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Abstract 
This thesis presents the experimental work with the main aim of developing new 

electrochemical based methods for detecting thiol-containing molecules, specifically 

homocysteine, glutathione, and cysteine, with little to no sample treatment in an 

aqueous system. The first chapter introduces the principles and techniques of 

electrochemistry. The second chapter gives a brief introduction to the importance of 

thiol containing molecules in biological systems; thus, the need for its analytical 

determination and quantification.  

This thesis reports a suitable electrochemical methodology to selectively detect 

thiols using a combination of different ortho-quinone derived mediators and carbon 

electrode materials. The methodology exploits two ortho-quinone reaction pathways 

with a thiol molecule, electrocatalytic and 1,4-Michael addition reaction. Proof-of-

concept was carried out in buffered systems then realized in synthetic and real 

biological sample; where ultimately, quantitative performance in ‘real world’ sample 

was shown to be analogous to a commercially available enzyme test. 

Finally, screen-printed electrodes are employed in the presented study to show 

the prospect for a point-of-care system. The compact design, such as having a three-

electrode system printed onto a single strip, allows versatility and easy utilization. 

These electrochemical chips are ideal and advantageous for high throughput 

applications.  

Overall, the development of a quick, easy, and cheap methodology for thiol 

determination discussed in this thesis makes a significant contribution to the clinical 

and biomedical community as an alternative and simpler diagnostic pathway. 
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Chapter 1  

 Introduction to electrochemistry 

 

This thesis develops the methodology of using electrochemical techniques to 

detect thiol-containing molecules. However, an understanding of fundamental 

electrochemistry and the techniques used to carry out those studies is required 

beforehand. This chapter presents an elementary introduction to and overview of those 

principles necessary to understand the practice and interpretation of electrochemical 

experiments and the results presented in this thesis.  

 

1.1   Chemical equilibrium 

Electrochemistry is the study of charge transfer across the interface of an 

electronic conductor (an electrode) and an ionic conductor (an electrolyte). [1, 2] 

Consider the following simple electrochemical equilibrium at an electrode-solution 

interface, 

𝐴 + 𝑒−  ⇆  𝐵                                                         (1.1) 

where A is the oxidized species in solution, which gains an electron from the electrode 

to form B, the reduced species. In order to determine the equilibrium potential of the 

electroactive species, the Nernst equation (Equation 1.2) can be used to predict the 

relationship between potential and activities of species A and B [3], 
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𝐸 =  𝐸0 +  𝑅𝑇
𝐹

ln 𝑎𝐴
𝑎𝐵

                                                      (1.2) 

where 𝑎𝐴 and 𝑎𝐵 represent the activities of the oxidized and reduced species 

respectively, E is the potential, E0 is the standard electrode potential, R is the universal 

gas constant (8.314 J K-1 mol-1), T  is the absolute temperature (unit in Kelvin), and F is 

the Faraday constant (96485 C mol-1). The activities for species A and B can be 

expressed in respect to their corresponding concentration, 𝐶𝐴 and 𝐶𝐵, by 

 𝑎𝐴 =  𝛾 𝐶𝐴                                                           (1.3a) 

𝑎𝐵 =  𝛾 𝐶𝐵                                                          (1.3b)                                                       

where γ is the activity coefficient (unitless). The standard electrode potential, E0, is the 

potential value measured with respect to the standard hydrogen electrode at standard 

conditions (1atm, 298K, 1 unit activity). However, the activities of species are not quite 

measurable experimentally because activity coefficients are often unknown. So 

Equation 1.2 can alternatively be written in terms of concentrations to their respective 

species,  

𝐸 =  𝐸𝑓
′ + 𝑅𝑇

𝐹
ln 𝐶𝐴

𝐶𝐵
                                            (1.4) 

where the 𝐸𝑓
′  is the formal potential, which potential reflects the composition of the 

solution under study (i.e. temperature, pressure, and other electrolytes present). 

Finally, the formal potential in respect to standard potential and activity coefficient can 

be expressed as, 

𝐸𝑓
′ =  𝐸0 + 𝑅𝑇

𝑛𝐹
 ln 𝛾𝐴

𝛾𝐵
                                               (1.5) 
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1.2   Electrode kinetics 

In this section, we discuss the basis of electrode kinetics. Apart from 

thermodynamics, the rate of electron transfer needs to be taken under consideration at 

the electrode-solution interface. Consider, for example, a typical one electron reaction:  

𝐴 + 𝑒−  ⇆  𝐵                                                          (1.6) 

where kred and kox represent the rate constants for reduction and oxidation respectively 

for a heterogeneous electron transfer.  

 The basis of electrode kinetic interpretation can be found in the Butler-Volmer 

model. [3] This model, in particular, describes the rate constants dependence on the 

potential applied, E, 

𝑘𝑟𝑒𝑑 =  𝑘0 𝑒𝑥𝑝 [ −𝛼𝐹
𝑅𝑇

 (𝐸 − 𝐸𝑓
0)]                                          (1.7) 

𝑘𝑜𝑥 =  𝑘0 𝑒𝑥𝑝 [ +𝛽𝐹
𝑅𝑇

 (𝐸 − 𝐸𝑓
0)]                                          (1.8)        

where k0 is the standard electrochemical rate constant, α and β are the transfer 

coefficients (α + β = 1) [4, 5], and 𝐸𝑓
0 is the formal potential. These equations show that 

in a one electron process, the rate constant are exponentially dependent on the 

overpotential, (E − 𝐸𝑓
0 ) [6, 7], where the overpotential is the “driving force” required 

for the oxidation or reduction reaction to occur. [8] Thus, the net current, I, can be 

expressed by the Butler-Volmer equation [3, 9, 10]: 

𝐼 = − 𝐹𝐴𝑘0 [exp [
−𝛼𝐹(𝐸−𝐸𝑓

0)

𝑅𝑇
] 𝐶𝐴

∗ − exp [
+𝛽𝐹(𝐸−𝐸𝑓

0)

𝑅𝑇
] 𝐶𝐵

∗ ]                     (1.9) 

kred 

 
kox 
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where 𝐶𝐴
∗ and 𝐶𝐵

∗  are the surface concentration of the corresponding species discussed 

in Equation 1.4. This equation describes how the observed current varies as a function 

of the transfer coefficient and overpotential. When there is a large k0, little to no 

overpotential is required to drive the electrochemical reaction; this is known as 

reversible process. However, when the k0 is small, a larger overpotential is required; 

otherwise known as an irreversible process. These processes will be further discussed 

in Section 1.7.1.  

In contrast to the Butler-Volmer model, the Marcus-Hush model rationalizes the 

electron transfer kinetics in terms of the system’s properties, such as electrode material, 

electroactive species, and/or solution. [2, 11-15] Marcus-Hush theory is non-empirical 

and extracts information about the rearrangement of chemical and solvents bonds. On 

the contrary to Butler-Volmer where the rate constants increases exponentially with 

increasing overpotential, the rate constant reaches a limiting value in the Marcus-Hush 

theory. [11] However, this in true for metallic electrodes with different Fermi levels, as 

this thesis mainly uses carbon electrodes, this model does not necessarily hold true for 

non-metallic electrodes. Nonetheless, this highlights the importance of mass transport, 

which is to be discussed in the next section.   

 

1.3   Mass transport 

Mass transport is the movement of species from one location to another in the 

solution. [1] Especially when electrode kinetics can become relatively fast, reaction 

rates can be controlled by the transport of electroactive materials. Mass transport is a 

fundamental process in electrochemistry and controls much of the observed behaviour 
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alongside electron transfer theory. [1, 2] There are three main forms of mass transport, 

diffusion, migration, and convection. [1, 2, 16] 

 

1.3.1   Diffusion 

Diffusion is an important factor in any electrode process, as it is the spontaneous 

movement of species as a result of a change in concentration gradient. [1, 2] When a 

potential is applied to an electrode placed in a solution containing electroactive species, 

a depletion of this species occurs resulting in a change in concentration gradient at the 

electrode surface. Therefore, diffusion allows new species from the bulk solution to be 

renewed at the electrode surface. For the general case of linear diffusion to a planar 

surface, Fick’s first law applies [17],  

𝐽 =  − 𝐷 𝑑𝐶
𝑑𝑥

                                                             (1.10) 

where J is the flux,  
𝑑𝐶
𝑑𝑥

 is the concentration gradient at the point x and D is the diffusion 

coefficient. The law states that at a given point, the flux (moles cm-2 s-1) is proportional 

to the diffusion coefficient and concentration gradient of the product. Then, to express 

the flux in terms measured current, I, in respect to the number of moles passing through 

a unit area in a unit time, the flux is quantified by 

𝐽 =  𝐼
𝑛𝐹𝐴

                                                                    (1.11) 

where n is the number of electrons, F is the Faraday constant (96485 C mol-1), and A is 

the area of the electrode.  
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 In the case of ‘diffusion only’ conditions, Fick’s second law (Equation 1.10) 

describes the rate of concentration change in solution over time.  

𝜕𝑐
𝜕𝑡

= 𝐷 𝜕2𝐶
𝜕𝑥2                                                   (1.12) 

 

1.3.2   Migration 

Migration is the movement of charged species under the influence of an external 

electric field and it is the second form of mass transport to be discussed. [1] This type of 

transport at the electrode-solution interface is due to the potential difference between 

the electrode and the solution. [8] Often this becomes a problem in experimental reality 

as the movement of charged species is not easily predictable. To overcome this, a 

chemically and electrochemically inert background electrolyte is added to the solution 

at high concentrations. [2, 8] The large quantity of electrolyte increases the conductivity 

of the solution and thus decreases the resistivity for the passing current. [8] In addition, 

adding supporting electrolyte decreases the potential difference at the electrode-

solution interface and maintains a constant ionic strength in the solution during 

electrolysis, in comparison to the species already present in the solution. The latter is 

important to species which are easily influenced by ionic strength. Other benefits of 

adding supporting electrolyte includes fixing the activity coefficients in order to 

facilitate in the use of formal potentials and it compresses the diffusion layer to a 

distance that is compatible with electron tunnelling. For electrochemical experiments 

described in this thesis, 0.1 M potassium chloride was typically added to each solution. 
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1.3.3   Convection 

Convection is the movement of material in solution resulting from external 

mechanical forces. [1] There are two forms of convection; natural and forced 

convection. In the case of natural convention, it can occur either from random 

vibrations in the laboratory or from density/thermal gradients due to a chemical change 

at the electrode surface when a potential is applied. Nonetheless, natural convection is 

usually undesirable and can cause experimental irreproducibility. In the case of forced 

convection, it usually consists of stirring or sparging the solution with an inert gas in 

order to deliver fresh electroactive species to the electrode surface at a known rate. This 

is often used in hydrodynamic studies (i.e. sonoelectrochemistry, rotating disc 

electrodes, or flow cells) where these studies intentionally incorporate mechanical 

convection to avoid natural convection. [2, 18, 19] 

 

1.4    Faradaic and non-Faradaic processes 

There are two types of processes that could occur at the electrode: Faradaic and 

non-Faradaic. [1, 2] When the electroactive species is able to oxidize or reduce due to 

the transfer of electrons at the solution-electrode interface, this process is Faradaic. 

