer formation of insulin was also affected by 

the adsorption time. It means that the greater the adsorption time, the multilayer 

 

 

Figure 26: (A) Figure illustrating the relationship between surface coverage and 

insulin concentrations (i.e. 5, 20, 50, and 100 µM). 0.70 V adsorbed 

potential for 30 min adsorption time. (B) Figure describing the variation 

of surface coverage with different adsorption time (i.e. 5, 10, 20, and 30 

min). 20 µM insulin concentration and 0.70 V potential are maintained. 

10 mM HCl as the aqueous phase. 10 mM BTPPATPBCl-1,2-DCE (10 % 

w/v PVC) as the organic phase. Error bars are obtained from the 

standard deviations of three trials. 
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formation will increase at the ITIES. So, a high concentration of insulin with high 

adsorption time is favourable for the adsorption of insulin at the ITIES. The results of 

multilayers formation of insulin at the ITIES was supported by the study of other 

proteins like haemoglobin and lysozyme.63,87 Hence, this adsorbed insulin can be 

characterised using FTIR spectra analysis. 

 

3.3 FTIR study of the secondary structures of insulin 

3.3.1 FTIR spectra of organogel 

In this research, the organogel was used for the study of secondary structures of 

electroadsorbed insulin. This approach is based on the report of Booth et al. 

published in 2019, who reported FTIR spectroscopic analysis of protein secondary 

structures (lysozyme, myoglobin, Cyt c, and haemoglobin) following 

electroadsorption at the aqueous/organogel interface.105 The gel was prepared by 

using BTPPATPBCl (organic electrolyte), 1,2- dichloroethane (as a solvent), and PVC 

(as a jellifying agent). The concentrations of BTPPATPBCl and PVC were maintained 

at 10 mM and 10 % w/v, respectively, while preparing the gel. The FTIR spectra of the 

organogel were measured by placing the gel directly into physical contact with the 

diamond ATR crystal. Figure 27 (A) indicates the spectrum of the organogel in the 

region of amide I spectrum bands. Similarly, Figure 27 (B) indicates the spectrum in 

the region of amide I band of organogel in the presence of 100 µM aqueous insulin 

at open circuit potential (OCP). No amide I band appears in the spectra of organogel 

and no amide I band appears in the spectra recorded from the organogel prepared in 

the presence of 100 µM insulin in OCP. These results, indicate that 1) spectroscopic 

interference from the organogel, with respect to analysis of protein secondary 

structure, is not a concern, 2) spontaneous adsorption of the protein at the interface 

does not occur. Therefore, these experiments confirm that the organogel is useful for 

the analysis of secondary structures of insulin following electroadsorption at the 

interface. 
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Figure 27: Amide I band in FTIR spectra of (A) 10 mM BTPPATPBCl-1,2-DCE (10 

% w/v PVC) organogel and (B) 10 mM BTPPATPBCl-1,2-DCE (10 % w/v 

PVC) organogel in 100 µM insulin in 30 min adsorption time at open 

circuit potential. Spectral resolution: 4 cm-1  

 

3.3.2 FTIR spectra of solid-state insulin 

The FTIR spectra of solid-state insulin were measured as control experiments, to 

determine native protein secondary structure. FTIR spectra of solid-state insulin were 

recorded by adding the solid (insulin powder) directly onto the diamond ATR crystal. 

The background spectra of blank ATR crystals were recorded before measuring the 

spectra of solid-state insulin for each case. Figure 28 (A) and 28 (B) illustrate the 

amide I band and the second derivative of the amide I band from FTIR spectra 

recorded for solid-state insulin, respectively. Not surprisingly, a distinct amide I band 

can be seen for solid-state insulin. This amide I peak is due to the C=O stretching of 

the carbonyl group involved in the peptide linkage present in the insulin. To further 

deconvolve the amide I band into underlying components, to facilitate protein 

secondary structure determination, the information about the secondary structures 

of the insulin, the second derivatives of the amide I regions were used.100,110,111 Figure 

28 (B) represents the second derivative of the amide I band of solid-state insulin. The 

second derivative of this solid-state insulin shows peaks located at the wavenumbers 

of 1656, 1649, and 1637 cm-1, respectively. The peaks that appear at 1656 and 1649 

A B 
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cm-1 correspond to α-helical and unordered structures, respectively.100,110,111 

Similarly, the peak at 1637 cm-1 can be assigned to the existence of either β-sheet 

and/or irregular helix100,110,111 because the vibrational frequencies of β-sheet and 

irregular helix are almost the same. Likewise, the ordinary curve fitting technique was 

unable to resolve the β-sheet and irregular helix. So, in this research, they were 

assigned as combined β-sheet and irregular helix (i.e. sum of β-sheet and irregular 

helix). To determine the relative proportions of protein secondary structures, the 

curve fitting technique (described in chapter 2) was used. In order to determine the 

second derivatives of the amide I region, 21 smoothing points were taken using the 

Savitzky-Golay function, which was the minimum number of smoothing points that 

yielded an acceptable signal-to-noise ratio. Likewise, a linear background was 

subtracted using a rubber-band correction method, as provided in the OPUS 

software. 