This process in is dictated by Faraday’s law,  

𝑚 =  𝑄
𝑛𝐹

                                                             (1.13) 

where m is moles of product formed or consumed reactant, Q is charge, and n is the 

number of electrons. The Faraday constant is the value of the charge passed per mole of 

electrons. However, in experimental reality not all observed current passed at the 
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electrode-solution interface is purely Faradaic. The currents described in this thesis 

may have contribution of non-Faradaic processes. 

 A non-Faradaic process is defined as any reaction where the electrons do not 

cross at the electrode-solution interface. [1, 2] Contributions towards a non-Faradaic 

process may come from a change in solution compositions at the electrode-solution 

interface. This interface is otherwise known as the electrical double layer.  

 

1.5   Electrical double layer 

The electrical double layer is essentially where an array of different ions and solution 

dipoles adjacent to the charged electrode surface can reorganize when a potential is 

applied. [1, 2] First postulated by Helmholtz, it is the simplest model describing the 

double layer structure. [20, 21] In his model, the counter-charge resides at the surface 

of the electrode once it is placed in solution; this results in a charge separation at the 

electrode-solution interface.  

Figure 1.1 depicts a schematic representation of the electric double layer. In the 

first region closest to the electrode, there are ions and solvent molecules that are 

specifically adsorbed onto the electrode surface; the distance, x1, from the electrical 

centers of these molecules to the electrode surface is referred to as the inner Helmholtz 

plane (IHP). The next layer is referred to as the outer Helmholtz plane (OHP); this is the 

closest distance, x2, to which solvated ions can approach the electrode surface. [1, 2] The 

extent of the double layer from the electrode surface varies with potential and 

electrolyte concentration. The potential decreases linearly with distance from the 

electrode surface to the OHP then decreases exponentially from the OHP to the bulk 
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solution. For experimental electrochemistry, the double layer compresses with 

increasing supporting electrolyte concentrations.  

 

 

 

Figure 1.1   Schematic representation of the electrical double layer. 

 

1.6   Electrochemical cell 

In order to measure the current at the electrode-solution interface, an 

electrochemical cell containing electrodes must be set-up, such that a closed circuit is 

established. For large sized electrodes, a three-electrode system is commonly used and 

is comprised of a working electrode (WE), a reference electrode (RE), and a counter 

electrode (CE) (see Figure 1.2). Typically, a potential is applied to the working electrode 
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and measured accurately alongside to the reference electrode, whilst a current is passed 

between the working and counter electrodes. The working electrode is where the 

reaction of interest and under study takes place (specifics pertaining to this thesis are 

discussed in Section 3.3). The function of the counter electrode is to pass the same 

current seen flowing through the working electrode, therefore, the choice of counter 

electrode material is important as it should be inert and sufficiently large enough to 

hold the passing current (i.e. carbon rod or platinum wire/mesh).  

 

 

Figure 1.2:   Schematic diagram of a three electrode electrochemical cell.  

 

The reference electrode is important in an electrochemical system as its purpose 

is to provide a stable and accurate reference potential value against the measurement of 

RE WE
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CE 
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the working electrode. Typically, the standard hydrogen electrode (SHE) is the primary 

reference and by convention, its potential is zero. The equilibrium for SHE is as follows: 

Pt | H2 (g, 1atm) | H+ (aq, a = 1)                                            (1.14) 

Although, this standard of reference is not ideal for regular experimental practice, a 

range of suitable reference electrodes are available to the users based on the 

experimental conditions (most notably, the solvent). [22] This thesis will describe 

experiments undertaken in aqueous conditions with a saturated calomel reference 

electrode (SCE) whereas in some experiments involving screen-printed electrodes, a 

quasi-silver reference electrode built into the chip is utilized.  

A saturated calomel reference electrode is comprised of a seal tube containing 

saturated potassium chloride solution with potassium chloride solids. The solution is in 

contact with mercurous chloride (Hg2Cl2) mixed with liquid mercury. This tube is 

usually sealed with a porous frit at the end allowing the chloride activity to be constant 

between the electrode and the bulk solution. The potential determining equilibrium for 

the saturated calomel electrode is as follows: 

Hg | Hg2Cl2 | KCl (saturated in water)       (0.242 V vs. SHE)                 (1.15) 

For the silver quasi-reference electrode built into the screen-printed electrode, 

its potential equilibrium is not well-defined, in respect to the SHE., due to its sensitive 

dependency of the electrolyte environment. The term ‘quasi’ suggests that it is 

‘essentially’ or ‘almost’ a reference electrode. [1, 22] It is often employed as a reference 

electrode in sensors or when undesirable for the test solution to be contaminated with 

species from the reference junction, examples include chloride or sulfate ions. As a 

result of this, the quasi-reference is prone to large variation with up to ca. estimated 40 
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mV shifts in reference potential. [1, 22, 23] For the interest of the studies described in 

this thesis, a saturated calomel reference electrode was initially used first to obtain a 

more accurate potential measurement then a quasi-silver reference electrode was 

subsequently employed.  

1.7   Electrochemical methods 

As this thesis will utilize electrochemical techniques in order to determine a 

methodology for detection of thiol-containing molecules, a basic understanding of those 

techniques is necessary. The following section will describe the background on cyclic 

voltammetry and square wave voltammetry.  

1.7.1    Cyclic voltammetry 

1.7.1.1   Diffusional system 

In cyclic voltammetry (CV), a potential is applied to the working electrode and is 

varied linearly with time from the initial potential, E1, to the second, E2, at a sweep rate, 

υ, and then back to E1. The potentials E1 and E2 are chosen to embrace the process of 

interest. Figure 1.2 shows how the triangular potential sweep relates to the voltage scan 

rate, υ¸ and the resulting cyclic voltammetry profile for a reversible system. The 

resulting current-potential voltammogram depicts the current flow measurement at the 

working electrode as a function of the applied potential. Depending on the scan 

direction selected, an oxidation or reduction reaction will occur.  
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Figure 1.3:   A. triangular potential sweep used in cyclic voltammetry and B. cyclic 
voltammetric profiles at a macroelectrode for a reversible reaction.  

 

For a general reversible diffusional system, a typical cyclic voltammogram is 

shown in Figure 1.3. At the beginning, no faradaic current is measured due to 

insufficient potential being applied to drive the electrode process. As the potential 

increases, the current increases approximately exponentially until the mass transport of 

electroactive species to the electrode becomes limited at the higher potentials for which 

then the current decreases thus giving rise to the observed peak in the voltammogram.  

Subsequently on the reverse scan, an analogous peak is observed in the voltammogram, 

due to the product undergoing the reverse processes, electrolyte reconversion and then 

depletion.  

A.                                                    B. 
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Figure 1.4:   Cyclic voltammetry profiles of A. reversible, B. quasi-reversible, and C. 
irreversible electrode process. 

 

There are three general voltammetric profiles for a simple schematic 

voltammogram for the reaction in Equation 1.1, one can observe on a macroelectrode 

using cyclic voltammetry; reversible, quasi-reversible, and irreversible (illustrated in 

Figure 1.4). The interpretation of these classifications on the voltammogram can 

generally be based on two criteria; the peak current as a function of scan rate and the 

peak-to-peak separation of the forward and backward scans. In this thesis, the 

interpretation of the mass transport mechanism of the reaction of interest is strongly 

based on these criteria. In the reversible scenario, the electrode kinetics is fast relative 

to the mass transport on the time scale that the A/B redox equilibrium is achieved at the 

electrode surface such that the Nernst equation described the surface conditions of A 

and B,  

𝐴 + 𝑛𝑒−  ⇆  𝐵                                                 (1.16) 
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The peak current, Ip, can be described by the Randles-Ševčík equation [1, 2, 24-26]: 

𝐼𝑝 = (2.69 𝑥 105)𝑛1.5𝐴𝐷0.5𝐶𝜐0.5                                           (1.17) 

where n is the number of electrons transferred, C is the concentration of the 

electroactive species at the electrode surface, A is the area of the electrode surface, D is 

the diffusional coefficient and υ is the scan rate. Note that the peak current is 

proportional to the square root of scan rate. The other criterion to help identify a 

voltammetric response of the reversible reaction is the peak-to-peak separation of the 

forward and backward peaks. This separation of the forward and backward peaks 

potential is given by 2.3RT/nF, where when taking the difference of those potentials 

results in 57/n mV at 298K.  

For the case of an irreversible process, the forward peak (oxidation or 

reduction) observed on the initial sweep has a large peak potential separation to its 

corresponding reverse peak. This is due to a large overpotential required to drive the 

electrode reaction. The peak current in this scenario is given by the Randles-Ševčík 

equation for an irreversible process [1, 2]: 

𝐼𝑝 = 2.99 𝑥 105 𝑛(𝑛′ + 𝛼𝑛′)1/2𝐴𝐶𝐷1/2𝜐1/2                                      (1.18) 

where α is the transfer coefficient, 𝑛′ is the number of electrons transferred before the 

rate determining step and all other coefficients are mentioned are similar to the reverse 

case. Note again, that the peak current is proportional to the square root of scan rate in 

this scenario. For the case of a quasi-reversible system, it is an intermediate between 

these two extreme cases.  
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1.7.1.2   Surface bound and thin layer voltammetry 

Up until now the discussion in this chapter has been focused on diffusional 

systems, where the electroactive species can diffuse towards the electrode surface from 

the bulk. In some cases which will be covered in this thesis, species can adsorb onto the 

electrode surface thus eliminating diffusion effects in the experiments or a very thin 

layer of solution containing the electroactive species may be contained in the space 

above the electrode surface. [27-29] These may result in an observable difference in the 

cyclic voltammograms when compared to the semi-infinite diffusional system (see 

Figure 1.5). The characteristics are slightly different to the diffusional scenario but the 

same principles can be applied.  

In the reversible case, the current is now only controlled by the potential and the 

amount of electroactive species on the surface. Once the species at the surface is 

oxidized or reduced on the forward scan, it may remain adsorbed to the surface until it 

is to be reduced or oxidized respectively on the reverse scan.  In the electrochemically 

irreversible case, the same principle applies but the only difference is the peak-to-peak 

separation. The forward and backward peaks become more separated as compared to 

the electrochemically reversible case due to slower kinetics and thus requiring a larger 

overpotential to drive the reaction. Overall for such a case of surface bound species / 

thin layer system, the peak current, Ip, is proportional to scan rate, υ.  
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Figure 1.5:   Reversible (solid) and irreversible (dotted) cyclic voltammetry profiles of 
surface bound species. 

 

1.7.2   Square wave voltammetry 

Square wave voltammetry (SWV) is a pulse technique based on a series of 

potential steps and heights on a linear time scale. [1, 2] The square wave parameters are 

characterized by pulse height, ∆𝐸𝑝, staircase height, ∆𝐸𝑠, pulse time, 𝑡𝑝, and cycle period, 

𝑡𝑠. The pulse time term can often be expressed in terms of frequency, f,  

𝑓 = 1
2𝑡𝑝

                                                    (1.19) 

and since the staircase changes with ∆𝐸𝑠 at the start of each cycle, the scan rate can be 

expressed with  

ΔΕ𝑠
2𝑡𝑝

 = f ∆𝐸𝑠                                                          (1.20) 

The basis for a square waveform and measurement can be seen in Figure 1.6. The figure 

shows that the measurement is made at two points of each cycle (point 1 and 2 in 
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Figure 1.6). These points represent the end of the forward and backward peaks 

respectively, where the difference can be seen expressed as ∆I = I1 – I2 in Figure 1.7. 

This produces an advantage to using square wave voltammetry as the subtraction of I1 

from I2 and the potential steps between the forward and backward interval is small; this 

results in high measurement sensitivity and the cancellation of the capacitative 

contribution. 

 

+ 

 

 

Figure 1.6:   Square waveform and measurement schematic 
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Figure 1.7:   General depiction of a square wave voltammogram.  

 

1.8   Conclusions 

This chapter has described a brief overview on the fundamental 

electrochemistry and techniques necessary to support the discussions in this thesis. The 

following chapter provides an introduction to thiol containing molecules; particularly, 

their importance in biological systems and the state-of-the-art methods used to 

analytically detect them.  
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Chapter 2  

Introduction to thiols 

 

This chapter will discuss the importance of thiol-containing molecules in 

biological systems and their quantification using various analytical methods/techniques 

currently available for researchers and clinicians. These can be either non-

electrochemically or electrochemically based. Depending on the application, the user 

typically chooses which option is best suited. Herein, the different methods to quantify 

thiol-based molecules will be compared and contrasted to and opportunities and needs 

identified. 

 

2.1   Biological role 

Thiol-containing molecules such as cysteine (Cys), homocysteine (HCys), and 

glutathione (GSH) are ubiquitous molecules prevalent in many biological systems (see 

Figure 2.1 for chemical structures). [30-34] They each have an important role in 

maintaining cellular metabolism and antioxidation protection. [32, 35-38] Their 

concentration levels are especially important as they are a reflection of the condition of 

the metabolic functions and homeostasis. [35, 39, 40] Thus, these thiol-containing 

molecules can be valuable biomarkers for clinical and/or biomedical related studies. 

Fortunately, thiol related compounds can often be found in various physiological fluids, 

such as blood plasma and saliva. [41-43] Therefore, clinicians and researchers can study 
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a variety of physiological fluids in order to better understand the biological processes at 

the cellular level. [30-33, 41, 42, 44-58] Table 2.1 shows the typical concentration range 

of each thiol found in their respective physiological fluid.  

 

Figure 2.1:   Chemical structures of some thiol-containing molecules.  

 

Thiol name Normal Range 
in plasma / µM 

Normal Range 
in saliva / µM 

References for 
plasma 

References for 
saliva 

Cysteine 10 - 30 5 – 100 [31, 42, 43, 59] [46, 60] 

Homocysteine 5 -15 2 – 5 [43, 61-64] [46, 60] 

Glutathione 2 - 12 5 - 30 [34, 41, 43, 52, 
54, 58, 59, 65] [46, 60] 

Table 2.1:   Literature values of thiol-containing molecules found in “apparently healthy” 
human subjects. 

 

Apart from studies showing regular thiol management at the cellular level, case 

studies linking thiol concentrations to various subject-types are becoming more 

important and popular. Reports show that elevated levels of thiols may reflect 

deleterious conditions such as cancer [52, 65, 66], atherosclerosis [55, 65, 67, 68], 
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cardiovascular disease [42, 55, 61, 65, 69], Parkinson’s disease [41, 42, 55], Alzheimer’s 

disease [41, 42, 55, 70, 71], AIDs-related dementia [37, 55, 65], leukemia [36, 65, 66, 

72], cystinosis [42, 64], hyperhomocystienemia [42], atherothrombotic vascular disease 

[68, 73], arterial disease [67, 73], diabetes [74], cardiovascular diseases [75, 76], 

xerostomia (dry mouth) [44], halitosis (breath malodour) [77, 78], and periodontitis. 

[77, 79-81] As such, selective detection and quantification is important for the 

biomedical community as it may provide a versatile diagnostic pathway to monitor 

various conditions. 

 

2.2    Methods of analytical detection 

This section will discuss the different types of analytical techniques, non-

electrochemical and electrochemical, that are typically used in biomedical research 

and/or clinical applications to selectively detect thiols. 

 

2.2.1    Non-electrochemical methods 

There are a variety of non-electrochemical based methods and/or techniques 

available. [30, 38, 50, 55, 65, 79, 82-85] They often include chromatography coupled 

with mass spectroscopy [69-71, 86, 87], fluorescence [69, 70, 76], spectrophotometry 

[46, 62, 83, 88], and/or immunoassays. [69-71, 73] In particular, the use of high 

performance liquid chromatography (HPLC) is popular when compared to the number 

of other methods mentioned due to its high sensitivity and selectivity. [43, 58, 85, 89-

92] Nonetheless, there are many options for the investigators to choose from to aid 

them in their scientific inquiries.  

https://www.google.co.uk/search?client=firefox-a&hs=ZaK&rls=org.mozilla:en-GB:official&q=atherothrombotic&spell=1&sa=X&ei=TMbwUvreAe_G7AbdwoDoAg&ved=0CCgQvwUoAA


 Chapter 2. Introduction to thiols  23 

 
 

However, these methodologies and techniques often require complex 

instrumentations, laborious technical handling and chemical derivatization. [58, 69-71, 

86, 91, 93-95] They also lack qualities that may be desired in a fast paced health-care 

environment such as rapid response, little to no sample preparation, cost effectiveness 

and ease of use. In addition, the monetary expenditures to procure, maintain, and 

handle the equipment can be quite expensive. Therefore, advances in applying a direct 

electrochemical measurement, in the form of electrochemical sensors [37, 38, 49, 96-

109], would be preferred over these analytical techniques for their simplicity and 

practical use in real-world applications. 

 

2.2.2    Electrochemical methods 

The use of electroanalytical methods offer many potential advantages, especially 

in the form of a point-of-care sensor system, as it can be fast, cheap, and easy to use. 

[110, 111] Electrochemical sensor offers the option for the end user to have access to a 

simple portable unit promoting a point-of-use application with little to no sample 

preparation. [57, 87, 97] One common type of point-to-care sensor is based on screen-

printed electrodes. [20-23] These compact, versatile, robust, and disposable 

electrochemical chip allows access to the users to perform tests wherever and 

whenever it is necessary. Screen-printed electrodes are becoming more attractive to the 

ever growing technology as they are ideal for applications that require high throughput. 

[112, 113] 

However, reports have shown that electrochemical detection of thiols becomes a 

challenging task as the direct oxidation at a bare solid electrode gives a poor 

voltammetric response. [114] Redox mediators are often used to overcome this issue 
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but difficulties may lie in differentiating between similarly structured thiols. [36, 87] 

There have been tremendous efforts put forth towards developing a method for 

selective thiol detection with the use of electrochemistry but unfortunately not many 

offer selectivity without the use of extensive sample pre-treatments. [48, 49, 57, 85, 87, 

89, 92, 93, 101, 103, 106, 115-117] When pre-treatments are required, they often 

include a separation technique (mentioned earlier) [48, 64] or use a scavenger reagent 

to prevent other analogous thiols from interfering in the electrochemical measurement 

in a partially non-aqueous system.  [87, 118, 119] Therefore, a selective detection of 

thiol-containing molecule in aqueous solutions using electrochemical methods would be 

advantageous. 

 

2.3   Aim and scope of thesis 

The aim of this thesis will be to determine a suitable methodology for selective 

electrochemical detection of thiols, including cysteine, homocysteine, and/or 

glutathione.  This is done by a combination of differing ortho-quinone derived 

mediators and carbon electrodes materials. Once the methodology is established, 

screen-printed electrodes are implemented to demonstrate the viability of a point-of-

care type sensor; initially in buffer solutions then realized in synthetic and real 

physiological fluids. 
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Chapter 3  

Experimental methods 

 

This chapter outlines all chemical reagents, experimental methods, and electrode 

preparation procedures used for the experiments presented in this thesis; specific 

descriptions of each experiment and/or reagents can be found in the relevant 

experimental sections of Chapters 5-7.  

 

3.1   Chemical reagents 

All reagents described in this thesis can be found in Table 3.1 along with their 

purity and supplier.  

Chemical name Formula Purity Supplier 

5,5’-dithiobis(2-
nitrobenzoic acid) C14H8N2O8S2 ≥98 % Sigma-Aldrich 

5-sulfosalicyclic acid 
dihydrate C7H6O6S ≥99 % Sigma-Aldrich 

Acetic acid  C2H4O2 99.50% Sigma-Aldrich 
Ammonia nitrate NH4NO3 ≥98%  Sigma-Aldrich 
Ascorbic acid C6H8O6 99% Sigma-Aldrich 
Boric acid H3BO3 99.50% Sigma-Aldrich 
Caffeic acid C9H8O4 >98 % Sigma-Aldrich 

Captopril C9H15NO3S ≥98 % 
Cambridge 
Biosciences 
Ltd. 

Catechol  C6H6O2 99% Sigma-Aldrich 
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Citric acid C6H8O7 98% Sigma-Aldrich 

Cysteine C3H7NO2S 97% Lancaster 
Synthesis 

Deionized water H2O 18.2 MΩ cm Millipore 
Dimethyl sulfoxide C2H6OS ≥99.9 %, Sigma-Aldrich 

Dulbecco’s Modified 
Eagles’s Media − − Sigma-Aldrich 

Ethylenediaminetetraacetic 
acid C10H16N2O8 ≥98 % Sigma-Aldrich 

Glutathione (oxidized) C20H32N6O12S2  ≥98 % Sigma-Aldrich 
Glutathione (reduced) C10H17N3O6S 98% Sigma-Aldrich 
Glutathione reductase − − Sigma-Aldrich 
Graphite powder − ≥99.99 % Sigma-Aldrich 
Homocysteine C4H9NO2S ≥95 % Sigma-Aldrich 
Human plasma − − Sigma-Aldrich 

Hydrochloric acid HCl 37% Fisher 
Scientific 

Mineral oil − − Sigma-Aldrich 

Multi-walled carbon 
nanotube − >95 % Nanolab Inc. 