 

Figure 28: FTIR spectra of solid-state insulin representing: (A) amide I band and (B) 

the second derivative of the amide I band. 4 cm-1 spectral resolution. 
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Figure 29: Curve fitted FTIR spectra of solid-state insulin showing the original FTIR 

band, calculated band and the individual component bands (i.e. α-helix 

(red line), 310-helix (yellow line), combined β-sheet and irregular helix 

(blue line), unordered (green line), and turn (violet line)).   

 

The curve fitted spectra of solid-state insulin are shown in Figure 29. This 

Figure shows the deconvoluted peaks and their arithmetical sums, together with the 

experimental spectrum. In Figure 29 the black solid line indicates the original FTIR 

band and the black dashed line indicates the calculated band, respectively.  Similarly, 

red, yellow, blue, green, and violet solid lines correspond to α-helix, 310-helix, 

combined β-sheet and irregular helix, unordered, and turn, respectively. The 

vibrational frequencies of α-helix, 310-helix, combined β-sheet and irregular helix, 

unordered, and turns correspond to 1656, 1660, 1637, 1649, and 1680 cm-1, 

respectively, in solid-state insulin.100,110,111 The relative proportions of the secondary 

structures of solid-state insulin have been presented in Figure 30. It revealed that the 

majority of the secondary structure of solid-state insulin is due to the combined β-

sheet and irregular helix and the relative proportion of these structures is 47.8 %. A 

similar response was observed by Wei et al.110 using X-ray diffraction regarding the 

combined β-sheet and irregular helix (37.2 %) in solid-state insulin. Likewise, large 
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proportions of combined β-sheet and irregular helix (i.e. 40 %)  were also reported 

by Williams114 using Raman spectroscopy, in agreement with this thesis work. 

In solid-state insulin, the relative proportions of the sum of α- helix and 310-

helix was 16.5 % as shown in figure 30. Similarly, the sum of the relative proportions 

of unordered and turn was found to be 18.5 % as shown in figure 30. It signifies that 

the relative proportion of the sum of unordered and turn is similar to the relative 

proportion of the sum of α-helix and 310-helix, as reported in the literature 

(unordered + turn = 29.3 % and α-helix + 310-helix = 32.8).110 

In conclusion, solid-state insulin possesses large proportions of combined β-

sheet and irregular helix while the other secondary structures are present in minor 

proportions. 

 

 

 

 

Figure 30: Plot representing the relative proportions of secondary structures of 

solid-state insulin. Error bars the standard deviations of three trials. 

 

3.3.3 FTIR spectra of  hydrated films of aqueous insulin  

In order to study the FTIR spectra of hydrated film of aqueous insulin, 2.5 mM 

aqueous insulin was prepared in 10 mM aqueous HCl. FTIR spectra of the hydrated 

film of insulin were measured by placing aqueous insulin onto the ATR crystal, 

accompanied by the complete evaporation of the water. A spectrum of the blank ATR 
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crystal was always measured before the spectra of insulin. Figure 31 (A) and 31 (B), 

respectively, represent the region of spectra of the amide I band and the second 

derivative of the amide I band of the hydrated film of insulin. Like solid-state insulin, 

a distinct amide I peak was present. The second derivative of the spectra of the amide 

I peak indicates the presence of the different secondary structures of insulin (e.g., a 

peak of combined β-sheet and irregular structure at 1637 cm-1 and another peak of 

the unordered structure at 1649 cm-1).100,110,111  

  

Figure 31: FTIR spectra of hydrated film of insulin (2.5 µM aqueous insulin in 10 

mM aqueous HCl representing): (A) amide I band and (B) second 

derivative of the amide I band. Spectral resolution: 4 cm-1. 

The relative proportions of different secondary structures were determined 

using the curve fitting technique as discussed in chapter 2. Figure 32 illustrates the 

curve fitted spectra of the hydrated film of insulin. Here, the black solid line indicates 

the original FTIR band and the black dashed line indicates the calculated band, 

respectively. Similarly, the red, yellow, blue, green, and violet solid lines correspond 

to α-helix, 310-helix, combined β-sheet and irregular helix, unordered, and turn, 

respectively. The vibrational frequencies of α-helix, 310-helix, combined β-sheet and 

irregular helix, unordered, and turns correspond to 1656, 1660, 1637, 1649, and 1680 

cm-1, respectively, in aqueous insulin.100,110,111 Figure 33 represents the relative 

proportions of secondary structures of the hydrated film of insulin. Like the solid-

state insulin, the hydrated film of insulin contains significant proportions of the 

A B 
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combined β-sheet and irregular helix. The total percentage of the combined β-sheet 

and irregular helix was 44.4 %. Wei et al.110 also reported a significant proportion of 

combined β-sheet and irregular helix (37.5 %) of bovine insulin dissolved in D2O. 

Similarly, Vecchio et al.99 also reported the highest proportions of combined β-sheet 

and irregular helix (38.5 %) of bovine insulin in D2O. The relative proportion of 

unordered structures in the hydrated film of insulin was found to be 22.1 % which 

was similar to that reported by Wei et al. (26.7 %) and Vecchio et al. (21.3 %). This 

percentage of the unordered structure is highest among the other secondary 

structures like α-helix (11.7 %), 310-helix (2.7 %), and turn (0.7 %). These results are 

also supported by previous results reported by Wei et al.110 (α-helix (17.5 %), 310-helix 

(12.2 %), and turn (6.1 %)) and Vecchio et al.99 (α-helix (18.9 %), 310-helix (11 %), and 

turn (9.4 %)). In this research, turn was found in the least proportions as compared 

to the other secondary structures, as reported in the literature.99,110 

 

 

 

Figure 32: Curve fitted FTIR spectra of hydrated film of insulin representing the 

original FTIR band (black solid line), calculated band (black dashed line) 

and the individual component bands (i.e. α-helix (red line), 310-helix 

(yellow line), combined β-sheet and irregular helix (blue line), unordered 

(green line), and turn (violet line)). 2.5 µM insulin in 10 mM aqueous HCl.  
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Nuclear magnetic resonance (NMR)138 spectroscopy and X-ray diffraction139 

study have shown that insulin possesses similar secondary structures in its solid-state 

and aqueous state, but some differences exist. In this thesis, also the majority of the 

secondary structures of insulin in the solid-state and in hydrated films are combined 

β-sheet and irregular helix. Although some differences exist in secondary structures, 

the insulin possesses similar secondary structures in its solid-state and in hydrated 

films. 

 

Figure 33: Plot indicating the relative proportions of secondary structures of 

hydrated film of insulin (2.5 µM aqueous insulin in 10 mM aqueous HCl). 

Error bars are the standard deviations of three trials. 

 

3.3.4 FTIR spectra of insulin following electroadsorption 

As already mentioned the aqueous/1,2-DCE organogel interface can be used 

as a basis for the analysis of the secondary structures of insulin following 

electroadsorption. The preparation of organogel, different phases, different 

electrolytes used, and electrochemical set up used were already discussed in chapter 

2. To study the secondary structures of electroadsorbed insulin, firstly a suitable 

adsorption potential was determined. Secondly, by choosing the suitable adsorption 

potential, insulin was adsorbed on the interface for a specific interval of time. Finally, 

the thin layer of organogel having adsorbed insulin was removed from the 

electrochemical cell and FTIR spectra of electroadsorbed insulin were investigated 

using FTIR spectroscopy, as discussed below.    
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3.3.4.1 Selection of suitable adsorption potential of insulin 

Although the CV of insulin indicates the adsorption of insulin at 0.70 V as 

discussed in section 3.2.1, in order to study the secondary structures of 

electroadsorbed insulin at the interface, a suitable adsorption potential was 

investigated by choosing six different potentials (i.e. 0.35 V, 0.50 V, 0.60 V, 0.65 V, 

0.70 V, and 0.75 V). For all these experiments 30 min adsorption time was deployed. 

All of these experiments were conducted using the electrochemical cell (Scheme 2 as 

shown in page 52) with 20 µM insulin. After electroadsorption, the sample was 

subjected to overnight drying (which was explained in chapter 2) and then the FTIR 

spectra were recorded. The FTIR spectra of amide I regions of all of the experiments 

are shown in Figure 34 (A). It clearly shows the distinct amide I response at the 

potentials 0.65 V, 0.70 V, and 0.75 V, however, amide I peaks did not occur at the 

potentials 0.35 V, 0.50 V, and 0.60 V. The absence of amide I peaks at potentials   ≤ 

0.6 V is most likely due to less concentration of insulin at the interface. Figure 34 (B) 

illustrates the relationship between the absorbance of different spectra of 20 µM 

aqueous insulin at different adsorption potentials. It shows that at potential ≤ 0.6 V, 

the absorbance of insulin is almost negligible as compared to that at potentials ≥

 0.65 V in which insulin possesses significant absorbance. This potential study 

revealed that all potentials are not sufficient for the adsorption of insulin, rather, a 

suitable potential needs to be chosen for the adsorption of a sufficient amount of 

insulin at the interface. By considering the CV (Figure 21(A)) and amide I region of 

spectra of insulin at different adsorption potential, 0.70 V was chosen for the study 

of the secondary structures of insulin following electroadsorption, which are 

discussed below.  
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Figure 34: (A) FTIR spectra of insulin showing amide I bands at adsorption 

potentials of 0.65, 0.70, and 0.75 V, and no amide I bands at adsorption 

potentials of 0.35, 0.50, and 0.60 V. (B) Plot indicating the variation of 

absorbance with applied potentials. 20 µM aqueous insulin in 10 mM 

HCl (aqueous phase). 10 mM BTPPATPBCl-1,2-DCE (10 % w/v PVC) as the 

organic phase. 30 min adsorption time. Error bars are obtained from the 

standard deviations of three trials where no error bars are visible, they 

are smaller than the symbol size. 