Nanocarbon − 99% Cabot 
Corporation 

β-Nicotinamide adenine 
dinucleotide (NADH) C21H27N7Na2O14P2 ≥97% Sigma-Aldrich 

β-Nicotinamide adenine 
dinucleotide 2′-phosphate 
(NADPH) 

C21H29N7O17P3 ≥97% Sigma-Aldrich 

Phosphoric acid H3PO4 85% Sigma-Aldrich 
Potassium chloride KCl 99% Sigma-Aldrich 

Potassium dihydrogen 
phosphate KH2PO4 >98 % Sigma-Aldrich 

Potassium monohydrogen 
phosphate K2HPO4 99% Sigma-Aldrich 

Potassium nitrate KNO3 99% Sigma-Aldrich 
Sodium bicarbonate NaHCO3 99.70% Sigma-Aldrich 

Sodium borohydride NaBH4 Technical 
grade 

Fisher 
Scientific 
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Sodium carbonate Na2CO3 ACS grade BDH 
Sodium citrate monobasic NaC6H5O7 98% Sigma-Aldrich 

Sodium nitrate NaNO3 ≥99.5% Fisons 
Analytical 

Synthetic saliva − − Synthetic 
Urine e.K 

Tetrabutyl ammonia nitrate (CH3CH2CH2CH2)4N(NO3) ≥99%  Fluka 

Tetraethyl ammonia nitrate (C2H5)4N(NO3) ≥99%  Fluka 

Table 3.1:   List of chemical reagents used in this thesis. 

 

3.1.1   Buffer solutions 

All buffer solutions were prepared with deionized water at a resistivity of no less 

than 18.2 MΩ cm-1 at 25 °C. Using the chemical listed in Table 3.1, the buffers were made 

according to the pH range required: Britton-Robinson buffer solution for pH range 1 – 2, 

citric acid/sodium citrate for pH range 3 – 6, potassium monohydrogen 

phosphate/potassium dihydrogen phosphate for pH range 7 - 8, and sodium 

carbonate/sodium bicarbonate for pH range 9 – 10. Britton-Robinson buffer is 

consisted of mixing boric acid, phosphoric acid, and acetic acid. All buffer solutions were 

made up with supporting electrolyte of 0.10 M potassium chloride (KCl). All pH 

measurements were conducted using a pH213 Microprocessor pH meter (Hanna 

instruments, UK). The pH meter was calibrated at 25 °C using Duracal buffers of pH 4.01 

± 0.01, pH 7.00 ± 0.01, and pH 10.01 ± 0.01 (Hamiliton, CH).  
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3.1.2   Synthetic saliva   

Synthetic saliva was used as received in electrochemical experiments described 

in Section 7.2. The proprietary formulation of the synthetic saliva reflects the 

standardized production process of DIN 53160-1 [120], which contains no added thiol 

compound.  

 

3.1.3   Commercial glutathione assay kit 

The chemicals listed in the Sigma-Aldrich Glutathione Enzyme Assay Kit were 

purchased individually from Sigma-Aldrich. [121] The procedure was carried out 

accordingly and results are discussed in Section 7.3. They are comprised of 

ethylenediaminetetraacetic acid (EDTA, ≥ 98 %), glutathione reductase, reduced 

glutathione (98%), 5,5’-dithiobis(2-nitrobenzoic acid) (≥ 98 %, DTNB), 5-sulfosalicyclic 

acid dihydrate (≥ 99 %), β-nicotinamide adenine dinucleotide 2′-phosphate reduced 

tetrasodium salt hydrate (≥ 95 %, NADPH), and dimethyl sulfoxide (≥ 99.9 %, DMSO). 

 

3.2    Electrochemical cell set-up 

All electrochemical experiments were carried out in a Faraday cage containing a 

three electrode system. The three-electrode system consists of a saturated calomel 

electrode (SCE, Hach Lange, UK) as the reference electrode, a platinum mesh (99.99 %, 

Goodfellow, UK) as the counter electrode, and a glassy carbon electrode (GCE, CH 

Instruments, USA) as the working electrode (details are discussed Section 3.3).  

For experiments involving screen-printed electrodes, the three electrodes 

employed in those studies are printed on a disposable chip (details are described in 
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Section 3.3.3). However, the quasi-silver reference electrode printed on the chip was 

occasionally substituted by a saturated calomel electrode, for a more reliable potential 

measurement. This will be discussed further in the corresponding sections presented in 

this thesis.  

The three-electrode system is connected to a computer-controlled potentiostat, 

PGSTAT 101 (ECO-chemie, The Netherlands) and a temperature-controlled bath was 

used to ensure that all solutions are carried out at the desire temperature, (20 ± 0.1)°C.  

 

3.3   Working electrode preparations 

This section describes the preparation of the working electrode, glassy carbon 

electrode (GCE), carbon paste electrode (CPE), and multi-walled carbon nanotube 

screen-printed electrode (CNT-SPE), which are used in Chapter 5 - Chapter 7. In each 

experiment described and explained in this thesis, at least three electrodes (n=3) were 

performed three times.  

 

3.3.1    Glassy carbon electrodes 

Prior to all electrochemical experiments, a glassy carbon electrode (GCE, CH 

Instrument, USA) was polished with either alumina (Buehler, Germany) or diamond 

spray (Kemet, UK) on a polishing pad. Specifics will be noted throughout this thesis. For 

alumina, polishing was done sequentially in 1.0, 0.3, and 0.05 µm while polishing with 

diamond spray was done sequentially in 3.0, 1.0, and 0.1 µM. Afterwards, the polished 

electrode was rinsed twice with deionized water and dried carefully. The following two 

sections will describe the modification procedure performed on the glassy carbon 
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electrode modified that was used in accordingly in Chapter 5 and Chapter 6. The 

modifications were done with different carbon nanomaterials, nanocarbon and multi-

walled carbon nanotubes. 

 

3.3.1.1   Modification with nanocarbon 

To prepare the nanocarbon modified glassy carbon electrode (NC-GCE) 

described in Sections 5.2 and 6.1, the immobilization of the nanocarbon (diameter = 14 

± 10 nm) onto the surface of the GCE was done via drop cast method. The drop cast 

method requiring taking a 3.0 µL aliquot of a nanocarbon-ethanol suspension (1:1 

wt:wt) and dropping onto the surface of the polished GCE. A layer of carbon material 

remains at the surface of the carbon electrode after allowing the volatile solvent to 

evaporate at room temperature. A total of 50 µg nanocarbon was used to modify the NC-

GCE. A sonication bath (Fisher Scientific, 230 V, 50 Hz) was used to ensure a full 

suspension of the nanocarbon-ethanol solution prior to drop casting. The modification 

to make the nanocarbon modified glassy carbon electrode (NC-GCE) was done prior to 

each experiment.  

 

3.3.1.2   Modification with multi-walled carbon nanotubes 

The modification of the glassy carbon electrode with bamboo-like multi-walled 

carbon nanotubes (30 ± 10 nm in diameter, 5 - 20 µM in length) was made at the start 

of each electrochemical experiment described in Sections 5.2 and 6.2. The carbon 

nanotubes (CNT) were immobilized onto the surface of a freshly polished glassy carbon 

electrode through drop casting method as described in the previous section (Section 
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3.3.1.1). The drop cast suspension consisted of CNT in ethanol at a ratio of 0.1 mg/mL, 

where a total of 6 µg carbon nanotube was used to modify the GCE by drop casting 3.0 

µL aliquot of the suspension. It was briefly sonicated using a sonication bath prior to 

drop casting to ensure a full suspension of the CNT-ethanol solution.  

  

3.3.2   Carbon paste electrodes 

Carbon paste electrodes (CPE) were utilized in some experiments discussed in 

this thesis (Section 5.4). Generally, these electrodes are comprised of a mixture of 

carbon powder, and a nonelectrolytic binder. [122, 123] Then the mixture is packed into 

a cavity of the working electrode. The working electrode is consisted of a Teflon tube 

with a copper rod (Figure 3.1) thus they can be facile, relatively cheap to fabricate, and 

easy to use. [122, 123] One of the advantages of carbon paste is the diverse applicability 

of the carbon material. [122-124] For results discussed in this thesis, the carbon powder 

was impregnated with a mediator precursor prior to preparing the paste. The paste 

consisted of mixing 70 µL of mineral oil with 200 mg of modified graphite powder, then 

packed into the cavity of the working electrode for it to be ‘electrochemically activated’ 

in situ prior to experiments.  
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Figure 3.1: Diagram of carbon paste electrode. A. carbon-binder mixture, B. electrical 
contact, and C. Teflon tube housing.  

 

3.3.3   Screen-printed electrodes 

Some results discussed in this thesis are based on experiments performed at a 

multi-walled carbon nanotube screen printed electrode (CNT-SPE). This is done to 

demonstrate a quick and simple point-of-care technology for thiol detection. The 

disposable screen printed electrodes were acquired from DropSens (Asturias, Spain). 

They have a ceramic substrate and consist of a multi-walled carbon nanotube working 

electrode, a carbon counter electrode and a silver quasi-reference electrode. The surface 

area of the CNT-SPE was determined in-house with a variable scan rate study of the one 

electron reduction of 1.0 x 10-4 M hexaammineruthenium(III) chloride and 0.1 M 

potassium chloride solution; the average surface area was (0.11 ± 0.07) cm2. Other 

characterization, for example scanning electron microscopy (SEM), can be found on the 

DropSens website. [125] For electrochemical experiments involving all three electrodes 

supplied on the screen-printed electrodes, an aliquot of approximately 50 µL of sample 

solution was deposited onto the ceramic chip taking care to ensure that all the 

electrodes were covered. 

A 
B 

C 
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Prior to electrochemical experiments, the CNT-SPE underwent a pre-treatment 

to get rid of any possible silver residue on the working electrode as supplied. The pre-

treatment essentially comprises of applying a potential cycling from −0.5 V to +0.2 V 

for an optimum time of 20 minutes (ca. 86 scans) in a solution of 0.1 M sodium nitrate 

with a mercury/mercurous sulphate reference electrode (MSE). After pre-treatment, 

the screen printed electrode was carefully rinsed with deionized water and dried. 

Figure 3.2 shows a cyclic voltammogram (50 mV s-1) comparison of the screen-printed 

electrode before (solid line) and after (dashed line) the pre-treatment in 0.15 M 

phosphate buffer solution (PBS, pH 7.0). The figure shows that before pre-treatment, 

the peaks at potentials ca. +0.1 V and −0.05 V (vs. SCE) are associated with the 

oxidation of silver to form silver chloride and its reverse reaction. After the pre-

treatment is applied, the cyclic voltammogram shows no appearance of the peaks 

associated with possible silver. For electrochemical experiments involving the screen-

printed electrodes, a new electrode was used to prevent cross contamination.  