 

3.3.4.2 Secondary structures of electroadsorbed insulin at different concentrations. 

Four different concentrations (i.e. 5, 20, 50, and 100 µM) of aqueous insulin 

were used to study the secondary structural variation of electroadsorbed insulin at 

the ITIES. 30 min adsorption time with 0.70 V adsorption potential was employed. All 

the electroadsorption was done by using cell (Scheme 2 as shown in page 52). All the 

electroadsorbed insulin were subjected to overnight drying as discussed in chapter 2. 

Then, the FTIR spectra of the electroadsorbed insulin were measured. In all samples, 

distinct amide I peaks were observed. Figures 35 (A) and 35 (B) illustrate the amide I 

bands and their second derivatives of electroadsorbed insulin at different 

concentrations. The absorbance frequencies of electroadsorbed insulin shifted with 

concentrations, indicating underlying changes in protein secondary structure. 

Specifically, the amide I peaks were shifted towards higher wavenumber region at 

B A 
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low concentrations of insulin, with respect to the amide I peaks from experiments 

using higher insulin concentration. In addition, the relative intensity of peaks within 

the second derivatives of the amide I region also changed when insulin was at a lower 

concentration as compared to the higher insulin concentration. These spectroscopic 

changes appear to indicate a change in the secondary structures of insulin following 

electroadsorption. Visual inspection of the second-derivative spectra indicates the 

changes might be due to the conversion of some combined β-sheet and irregular helix 

(1637 cm-1)100,110,111 to the α-helical structures (1656 cm-1),100,110,111 which was further 

investigated through the curve fitting technique as shown below.  

 

 
 

Figure 35: FTIR spectra of insulin following electroadsorption at the ITIES at 

different concentrations (i.e. 5, 20, 50, and 100 µM) driven by a fixed 

applied potential of 0.70 V for 30 min. (A) amide I features and (B) 

second derivative of amide I peak. 10 mM HCl as the organic phase. 10 

mM BTPPATPBCl-1,2-DCE (10 % w/v PVC) as the organic phase. Spectral 

resolution: 4 cm-1.  

A Local least squares curve fitting technique, which is discussed in chapter 2, 

was applied in order to calculate the relative proportions of secondary structures of 

insulin at different concentrations. Figure 36 (A), 36 (B), 36 (C), and 36 (D), 

respectively, represent the curve fitted spectra of electroadsorbed insulin at 5, 20, 

50, and 100 µM aqueous insulin concentrations. Figure 36 (A) and 36 (B) clearly 

indicate that, at low aqueous insulin concentrations (i.e. 5 and 20 µM), the α-helical 
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form was found to be more prominent than the others. Nevertheless, Figure 36 (C) 

and 36 (D) signify the greater proportions of combined β-sheet and irregular helix at 

high aqueous insulin concentration (i.e. 50 and 100 µM). The relative proportions of 

secondary structures of electroadsorbed insulin at different aqueous insulin 

concentrations were shown in Figure 37. The relative proportions of combined β-

sheet and irregular helix were 16 %, 18.1 %, 32.9 %, and 32 % at 5, 20, 50, and 100 

µM aqueous insulin concentrations, respectively. It shows that at higher insulin 

concentration, combined β-sheet and irregular helix are present in major proportions 

in the electroadsorbed insulin. However, at a low concentration of insulin in the 

aqueous phase, the electroadsorbed insulin possesses lower proportions of 

combined β-sheet and irregular helix. The surface coverage study (already discussed 

in section 3.2.4) has shown that the concentration of adsorbed insulin at the ITIES 

increases with increasing concentration of insulin in the aqueous phase. So, at high 

insulin concentration, more insulin might be accumulated at the ITIES. Because of the 

high concentration of electroadsorbed insulin, the FTIR spectroscopy might have 

detected only those electroadsorbed insulin which are far from the interface and less 

impacted by the ITIES. As a result, as in the hydrated film of insulin, the 

electroadsorbed insulin at high concentration might have possessed larger 

proportions of combined β-sheet and irregular helix. Nonetheless, at lower insulin 

concentrations, less insulin might be adsorbed at the ITIES. In this case, FTIR 

spectroscopy would detect such electroadsorbed insulin that was close to the 

interface and might have been greatly impacted by it. As a result, the electroadsorbed 

insulin might have lesser proportions of combined β-sheet and irregular helix.    
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Figure 36: FTIR spectra of insulin following electroadsorption at the ITIES at different 

concentrations indicating the region of different secondary structures. 

Curve fitted spectra at: (A) 5 µM (B) 20 µM, (C) 50 µM, and (D) 100 µM 

aqueous insulin. Fixed applied potential of 0.70 V for 30 min adsorption 

time. 10 mM HCl as the aqueous phase. 10 mM BTPPATPBCl-1,2-DCE (10 

% w/v PVC) as the organic phase. 

 

The relative proportions of α-helix of electroadsorbed insulin were 23.1 %, 

28.5 %, 16.4, and % 15.9 % at 5, 20, 50, and 100 µM aqueous insulin, respectively. It 

revealed that at lower aqueous insulin concentration, the electroadsorbed insulin 

possesses more α-helical secondary structures. As already discussed, the 

A B 

C D 
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accumulation of electroadsorbed insulin increases with an increase in aqueous insulin 

concentration. So, the α-helical structure is favourable at low aqueous insulin. 

Likewise, at high insulin concentration, the relative proportion of α-helix was 

decreased at the ITIES. This is because at high concentrations, more insulin might 

have accumulated at the ITIES and the insulin that is detected by the FTIR could be 

far from the ITIES and less impacted by the ITIES. And, hence more combined β-sheet 

and irregular helix were reported.  

 

Figure 37: Plot shows the relative proportions of secondary structures of insulin 

following electroadsorption at different concentrations (i.e. 5, 20, 50, 

and 100 µM) of aqueous insulin. 0.70 V adsorbed potential for 30 min 

adsorption time. 10 mM HCl as the aqueous phase. 10 mM BTPPATPBCl-

1,2-DCE (10 % w/v PVC) as the organic phase. Error bars are the standard 

deviations of three trials. 

 

At different aqueous insulin concentrations, the relative proportions of 310-

helix remain unaltered. It means that the 310-helical structure does not depend upon 

the concentration of electroadsorbed insulin at the interface. Similarly, a significant 

difference in relative proportions of unordered structures or turns was not observed 

between the different insulin concentrations.  
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3.3.4.3 Secondary structures of electroadsorbed insulin at different applied 

potentials 

20 µM insulin was used to see the impact of applied potentials on any change 

in the secondary structure of electroadsorbed insulin. 30 min adsorption time was 

maintained to deposit the insulin at the interface at all applied potentials. Three 

different potentials (i.e. 0.65, 0.70, and 0.75 V) were chosen. Here, the adsorption of 

insulin was done by using cell (scheme 2 as shown in page 52).  Figure 38 (A) illustrates 

the curve fitted spectra of electroadsorbed insulin at different adsorption potentials. 

The curve fitted spectra are almost the same at the three different potentials. 

Similarly, Figure 38 (B) shows the relative proportions of different secondary 

structures of electroadsorbed insulin at different potentials. At different potentials, 

the relative proportions of the α-helical structure remain the same. Similarly, the 

relative proportions of 310-helix were found to be the same at all potential. Likewise, 

the proportions of combined β-sheet and irregular helix were also the same in all the 

applied potentials studied. In addition, the relative proportions of turn also remain 

the same in all three potentials studied. This experiment clearly depicts that there is 

no impact of applied potentials on the relative proportions of secondary structures 

of electroadsorbed insulin. However, potential has played a significant role in the 

trigger for insulin adsorption at the interface. 
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Figure 38: FTIR spectra of insulin following electroadsorption at the ITIES at 

different adsorption potentials. (A) Curve fitted spectra of 

electroadsorbed insulin at 20 µM aqueous insulin showing different 

regions of secondary structures. (B) Relative proportions of secondary 

structures of insulin. Three adsorption potentials (i.e. 0.65, 0.70, and 

0.75 V) were applied for 30 min. 10 mM HCl as the aqueous phase. 10 

mM BTPPATPBCl-1,2-DCE (10 % w/v PVC) as the organic phase. 

 

 

 

 

A 
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3.3.4.4 Secondary structures of electroadsorbed insulin at different adsorption 

times 

These experiments were conducted to see any change in secondary structures 

of insulin at different adsorption times by keeping the same aqueous insulin 

concentration. As already discussed, the applied potential did not have any impact 

on the secondary structure of electroadsorbed insulin. So, a fixed potential of 0.70 V 

was chosen for the electroadsorption of insulin at the interface. Two different 

adsorption times (i.e. 5 and 30 min) were maintained to study the impact of 

adsorption time on the secondary structures of adsorbed insulin. Two experiments 

were conducted separately by taking 20 µM and 100 µM aqueous insulin. Figure 39 

(A) and 39 (B) give the relative proportions of secondary structures of 

electroadsorbed insulin at 20 µM and 100 µM aqueous insulin, respectively. At a low 

concentration of aqueous insulin (20 µM), the relative proportions of α-helix, 

combined β-sheet and irregular helix, unordered, and turn remains almost the same 

at the two different adsorption times. These secondary structures did not show any 

change in their secondary structures. However, the 310-helix has shown a difference 

in the relative proportions at different adsorption times.  Low insulin concentration 

with less adsorption time is more favourable for the existence of 310-helix at the 

interface. Similarly, at a high concentration of aqueous insulin (100 µM), the relative 

proportions of α-helix, combined β-sheet and irregular helix, 310-helix, and turn 

remain unaltered even at two different adsorption times. Nevertheless, the 

unordered structure has shown some difference in the secondary structure at two 

different adsorption times. Figure 39 (A) shows that a high concentration with longer 

adsorption time is favourable for the unordered structure of electroadsorbed insulin.  