Note that the silver quasi-reference electrodes built into the screen-printed 

electrodes are prone to large variation with up to, ca. estimated 40 mV shifts in 

reference potential. [1] As mentioned in Section 3.2, this thesis will discuss some results 

based on potential measurement at a saturated calomel electrode at the screen-printed 

electrode. This is to provide a more consistent reference value before employing the 

quasi-silver reference electrode printed on the chip.  
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Figure 3.2:   Cyclic voltammograms (50 mV s-1) of screen-printed electrodes in 0.15 M 
PBS (pH 7.0, 20°C) of before (solid line) and after (dashed line) electrochemical pre-
treatment. Inset: CV of screen-printed electrode in 0.1 M sodium nitrate solution prior 
to electrochemical pre-treatment. 

 

3.3.4   Electroanalysis 

3.3.4.1   Standard Addition Method 

Standard addition method is a general method for measuring an unknown 

analyte concentration in a complex matrix sample. Such matrices contain species that 

have chemical properties similar to the target analyte and therefore become difficult to 

measure. This is known as the ‘matrix effect’ and occurs in samples [126], such as 

biological fluids. The standard addition method is a useful procedure to determine the 

desire analyte concentration in such matrices as it eliminates the ‘matrix effect’ in the 

complex solution. The method consists of spiking a sample with known amounts of a 

standard solution. The response before and after the additions are measured, then 
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plotted onto a calibration curve, which the concentration of the desired species is then 

determined. [126] This method assumes the response of the concentration to signal to 

be linear. This method should be repeated several times to ensure confidence.  

 

Figure 3.3.   General representation of a standard addition plot for an analyte in an 
unknown sample.  

 

3.3.4.2   Limit of detection 

The term, limit of detection (LOD) refers to the smallest concentration of analyte 

that produces a signal, with reasonable confidence, which is significantly different from 

the blank signal, depending on the chosen analytical technique. This value is useful in 

comparing methods and/or instruments. For a method that requires a calibration curve, 

the limit of detection, consistent with the IUPAC definition, is defined as [127, 128]: 

𝐶 = 𝑘𝑠𝐵
𝑆

                                                                 (3.1) 

where C refers to the concentration of the measured analyte, k is a numerical constant, 

𝑠𝐵 is the standard deviation of the blank measured, and S is the sensitivity of the 

method. The sensitivity of the method can also be referred to the slope of the calibration 

curve. The value of k is equal to 3, this constant is “strongly recommended” by IUPAC as 

it is three times the standard deviation units above the zero analyte equates to a 98.3 % 

confidence level. [126, 129, 130]  
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Chapter 4  

Ortho-quinone reactions with thiol-

containing molecules: Moderate 

overview 

As mentioned in Section 2.3 this thesis focuses on discussing thiol detection 

using an ortho-quinone moiety. This short chapter will describe a general overview of 

two possible reaction mechanisms involving an ortho-quinone and a thiol-containing 

molecule along with their respective electrochemical behaviour. Scheme 4.1 outlines 

the two reaction pathways: A. electrocatalytic reaction and B. 1,4-Michael addition 

reaction. [37, 38, 52, 65, 87, 131-138] 

 

Scheme 4.1:   Reaction mechanism of an ortho-quinone reaction with a thiol-containing 
molecule via A. electrocatalytic reaction or B. 1,4-Michael addition reaction. 



 Chapter 4. Ortho-quinone reactions with thiol-containing molecules: Moderate overview  37 

 
 

4.1      Electrocatalytic reaction 

In an electrocatalytic reaction, 1,2-dihydroxyquinone (catechol) undergoes a 

two-electron, two-proton electrochemical oxidation to form an ortho-benzoquinone    

(o-quinone) which then can mediate the reduction of a thiol species, RSH, to form a 

disulfide, RSSR. [52, 65, 135, 139-142]  

 

This type of reaction continually involves two electrons and two protons per RSSR 

formed as the reaction can regenerate itself to the starting species from the electrons at 

the electrode. As a result, the amperometric current can be monitored to give an 

analytical signal. [140] A typical cyclic voltammogram will show an increase in forward 

peak current as the back peak current decreases with increasing thiol concentration 

(Scheme 4.2). For this type of mechanism, no new signal will appear in the 

voltammogram due to the continuous involvement of a two electron process. [52, 137]  

 
Scheme 4.2: General voltammogram representation of an electrocatalytic reaction of an 
ortho-benzoquinone with a thiol.  

(4.1) 
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4.2   1,4-Michael addition reaction 

The second possible pathway is through a 1,4-Michael addition reaction. In this 

reaction, the 1,2-dihydroxyquinone (catechol) is first electro-oxidized to form an ortho-

benzoquinone (ortho-quinone). Then the ortho-benzoquinone undergoes nucleophilic 

attack from a thiol, resulting in a new electrochemically active species. [37, 131, 133, 

143] This type of reaction will initially involve a two electron, two proton process to 

oxidize the 1,2-dihydroxyquinone then an additional two electrons will be required for 

the nucleophillic attack to take place with the thiol-containing molecule, thus involving 

a net total of four electron process. [37, 38, 65, 131, 136] During the nucleophilic attack, 

the ortho-quinone regenerates back to a hydroquinone entity, which can be re-oxidized 

again with two electrons and two protons.  

 

Scheme 4.3 depicts a typical cyclic voltammogram for this type of reaction; as it 

will typically show an increase in forward peak current as the back peak current 

decreases with increasing thiol concentration. In addition, a new peak potential away 

from the parent quinone peak can emerge due to the addition reaction. [37, 131, 133, 

143] In this reaction pathway, the adduct signal is analytically useful the peak current 

increases with concentration of thiol species. [37] This new adduct peak signal in this 

reaction can present an analytical basis for thiol detection.  

 

(4.2) 
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Scheme 4.3:   General voltammogram representation of an 1,4-Michael addition reaction 
of an ortho-quinone with a thiol. 
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Chapter 5  

Thiol detection via electrocatalytic 

reaction 

 

This chapter will focus on the electroanalysis of thiol species via the 

electrocatalytic reaction, introduced in the previous chapter. This will be investigated 

using different ortho-quinone precursor in combination with different forms of carbon 

electrode to determine the best method for thiol detection. The proof-of–concept 

methodology discussed herein will then be preliminary tested in such samples typically 

used in the bio-medical research community.   

The work presented in this chapter has been published in Electroanalysis [137, 

141, 144] and Analyst [134]. This chapter includes o-quinone based mediators, 

poly(caffeic acid) and cyclotricatechylene, modified onto a glassy carbon electrode. The 

precursor to cyclotricatechylene discussed in Sections 5.3 and 5.4 was synthesized by 

Ms. Athanasia Karina, Dr. James E. Thomson and Professor Steve G. Davies. 

Characterization using scanning electron microscopy was performed by Mr. Chris Salter 

and Dr. Colin Johnston. 
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5.1   Electrochemical detection of NADH, cysteine, or glutathione using 

caffeic acid modified glassy carbon electrodes 

5.1.1   Introduction 

The development for a fast, sensitive, robust, cost effective sensor with low 

detection limits has been a main focus in the bioanalytical sciences for the past two 

decades. [110, 111, 113, 145] Carbon-based electrodes are often one of the many types 

of electrodes to satisfy these requirements towards developing an effective sensor. 

[146] In particular, amperometric based sensors are popular because they can offer 

high sensitivity over a linear range. [111, 147]  This type of detection is especially 

important in bioanalytical sciences when it comes to detecting low concentrations 

(submolar range) of specific biomarkers, such as β-nicotinamide adenine dinucleotide 

(NADH), cysteine, and glutathione, to monitor conditions that may alter the cellular 

metabolic redox reactions required to regulate normal biological activities. [35, 39, 40]  

For the interest of this section, poly(caffeic acid) (Figure 5.1) has been chosen to 

facilitate in the direct electron-transfer between the target biological molecule and the 

carbon electrode via the ortho-quinone moiety through surface immobilization using 

electropolymerization methods. There have been other reports on the immobilization of 

catechol being used in detecting biological molecules, varying in detection range as low 

as 0.50 µM to as high as 1.0 mM. [145, 146, 148] In this section, we will demonstrate the 

possibilities of having an ortho-quinone group as the sensing molecule for detection of 

specific biomarkers, β-nicotinamide adenine dinucleotide (NADH), cysteine, and 

glutathione, through electrocatalytic oxidation. 
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Figure 5.1: Chemical structure of poly(caffeic acid). 

 

5.1.2   Experimental Procedures 

5.1.2.1   Electrode preparation 

The poly(caffeic acid) modification onto a glassy carbon electrode, GCE, is similar 

to that reported by Zare et al [148] but with alternatives to the solutions used. The GCE 

electrode was first polished accordingly to Section 3.3.1. The freshly alumina polished 

electrode was then electrochemically activated, by placing the three-electrode system in 

0.10 M sodium bicarbonate solution and applying a continuous potential cycle from 

−1.10 V to +1.60 V with a sweep rate of 100 mV s-1 until a stable voltammogram was 

achieved, ca. 8 cycles. After carefully rinsing the electrode with deionized water, the 

deposition of polycaffeic acid was achieved in a solution of 2.0 mM caffeic acid mixed 

with 0.15 M phosphate buffer (pH 4.0) through cycling between +0.10 V to +0.90 V, at a 

sweep rate of 20 mV s-1, for an optimum time in the solution of 5 minutes (ca. 4 scans). 

The electrode was rinsed and dried carefully before proceeding with all electrochemical 

experiments.  
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5.1.3   Results and discussion 

This section first describes the optimization of the electrodeposition of the 

mediator, poly(caffeic acid), by changing the deposition parameters such as time, caffeic 

acid concentration, and cationic supporting electrolyte. Secondly, an understanding of 

the voltammetric behaviour of the redox species at the electrode surface is necessary 

before detection of any kind. Then finally, an investigation of the electrochemical 

determination of NADH, cysteine, and glutathione was conducted.  

 

5.1.3.1   Characterization of CAF-GCE 

Prior to the electrochemical detection of the target analyte, an electrochemical 

characterization of the poly(caffeic acid) modified glassy carbon electrode was 

undertaken. The poly(caffeic acid) film was electrodeposited onto the activated glassy 

carbon electrode at an optimal deposition condition of potential cycling for 5 minutes in 

a solution of 2.0 mM caffeic acid (pH 4.0). To determine this optimum condition, a range 

of different deposition time (2 - 20 mins.) was applied at different concentrations of 

caffeic acid (1.0 - 3.0 mM) for the surface coverage of the poly(caffeic acid) film to be 

calculated and compared against each other. The surface coverage (Γ) was calculated 

using,  

 𝛤 =  𝑄
𝑛𝐹𝐴

                                                             (5.1) 

where the charge (Q) was determined by integrating the anodic peak current, n is the 

number of electrons (n=2), and A is the surface area of the glassy carbon electrode. As a 

result, as shown in inset to Figure 5.2, the trend shows that with all concentrations of 

caffeic acid, the surface coverage increases to a maximum at a certain deposition time 
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and then decreases afterwards. In comparison with all three concentrations, it is with 

2.0 mM of caffeic acid at 5 minutes where the greatest coverage and signal is observed 

under these modification conditions, ca. 9 x 10-10 mol cm-2 at a scan rate of 100 mV s-1. 

This surface coverage ensures the greatest coverage and signal. This section will report 

analytical experiments under this deposition condition.  

 

Figure 5.2: Resulting cyclic voltammograms of CAF-GCE in PBS (pH 7.0) at maximum 
surface coverage at maximum deposition time of concentration of caffeic acid, pH 4.0, at 
scan rate of 100 mV s-1: a. 1.0 mM, 10 minutes, b. 2.0 mM, 5 minutes, and c. 3.0 mM, 12 
minutes. Inset: surface coverage of poly(caffeic acid) on GCE deposited from various 
[CAF] at different deposition time: �1.0 mM, 2.0 mM,S3.0 mM. 

 

Cyclic voltammograms of the poly(caffeic acid) were taken in 0.15 M phosphate 

buffer, pH 7.0, at different scan rates (25 mV s-1 - 400 mV s-1) to determine its 

voltammetric behaviour at the optimum deposition condition mentioned above, seen in 
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Figure 5.3. In the inset of Figure 5.3, it illustrates that there is a proportional correlation 

between the anodic peak current versus scan rate to each other thus showing that the 

redox process is surface bound. This response coincides with what has been reported 

on the behaviour of CAF-GCE elsewhere. [148] 

 

Figure 5.3:  Cyclic voltammograms of 2.0 mM CAF-modified GCE in PBS (pH 7.0). a. 25 
mV s-1, b. 50 mV s-1, c. 100 mV s-1, d. 200 mV s-1, e. 300 mV s-1, and f. 400 mV s-1. 
Inset: Anodic peak current, Ipa, vs. scan rate of CAF-GCE in PBS, pH 7.0. 

 

5.1.3.2   Optimization of CAF-GCE 

 Sensitive electroanalytical detection is essential towards the development of 

sensors used in the detection of specific biological targets at low concentrations. For 

polymer based amperometric sensors, it has been reported that the thickness of the 

polymer film leads to higher sensitivity. [27, 149] The effects of supporting electrolyte 
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on polymer films have been discussed in literature as being one of the attributes to 

achieving film thickness. [150-152] To attain higher sensitivity on the poly(caffeic acid) 

modified electrode, further optimization of the polymer in respect to the film thickness 

were carried out through experiments using a series of different cationic supporting 

electrolytes while keeping the concentration of caffeic acid at its optimum 2.0 mM in 

phosphate buffer solution (PBS, pH 4.0). Sodium nitrate (NaNO3), ammonium nitrate 

(NH4NO3), tetrabutylammonium nitrate ((CH3CH2CH2CH2)4N(NO3)), 

tetraethylammonium nitrate ((C2H5)4N(NO3)) and potassium nitrate (KNO3) were all 

used to bring comparison to the current supporting electrolyte mentioned above, 

potassium chloride (KCl). 0.10 M of KCl supporting electrolyte was added to the 0.15 M 

KH2PO4/H3PO4 buffer solution, pH 4.0, used during the deposition of the poly(caffeic 

acid) polymer film. To ensure that the cation from the buffering system will have 

limited to no affect on the results, the supporting electrolyte for this experiment was 

increased to 0.20 M. Also to make certain that the anionic counterpart of the supporting 

electrolyte does not bring variance, KNO3 was tested and used as a direct comparison to 

KCl. As shown in Figure 5.4, all supporting electrolytes, with the exception of tetrabutyl 

ammonium nitrate, observed a similar trend in comparison to potassium chloride, 

where the surface coverage gradually increases and maximizes at a deposition time of 5 

minutes then decreases afterwards. The surface coverage in respect to sodium nitrate, 

tetraethyl ammonium nitrate, potassium nitrate, and potassium chloride all show a 

maximum surface coverage of ca. 9 x 10-10 mol cm-2. A greater signal and surface 

coverage was observed having ammonium nitrate as supporting electrolyte to the 

caffeic acid of ca. 10-9 mol cm-2 at the same deposition time. However, the deposition 

with tetrabutyl ammonium nitrate seemed to maximize at 10 minutes with a surface 
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coverage of ca. 7 x 10-10 mol cm-2 which is lesser than of the rest due to the large 

molecule size that may limit the coverage and thickness of the poly(caffeic acid) film.  

 

Figure 5.4:   Surface coverage of poly(caffeic acid) on GCE varying supporting 
electrolyte in PBS, pH 7.0. �KCl, NaNO3,SNH4NO3,TKNO3,   
� (CH3CH2CH2CH2)4N(NO3), and W (C2H5)4N(NO3). 

  

5.1.3.3   Catalytic oxidation of biological molecules: NADH, Cysteine, & 

Glutathione 

Cyclic voltammograms of the freshly deposited poly(caffeic acid) polymer film 

were recorded at varying concentrations, of the targeted co-enzymes, β-nicotinamide 

adenine dinucelotide (NADH), cysteine, and glutathione, all in the presence of 0.15 M 

PBS (pH 7.0) which is shown in Figure 5.5, Figure 5.6, and Figure 5.7 respectively. The 

cyclic voltammogram of the polymer seen detecting the presence of the biological 
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molecule shows a larger anodic peak current and a lower cathodic peak current than of 

the one without in the buffer solution at 0 mM target concentration in curve a of Figure 

5.5, Figure 5.6, and Figure 5.7, indicating that there is an electrocatalytic oxidation 

reaction. An average of three cyclic voltammograms was taken consecutively after each 

deposition and a calibration curve was determined for each target by taking the 

calculated average ratio of the forward and backward peak current (IF/IB) and plotted 

against the concentration of the target biomolecule at pH 7.0, illustrated in Figure 5.8, 

Figure 5.9, and Figure 5.10 respectively for NADH, cysteine, and glutathione. 

 

 

Figure 5.5:  Cyclic voltammogram of CAF-GCE in varying concentrations of NADH, pH 
7.0, at scan rate 25 mV s-1.  NADH concentration of a. 0 mM, b. 0.3 mM, c. 1.0 mM,  and 
d. 5.0 mM. 
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Figure 5.6:  Cyclic voltammogram of CAF-GCE in varying concentrations of cysteine, pH 
7.0, at scan rate of 100 mV s-1. Cysteine concentration at a. 0 mM, b. 0.1 mM, c. 1.0 mM, 
and d. 5.0 mM. 

 

 

Figure 5.7:   Cyclic voltammogram of CAF-GCE in varying concentrations of glutathione, 
pH 7.0, at scan rate 100 mV s-1. Glutathione concentration at a. 0 mM, b. 3.0 µM, c. 100 
µM, and d. 1.0 mM. 
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Figure 5.8:   Averaged forward and backwards peak current ratio, IF/IB, vs. [NADH] of 
CAF-GCE in 0.15 M PBS (pH 7.0). [NADH] at 0.30, 0.60, 1.0, 2.0, 3.0, 5.0, and 10.0 mM. 

 

 

Figure 5.9:  Average forward and backwards peak current ratio, IF/IB, vs. [cysteine] of 
CAF-GCE in 0.15 M phosphate buffer, pH 7.0. [Cysteine] at 0.10, 0.30, 0.50, 1.0, 2.0, 3.0, 
and 5.0 mM. Inset: log average peak current ratio vs. log [cysteine] of CAF-GCE. 



 Chapter 5. Thiol detection via electrocatalytic reaction  51 

 
 

 

Figure 5.10:  Average forward and backwards peak current ratio, IF/IB, vs. [glutathione] 
of CAF-GCE in 0.15 M phosphate buffer, pH 7.0. [Glutathione] at 3.0x10-4, 1.0x10-3, 0.01, 
0.03, 0.06, 0.10, 0.30, 0.50, 1.0, 2.0, 3.0, and 5.0 mM. Inset: log average peak current ratio 
vs. log [glutathione] of CAF-GCE. 

 

5.1.3.4   Detection of β-nicotinamide adenine dinucelotide (NADH) 

 To observe the response behaviour of CAF-GCE in respect to NADH at different 

concentrations, cyclic voltammetry of a fresh poly(caffeic acid) polymer film was 

recorded over a wide range of NADH concentrations, from 0.30 mM to 10 mM (Figure 

5.5). A linear relationship was established when the average ratio of the forward and 

backward peak currents was plotted with the concentration of NADH (Figure 5.8). The 

limit of detection (LOD) was determined using the equation, 3SB/S, where SB stands for 

the standard deviation of the peak current ratio CAF-GCE at the zero target 

concentration in the buffer solution, and S is the sensitivity at low concentration for 
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linear calibrations. [129] The LOD at the poly(caffeic acid) modified glassy carbon 

electrode for the detection of NADH is (246 ± 0.09) μM and the sensitivity was 

determined by the gradient of the calibration curve at (1.22 ± 0.3) μA mM-1.   

 

5.1.3.5   Detection of Cysteine 

 Figure 5.6 shows the detection of cysteine using CAF-GCE at a scan rate of 

100 mV s-1. The electrocatalytic effect of cysteine (Figure 5.6) is less pronounced than of 

CAF-GCE in NADH but nonetheless; similar characteristics of catalytic oxidation were 

observed. A similar calibration curve of average peak current ratio was plotted against 

cysteine concentration, shown in Figure 5.9. A linear relationship was observed with 

cysteine concentration up to 5.0 mM. The detection of CAF-GCE at concentrations below 

1.0 mM is illustrated in Figure 5.9’s inset, where a linear relationship can be determined 

when log [cysteine concentration] is plotted with calculated log value of average ratio of 

the forward and backward peak current, log [average IF/IB]. The limit of detection was 

calculated using the linear relationship within the submolar region of (99.0 ± 0.7) PM 

and with a sensitivity of (4.9 ± 0.1) PA  mM-1. 

 

5.1.3.6   Detection of Glutathione 

 The detection of glutathione is also possible using CAF-GCE through cyclic 

voltammetry, as shown in Figure 5.7, where the concentration varies from 3.0 x 10-4 to 

5.0 mM. A calibration curve for glutathione was established similar to the ones for 

NADH and cysteine. We observed a linear relationship for concentrations at 1.0 mM and 

above, similar to cysteine. However, to gain more insight into the trend that exists in the 
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concentration range of glutathione below 1.0 mM, more concentrations were tested and 

collected. The trend seems to show a logarithmic relationship and to determine a linear 

relationship at the lower concentrations, log [glutathione] was plotted against the log 

value of the average ratio of the forward and backwards peak current, log [average 

IF/IB], (Figure 5.10 inset) where it is helpful to determine the LOD and sensitivity of the 

CAF-GCE in the buffer solution containing glutathione. The LOD for CAF-GCE detecting 

glutathione is (2.2 ± 0.8) PM with a sensitivity of (213 ± 14) PA mM-1.  