This experiment concludes that at low and high concentrations of aqueous 

insulin, adsorption time has no significant impact on most of the secondary structures 

of electroadsorbed insulin. However, little impact has occurred on 310-helix at low 

concentration and unordered structure at a high concentration of electroadsorbed 

insulin.  
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Figure 39: Relative proportions of secondary structures of insulin at different 

adsorption times (i.e. 5 and 30 min): (A) using 20 µM insulin and (B) 

using 100 µM insulin. 10 mM aq. HCl as the aqueous phase. 10 mM 

BTPPATPBCl-1,2-DCE (10 % w/v PVC) as the organic phase.  

A 

B 
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3.3.4.5  Variation of relative intensities of secondary structures of electroadsorbed 

insulin with surface coverages 

The surface coverage study of electroadsorbed insulin at different 

concentrations was investigated and the data were analysed in previous section 

3.2.4.  Four different insulin concentrations (i.e. 5 µM, 20 µM, 50 µM, and 100 µM) 

were used to study the surface coverage by electroadsorbed insulin at the ITIES. The 

intensities of different secondary structures of electroadsorbed insulin at different 

concentrations were determined and the relationship between the intensities and 

surface coverage was studied. Figure 40 (A) describes the relationship between 

intensity and surface coverage of electroadsorbed insulin at different concentrations. 

It indicates that at higher surface coverage, the intensity of the α-helical structure 

was less than the intensity of combined β-sheet and irregular helix. Nevertheless, the 

intensities of combined β-sheet and irregular helix were found to be less at low 

concentration of insulin. So, at low aqueous insulin concentration, surface coverage 

is lower (only a completely occupied interface surface existing as thin insulin layer) as 

shown in Figure 40 (B) and therefore the strongest α-helical signal is observed. On 

the other hand, at high aqueous insulin concentration, the surface coverage is higher 

(Figure 40 (C)) and protein layers build up.  If α-helix structures are only favoured by 

direct interaction with the interface, then the accumulation of secondary and tertiary 

protein layers will effectively dilute the α-helix signal of the primary layer. Therefore, 

increased α-helix signal is not observed at higher concentrations or longer deposition 

times. Consequently, large proportions of electroadsorbed insulin possess combined 

β-sheet and irregular helix. As per 310-helix, unordered, and turn, the intensities of 

these structures remained almost the same at different surface coverage conditions.  

Thus, at low insulin concentration, the interaction of insulin at the ITIES 

induced a change in secondary structure and hence favouring α-helical secondary 

structures. At higher insulin concentration, the insulin layers build up, and hence 

insulin does not show any structural change. 
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Figure 40: (A) Plot showing the relationship between the relative intensities of 

secondary structures of electroadsorbed insulin and surface covered by 

that electroadsorbed insulin. 0.70 V potential for 30 min adsorption time 

was applied for electroadsorption. Error bars are obtained from the 

standard deviations of three trials. (B) Cartoon showing thin layers of 

electroadsorbed insulin at the ITIES at low concentration (C)  Cartoon 

showing the multilayers formation of insulin at the ITIES at high 

concentration. 

 

A 
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3.4 Raman study of the secondary structures of insulin 

3.4.1 Raman spectra of organogel 

Raman spectroscopy is a vibrational spectroscopy technique that can be used 

in the detection of substances and characterisation of various chemical reactions. In 

this study, Raman spectroscopy was used in an attempt to characterise the secondary 

structures of insulin, to enable comparison with the secondary structures of insulin 

determined using FTIR.  

Like the FTIR study, in the Raman spectroscopy study, aqueous-organic 

organogel interface was used for the study of secondary structures of 

electroadsorbed insulin.  After that, the Raman spectra of the organogel were 

measured in the same environmental conditions. Figure 41 (A) and 41 (B), 

respectively, indicate the Raman spectra and amide I region of the Raman spectra of 

the organogel. Since no amide I band appeared in the Raman spectra of the 

organogel, this organogel is useful for the analysis of secondary structures of insulin 

following electroadsorption. 
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Figure 41: Raman spectra of 10 mM BTPPATPBCl-1,2-DCE (10 % w/v PVC) organogel 

(A) showing different spectral region, and (B) showing amide I region. 