 

5.1.4   Conclusions 

We have found that a caffeic acid polymer film can be immobilized onto the 

surface of an activated glassy carbon electrode using electrodeposition methods. The 

redox species of poly(caffeic acid) polymer film was determined to be surface bound 

and it could be further optimized by increasing the polymer film coverage to 10-9 mol 

cm-2, which is anticipated for higher sensitive analytical detection. By taking advantage 

of the electrocatalytic oxidation of the coenzymes: NADH, cysteine and glutathione, the 

modified carbon electrode show enough distinction amongst the different 

concentrations for a calibration curve to be determined for concentrations as low as 

300 nM and as high as 10 mM. This first study shows initial promise for quantitative 

analysis, especially at low concentrations. 
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5.2   Electrochemical detection of glutathione using a poly(caffeic acid) 

nanocarbon composite modified electrode 

5.2.1   Introduction 

Electrochemical sensors have been found to be valuable in sample analysis in 

both biomedical and environmental applications. Over years, they have become more 

attractive because of the advantages they offer in size, cost, low-volume, and power 

requirement. [153] As observed by Murray, the electrode surface is a “powerful tool” for 

chemists. Using a variety of methods for attaching a redox species onto the surface 

allows the reaction at the electrode-solution interface to be measured with great 

sensitivity by applying a voltage. [110] Some of the popular methods of immobilization 

include covalent bonding, adsorption, and polymer films. [110, 154] As discussed in 

Section 5.1, electrode modifications with electroactive polymer films are often preferred 

over the other methods because of the advantages in the facile technical application and 

control over film thickness during electrochemical polymerization.  

Within the last 30 years, polymer films have gained popularity over monolayer 

films because they have often been reported to be more stable and have a more 

amplified signal, which is important in analytical sensor applications. [110, 154] In this 

section, the focus will be to modify the electrode surface so that an amplified signal is 

obtained. There have been many studies focused on incorporating porous polymer films 

into nanomaterials at the electrode surface thus creating a composite electrode. [155-

161] Others have noted that increasing the current density in the signal can lead to a 

more sensitive sensor for target analyte detection. [39, 162] The equation for an ideal 

Nernstian behaviour of surface-confined species, 
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          𝐼𝑝 =  𝑛2𝐹2𝛤𝐴𝜐
4𝑅𝑇

                                                      (5.2) 

illustrates the proportional relationship between the peak current, Ip, to the surface 

coverage, Γ; where n is the number of electrons involved in the redox reaction (to be 

discussed in a later section), F is the Faraday constant, A is the surface area of the 

electrode, υ is the scan rate, R is the molar gas constant, and T is the temperature. 

Incorporating nanomaterials onto the surface of the electrode allows more surface area 

for the redox species to immobilize itself onto therefore increasing its current density. 

This type of composite opens a promising outlet for analytical detection by creating an 

improved electrode with characteristics such as sensitivity, size, and stability due to the 

high number of active sites, and strong adherence with other complementary properties 

as well. [153, 163, 164]  

The purpose of this section is to demonstrate an accurate and sensitive detection 

of glutathione using a redox polymer, poly(caffeic acid) (Figure 5.1), at a nanomaterial 

composite electrode. The architecture of the composite electrode will incorporate 

“bamboo-like” carbon nanotubes and nano-carbon (diameter = 14 nm) for their similar 

large surface area, thus enhance the current density of the immobilized redox species. 

Bamboo carbon nanotubes are carbon nanotubes that have graphene material rolled up 

to make up a structure that resembles a bamboo plant stem. According to Heng, their 

shape is comprised of a number of “transverse walls at regular intervals along the 

nanotubes”. [165] Due to their structure, “bamboo-like” carbon nanotubes can be a new 

alternative to short nanotubes for their favourable electrochemical properties in both 

aqueous and non-aqueous solutions. Nano-carbon is the other material chosen for this 

study, which essentially consists of clusters of spherical carbon particles aggregated 
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together forming aggregates with as low as 1 particle to 100 particles per nano-carbon 

aggregate thus making the material porous. [166] Nano-carbon also offers a cheaper 

alternative over carbon nanotubes. Through a price quotation provided by the suppliers 

at the time of writing, nano-carbon from Cabot Corporation (Billerica, MA, USA) is £0.02 

per gram whereas “bamboo-like” carbon nanotubes from NanoLab Incorporated 

(Waltham, MA, USA) are £78 per gram depending on purity. Incorporating these 

nanomaterials into the architecture of the composite electrode, their properties could 

be beneficial towards producing a higher sensitive system for glutathione detection. 

 

5.2.2   Experimental procedure 

5.2.2.1   Electrode preparation 

The modification of the electrode is similar to that described in Section 5.1.2.1 

except for the novel incorporation of nano-carbon (NC) or carbon nanotube (CNT). The 

GCE was first polished with sequentially 1.0, 0.3, and 0.05 µm alumina (Buehler, 

Germany) in water slurry on a polishing pad, and then rinsed twice with de-ionised 

water followed by with acetone. Then the electrode was electrochemically activated by 

placing the three-electrode system in 0.10 M sodium bicarbonate solution and applying 

a continuous potential cycle from −1.10 V to +1.60 V with a sweep rate of 100 mV s-1 

until a stable voltammogram was achieved, ca. 4 scans. After carefully rinsing the 

electrode with deionized water and drying, the carbon material, CNT or nano-carbon, 

was immobilized onto the surface of the glassy carbon electrode through drop casting 

method. The drop casting method comprises dropping an aliquot of a carbon-ethanol 

suspension over the surface of the GCE. Then the volatile solvent is allowed to evaporate 
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at room temperature, leaving a layer of carbon material at the electrode surface. The 

suspension ratio of the CNT-ethanol solution was 0.1 mg/mL and for nano-carbon-

ethanol, 1.0 mg/mL. To ensure a full suspension, the solutions were briefly sonicated 

using a sonication bath prior to drop casting. Thereafter, the electrodeposition of the 

poly(caffeic acid) was done electrochemically by placing the electrode into a solution of 

2.0 mM caffeic acid mixed with 0.15 M phosphate buffer (pH 4.0) and applying a 

potential cycle between +0.10 V to +0.90 V, at a sweep rate of 20 mV s-1 for 5 minutes, 

ca. 4 scans. Then the electrode was rinsed and dried carefully before proceeding with all 

electrochemical experiments. 

 

Figure 5.11:   Scanning electron images of modified nanocomposite electrodes a. pCAF-
CNT-GCE and b. pCAF-NC-GCE. 

 

To characterize the morphology of the electrochemically derived polymer 

nanocomposite, scanning electron microscopy (SEM) analysis was performed by Dr. 

Kristina Tschulik and Ms. Gabriella Chapman. Secondary electron images were taken of 

each of the nanocomposite electrodes and are depicted in Figure 5.11 using a JSM-

6500F scanning electron microscope (JEOL Ltd., UK) at an acceleration voltage of 5.0 kV. 

Figure 5.11a shows the mesh of the drop cast carbon nanotube coated with the 

electrodeposited polymer. Note that each nanotube appears coated with polymer and 

a. b. 
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that some of the polymer is more concentrated at certain zones particularly where the 

nanotubes are entangled. Figure 5.11b shows the surface of the polymer formed on 

nanocarbon particles. In the absence of the polymer [167], individual nanocarbon 

particles are visible but with the polymer present an open porous network is formed. 

 

5.2.3   Results and discussion 

5.2.3.1   Characterization of pCAF-CNT-GCE 

Modified electrodes were prepared using different quantities of drop casted 

CNT-ethanol suspension ranging from 0 – 100 µL to determine the maximum signal of 

the poly(caffeic acid). The modified electrodes were tested in phosphate buffer solution 

(PBS), pH 7.0, to observe the cyclic voltammetric response from the o-quinone/              

o-hydroquinone couple as in the first step of Equation 4.1. It was determined that the 

highest amperometric signal of poly(caffeic acid) was achieved with 6.0 µg of CNT, 

illustrated in Figure 5.12b. The figure shows the voltammetric response of the 

poly(caffeic acid) at E1/2 = +0.18 V (vs. SCE) which is attributed to the two electron, two 

proton oxidation of the o-hydroquinone into to the corresponding o-quinone species. 

[37, 148, 168] The surface coverage of poly(caffeic acid) with 6.0 µg CNT was calculated 

to be ca. 2.8 x 10-9 mol cm-2 using Equation 5.1. This surface coverage with the addition 

of CNT, is about three times larger than that of the poly(caffeic acid) modified glassy 

carbon electrode, pCAF-GCE (Figure 5.12a), reported under similar deposition 

conditions without the presence of CNT (ca. 9 x 10-10 mol cm-2).  [141]  
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Figure 5.12: Cyclic voltammograms in 0.15 M PBS (pH 7.0) of pCAF modified electrode 
at a. GCE, b. 6.0 µg CNT-GCE, c. 50 µg NC-GCE. Inset: Enlarged view of a & b. 

 

Cyclic voltammograms of the pCAF-CNT-GCE were also measured in 0.15 M PBS 

(pH 7.0) at varying scan rates (25 mV s-1 – 400 mV s-1) to explore the factors controlling 

the voltammetric response (Figure 5.13). Inspection of the inset of the Figure 5.13 

shows that the peak current increases apparently linearly with voltage scan rate 

suggests a behaviour consistent with surface confined voltammetry and corresponding 

‘thin layer’ type voltammetry (described in Section 1.7.1.2). The slight deviation from 

linearity may reflect on the transport processes to/from the electrode resulting from 

the porosity of the nanocomposite films, as explored in similarly structured electrodes. 

[27, 169, 170]  
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Figure 5.13:   Cyclic voltammograms of pCAF-CNT-GCE in 0.15 M PBS (pH 7.0) at scan 
rates a. 25 mV s-1, b. 50 mV s-1, c. 100 mV s-1, d. 200 mV s-1, e. 300 mV s-1, and f. 400 mV  
s-1. Inset: Anodic peak current, Ipa, vs. scan rate of modified electrode 

 

5.2.3.2   Characterization of pCAF-NC-GCE 

To explore the consequences of the different surface areas of the nano-carbon 

materials, we next studied how the voltammetric behaviour of pCAF-NC-GCE compared 

with the pCAF-CNT-GCE and the pCAF-GCE. A maximum signal of the pCAF-NC-GCE was 

achieved by means similar to that mentioned above for pCAF-CNT-GCE; the quantities 

tested ranged from 0 – 60 µL of nano-carbon-ethanol suspension. It was determined 

that the signal maximizes with 50 µg of nano-carbon, Figure 5.12c, with a calculated 

surface coverage of ca. 11 x 10-9 mol cm-2. When compared to pCAF-GCE (Figure 5.12a), 

this surface coverage is about twelve times larger. This calculated surface coverage of 

pCAF-NC-GCE is the highest in comparison to that of pCAF-GCE and pCAF-CNT-GCE.  
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A scan rate study was performed on this modified electrode to show the 

voltammetric behaviour. Scan rates varying from 25 mV s-1 up to 400 mV s-1 of the 

modified electrode were conducted in 0.15 M phosphate buffer, pH 7.0 (Figure 5.13). 