Spectral resolution: 1 rel. cm-1. 100 accumulations at an integration time 

of 100 ms. 

 

 

 

 

 

 



104 
 

3.4.2 Secondary structures of electroadsorbed insulin using Raman spectroscopy 

Raman spectroscopy is widely used for the study of structures of 

insulin.109,140–143 In this research, the secondary structures of insulin following 

electroadsorption were attempted to study using Raman spectroscopy. Here, two 

fixed concentrations (20 and 50 µM) of insulin were used. For the adsorption of 

insulin 0.70 V potential was maintained at the interface for 30 min. Like the FTIR 

spectroscopy, the aqueous medium was always 10 mM HCl. The electroadsorption of 

insulin was achieved using cell (scheme 2 as shown in page 52).  After the adsorption 

of insulin at the organogel, this organogel containing adsorbed insulin was dried 

overnight and was then analysed using Raman spectroscopy. Figures 42 (A) and 42 

(B) illustrate the Raman spectra of electroadsorbed insulin at 20 µM and 50 µM 

insulin, respectively. Similarly, Figures 42 (C) and 42 (D) represent the regions of 

amide I spectral band of electroadsorbed insulin at 20 and 50 µM insulin, respectively.  

The Raman spectra of the oranogel containing electroadsorbed insulin are the same 

as that of organogel at both concentrations. Likewise, in both concentrations, the 

amide I region does not show any response of electroadsorbed insulin. It means that 

the organogel surface does not contain a sufficient amount of electroadsorbed insulin 

for detection by Raman spectroscopy at these concentrations. Likewise, a poor signal-

to-noise ratio was obtained with solid-state insulin (data not shown). So, Raman 

spectroscopy was not used further for the analysis of the secondary structures of 

electroadsorbed insulin. 
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Figure 42: Raman spectra of insulin following electroadsorption using a two-

electrode cell. 10 mM aqueous HCl as the aqueous phase. 10 mM 

BTPPATPBCl-1,2-DCE (10 % w/v PVC) organogel as the organic phase. (A) 

and (B) represent the Raman spectra of electroadsorbed insulin at 20 

and 50 µM aqueous insulin, respectively. (C) and (D) indicate the amide 

I bands of electroadsorbed insulin at 20 and 50 µM aqueous insulin, 

respectively. 0.70 V potential applied for 30 min for electroadsorption. 

Spectral resolution: 1 rel. cm-1. 100 accumulations at an integration time 

of 100 ms. 

A B 
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3.4.3 Comparative study of sensitivity of Electrochemistry, Fourier transform 

infrared spectroscopy, and Raman spectroscopy for detection of insulin 

Three different techniques (i.e. electrochemistry, Fourier transform infrared 

(FTIR) spectroscopy, and Raman spectroscopy) were used for the analysis of insulin 

following electroadsorption. The sensitivity of these three techniques can be 

compared. From electrochemistry, the lowest limit of detection of electroadsorbed 

insulin was found to be 0.5 µM as discussed in section 3.2.3. Similarly, FTIR 

spectroscopy could detect 5 µM insulin following 30 min electroadsorption which was 

discussed in section 3.3.4.2. However, Raman spectroscopy could not detect insulin 

following electroadsorption even at 50 µM aqueous insulin which was discussed in 

section 3.4.2. From this study, it shows that electrochemistry is the most sensitive 

technique for the detection of insulin following electroadsorption. Raman 

spectroscopy is the least sensitive technique for the study of electroadsorbed insulin. 

However, FTIR spectroscopy is the best for secondary structure information. This 

means that different experimental methods have different strengths and weaknesses 

for insulin characterisation. While electrochemistry is good for the detection of low 

concentration, it does not reveal any structural detail. In contrast, FTIR spectroscopy 

reveals structural information but is less good for the detection of low concentration.    
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Chapter 4: General conclusions and suggestions for further works 

4.1 General conclusions 

The work presented in this thesis reported the study of the electrochemical 

behaviour of tetrapropylammonium ion (TPrA+) and insulin at the interface between 

the two immiscible electrolyte solutions (ITIES) in a new electrochemical cell based on 

a plastic membrane. Such ITIES can be further used to study the electrochemical 

behaviour of other proteins. Likewise, the secondary structures of insulin were 

investigated at the ITIES, following electroadsorption, using FTIR spectroscopy and 

Raman spectroscopy.  

A two-electrode system at the aqueous / 1,2-DCE organogel interface was 

used to study the electrochemical behaviour of TPrA+ ions to validate the new 

electrochemical set up. The study revealed that peak responses (both forward and 

backward scans) due to TPrA+ ions were directly proportional to the concentration of 

TPrA+ ions in the aqueous phase. The peak-peak separation for the transfer of TPrA+ 

at the ITIES was ca. 59 mV and the ratio of forward peak current to the backward peak 

current was ca. 1, which were consistent with the data already reported for transfers 

of single charged species.134 Likewise, a scan rate study of TPrA+ transfer revealed the 

diffusion-controlled behaviour of TPrA+ at the ITIES, which is in good agreement with 

the literature.14,127,130 The Randles-Sevcik equation was used to calculate the diffusion 

coefficient of TPrA+ ion in the aqueous phase, which was found to be 5.5 x 10-6 cm2 s-

1, in agreement with the data reported elsewhere.14,134 These electrochemical 

experiments validated the new electrochemical cell. 

After validation of the new cell, it was also used to study insulin 

electrochemistry at the aqueous / 1,2-DCE organogel interface. Insulin study has 

shown that forward and backward peak responses at the ITIES were obtained at 0.70 

V and 0.46 V, respectively, and both the peak responses linearly increased with an 

increase in insulin concentrations.  Peak charges also increased with an increase in the 

concentration of insulin. Nonetheless, the backward peak charges were greater than 

the forward peak charges. This might be due to the high concentration of 

electroadsorbed insulin at the gelled ITIES and this gel phase might prevent the 
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electroadsorbed species diffusing away from the interface. A scan rate study 

suggested the diffusion-controlled ion transfer process, but the peak shape on the 

backward scan was as expected for an adsorption/desorption process. So the overall 

reaction is suggested to be a diffusion-controlled transfer followed by the adsorption 

of complex species (cation insulin + anion of organic phase) at the interface; these 

results were in good agreement with the results reported in the literature.32,137 These 

studies also validated the new electrochemical set up. Similarly, taking advantage of 

the adsorption process enabled pre-concentration at the interface for the method of 

adsorptive stripping voltammetry (AdSV). Using AdSV, the lowest detection limit of 

insulin at the ITIES formed at a single pore in a plastic membrane was found to be 0.5 

µM. Likewise, a surface coverage study at the ITIES was conducted using different 

concentrations of insulin. Surface coverages consistent with multilayer formation 

occurred with an increase in the concentration of insulin. Multilayer formation of 

insulin at the ITIES also increased with increasing adsorption time. It means that the 

adsorbed insulin amount increased with insulin concentration in the aqueous phase 

and also with the increasing adsorption time. In this way, the amount of insulin 

attached to the interface can be controlled by the electrochemical parameters 

(potential and time). 

Furthermore, the secondary structures of solid-state insulin, hydrated film of 

insulin, and electroadsorded insulin were investigated. Analysis of the spectroscopic 

data revealed that solid-state insulin and hydrated film of insulin possessed significant 

proportions of combined β-sheet and irregular helix. Since the adsorption of insulin 

was potential dependent, 0.70 V potential was chosen to study the secondary 

structures of insulin following electroadsorption. The absorbance frequencies of 

electroadsorbed insulin shifted with concentrations. Instead of the peaks overlapping 

each other, the amide I peaks were shifted towards higher wavenumber region at low 

concentration than the amide I peak at higher concentration. However, the shifting of 

peaks from lower wavenumber to higher wavenumber on lowering the concentration 

of aqueous insulin might provide some information about the change in secondary 

structures of insulin following electroadsorption. The curve fitting technique revealed 

that α-helical forms were dominant at low concentration while combined β-sheet and 
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irregular helix were found in larger proportion in high concentration. However, other 

secondary structures like 310-helix, unordered and turn did not show any significant 

difference at different concentrations. Secondary structures of electroadsorbed 

insulin at different potentials (i.e. 0.65 V, 0.70 V, and 0.75 V) using 20 µM aqueous 

insulin with 30 min adsorption time were also investigated. The adsorption potential 

did not change the relative proportions of secondary structures. However, the applied 

potential was only responsible for the deposition of insulin at the ITIES. Likewise, by 

keeping the fixed concentration of insulin and fixed electroadsorbtion potential, the 

relative proportions of secondary structures of electroadsorbed insulin at different 

adsorption time were investigated. At different adsorption times, no significant 

impact on α-helical and combined β-sheet and irregular structures occurred. 

Nevertheless, lower concentration with shorter adsorption time was favourable for 

the 310-helix and higher concentration with longer adsorption time was favourable for 

unordered structure. 

   In addition, Raman spectroscopy was also assessed for the identification of 

the secondary structures of electroadsorbed insulin. However, Raman spectroscopy 

could not detect insulin following electroadsorption even at 50 µM aqueous insulin. 

The study revealed that electrochemistry is the most sensitive technique for the 

detection of insulin following electroadsorption. However, FTIR spectroscopy is the 

best for obtaining secondary structure information of insulin. 

 

4.2 Suggestions for further works 

 This millimetre-sized ITIES can be further used for the study of secondary 

structures of various biomolecules like proteins, DNA, phospholipids, and 

carbohydrates following electroadsorption.  

 In-situ FTIR study of electroadsorbed insulin would be interesting to perform 

in the future and can be compared with the ex-situ FTIR study of 

electroadsorbed insulin.   
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