The relationship between the peak current and scan rate (Figure 5.13 inset) is similar to 

that was observed for pCAF-CNT-GCE where the peak current is approximately 

proportional to the scan rate suggesting the behaviour is of a surface bound species 

showing ‘thin layer’ type voltammetry.  

 

5.2.3.3   Detection of glutathione at the poly(caffeic acid) modified carbon 

electrodes: pCAF-CNT-GCE vs. pCAF-NC-GCE vs. pCAF-GCE 

As mentioned, two possible mechanisms can occur between an o-quinone and a 

thiol group (Chapter 4): a 1,4-Michael addition or an electrocatalytic reaction. As the 

foundation of either reaction is initialized by the electrochemical oxidation of the 

catechol (1,2-dihydroxyquinone) involving a two proton, two electron process; the 

subsequent reactions with the thiol species, glutathione, at the electrode surface, can 

result in different voltammetric responses depending on the prevailing mechanism. 

Scheme 4.1B illustrates an o-quinone undergoing a 1,4-Michael addition with thiol 

species where a new signal can emerge in the voltammograms or if the quinone and 

adduct peaks overlap an increase in peak current indicating in a four electron process. 

In an electrocatalytic reaction (Scheme 4.1A), no new signal will appear in the 

voltammogram as the reaction is exclusively based on the quinone/hydroquinone redox 

reaction. However, the forward peak signal will increase and back peak signal will 

decrease as the concentration of thiol species increases due to the catalytic oxidation of 

thiols to produce disulfides. This section will distinguish the prevailing type of thiol 
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reaction with the ortho-quinone moiety at the different modification of carbon 

electrode with the detection of glutathione. 

 

Figure 5.14:   Cyclic voltammograms of pCAF-CNT-GCE in varying concentrations of 
glutathione, pH 7.0: a. 0 mM, b. 0.05 mM c. 0.5 mM d. 5.0 mM e. 50 mM. Inset: Calibration 
curve of pCAF-CNT-GCE for glutathione concentrations from 0 mM to 5.0 mM. 

 

pCAF-CNT-GCE 

 In the detection of glutathione with the pCAF-CNT-GCE, the cyclic voltammetric 

response of the modified electrode was investigated in varying concentrations of 

glutathione (pH 7.0), 500 nM to 50 mM.  Illustrated in Figure 5.14, the forward peak 

increases and backward peak decreases as the concentration of glutathione increases; 

this is an indication of an electrocatalytic reaction (Scheme 4.1A). A calculated ratio of 

the anodic, Ipa, and cathodic, Ipc, peak current (Ipa/Ipc) was plotted against the 

concentration of glutathione at pH 7.0 (Figure 5.14 inset). This calibration curve, of 
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pCAF-CNTs-GCE, shows a linear relationship at glutathione concentrations of 500 mM 

and above. At low concentrations of 500 mM and below, the trend curves and 

approaches towards zero analyte concentration indicating that the modified electrode is 

capable of detecting at these low concentrations and that separate calibration curves 

are needed for these concentrations.  

The data in Figure 5.14 shows that the oxidative peak current in the presence of 

high glutathione concentration, 50 mM glutathione, is more than twice the value in its 

absence, with no introduction of a new peak. This indicates that the current increases 

beyond that corresponding to the maximum number of electrons involved on the basis 

of a Michael addition. Also, there is no introduction of a new peak with increasing 

glutathione concentration, which suggests that a nucleophilic substitution did not occur 

and hence that the dominating reaction is an electrocatalytic reaction.  

 Figure 5.15 shows the calibration curve for glutathione detection at different 

modified electrodes presented so far. Since the sensitivity is given by the gradient of the 

calibration plot [130], we can observe changes in sensitivity due to the presence or 

absence of nanomaterials. Just comparing pCAF-CNT-GCE with pCAF-GCE, the slope for 

the pCAF-CNT-GCE is higher than pCAF-GCE which suggests that the sensitivity is higher 

with the addition of CNT. This indicates that the carbon nanotube was able to provide 

additional surface area for the redox species to immobilize onto to give a larger 

amperometric signal, shown in the previous section, thus promoting higher sensitivity 

for analytical detection at these concentrations. Figure 5.15 also shows the precision of 

the data for pCAF-CNT-GCE, where each experiment was carried out three times for the 

standard deviation to be calculated at each point in the calibration curve, represented 

by the error bars in the plot.  
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Figure 5.15:   Calibration curve comparison of the electrode response to varying 
concentrations of glutathione (pH 7.0), 0 mM to 5.0 mM, at the different types of 
modified carbon electrodes (GCE, NC, and CNT). 

 

pCAF-NC-GCE 

Nano-carbon (d = 14nm) was next investigated to determine whether a more 

cost effective material would deliver the same or better performance over carbon 

nanotubes. The pCAF-NC-GCE was tested in PBS, pH 7.0, in the presence of varying 

concentrations of glutathione, ranging from 500 nM to 50 mM. The cyclic 

voltammograms (Figure 5.16) of pCAF-NC-GCE show the forward peak increases and 

backward peak current decreases with increasing glutathione concentration; this is 

evidence of an electrocatalytic reaction (Section 4.1). Next, the peak current ratio (IF/IB) 

was calculated using the forward and backward peak current and plotted with 

glutathione concentration, illustrated in Figure 5.16 inset. This calibration curve shows 
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a linear relationship over the range studied of the calculated peak current ratio with 

increasing glutathione concentration.  

 
Figure 5.16:   Cyclic voltammograms of pCAF-NC-GCE in varying concentrations of 
glutathione, pH 7.0. a. 0 mM, b. 1.0 mM, c. 5.0 mM, d. 10.0 mM, and e. 50.0 mM. 
Inset: Calibration curve of pCAF-NC-GCE for glutathione at concentrations from 0 mM to 
10.0 mM. 

 

To determine whether performance is not jeopardized with the addition of a 

more cost effective material, the sensitivity of the nano-carbon modified electrode is 

compared to the other modified electrodes mentioned alone. Shown in Figure 5.15, the 

calibration curve of each modified electrode is plotted with glutathione concentration 

ranging from 0 mM to 5.0 mM. The figure shows that the slope of the pCAF-NC-GCE is 

lower than that of both pCAF-CNT-GCE and pCAF-GCE. This indicates that the pCAF-NC-

GCE has a low sensitivity towards glutathione detection; even though the surface 

coverage of the pCAF-NC-GCE is much greater than any of the presented modified 
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electrodes. The precision data for pCAF-NC-GCE is also depicted in Figure 5.15 for 

pCAF-NC-GCE, where the reproducibility of the experiment, n=3, is represented by the 

standard deviation of each data in the calibration curve. It was suggested by 

Prodromidis et al. that the effects of steric and overlapping of the molecules might affect 

the electrochemical behaviour due to the saturation of the redox species on the surface 

of a chemically modified electrode. [171] Considering that the calculated surface 

coverage of the caffeic acid is so large in the presence of nano-carbon, this could hinder 

the electrocatalytic reaction with glutathione. 

 

5.2.4   Conclusions 

We have found the use of a nanocomposite electrode comprised of 

nanomaterials (nano-carbon or carbon nanotubes) with poly(caffeic acid) to be 

encouraging in the detection of biomolecules. This nanocomposite electrode allows high 

concentrations of o-quinone precursor moiety to be deposited at the surface which then 

can be used for the sensitive detection of glutathione via, primarily, an electrocatalytic 

process allowed the determination of concentrations as low as 500 nM. 

 

5.3   Selective electrochemical determination of cysteine with a 

cyclotriveratrylene modified carbon electrode 

5.3.1   Introduction 

Cyclotriveratrylene (CTV), shown in Scheme 5.1, is a cyclic trimer of veratrole 

which consists of three aromatic rings, each bearing two methoxyl substituents that are 
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separately fused to a cyclononatriene ring. [172, 173] CTV itself has newly gained 

attention in recent years in the field of supramolecular chemistry, as the number of 

analogues grows with potential applications in sensors, soft materials, and separations. 

[172, 174] One related species in particular is cyclotricatechylene (CTC) (also depicted 

in Scheme 5.1). As CTV can undergo an electrochemical activation to form CTC, the   tris-

catechol analogue is potentially interesting to the electrochemical community as the 

catechol groups are redox active and the o-quinone/hydroquinone system is well placed 

to mediated electron transfer and engage in potentially selective reaction. [175, 176] 

There is limited literature on the electrochemistry of CTC based derivatives [176],        

in-situ generation of CTC from CTV modified electrode and no literature on the redox 

chemistry of CTC alone. The present section reports on the novel use of CTC in the 

selective detection of cysteine in the presence of other thiols using electrochemical 

methods. The basis of cysteine detection with CTC is essentially a quinone-thiol 

interaction via electrocatalytic oxidation reaction, which has been widely studied 

(shown in general terms, Section 4.1). [36, 52, 65, 131, 133, 136, 137] 

However, not only does this advocated methodology rely on the electrocatalytic 

oxidation reaction, but the different reaction rates between surface immobilized            

o-benzoquinone moieties and the different thiol-containing molecules facilitate 

selective measurement such that it will be seen that cysteine reacts usefully faster than 

glutathione or homocysteine. Application of a fast scan rate to a CTC modified electrode 

in the sample solution containing cysteine and the thiols, homocysteine and glutathione, 

excludes the unwanted thiol reactions with the o-benzoquinone moieties and allows 

only reaction with cysteine to take place, thus establishing selective cysteine detection. 

This novel system approach for cysteine selectivity was investigated by practical 
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assessment of solutions containing all three thiols (cysteine, homocysteine and 

glutathione) in both phosphate buffer solution and cell tissue culture media. This 

methodology thus establishes new diagnostic pathway for selective cysteine detection 

for the biomedical community. 

 

       

Scheme 5.1:   Demethylation of cyclotriveratrylene (CTV) to form cyclotricatechylene 

(CTC). 

5.3.2   Experimental procedure 

5.3.2.1   Reagents 

Dulbecco’s Modified Eagles’s Media (Sigma-Aldrich) was purchased and used as 

received without any further purification steps. CTV was synthesized according to that 

reported by Lindsey [173] by Ms. Athanasia Karina, Dr. James E. Thomson and Professor 

Steve G. Davies. Aqueous formaldehyde (38%, 40 mL) and concentrated aqueous HCl 

A

. 

B

. 
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(54 mL) was stirred at 0 °C, then veratrole (10.0 g, 72.4 mmol) was added portionwise 

to the mixture. The resultant mixture was stirred for 30 minutes and then stirred at 

room temperature for an additional 4 hours. The resulting mixture was then filtered 

and ice-cold water (50 mL) was used to wash the solid residue. Recrystallization with 

toluene was performed and the resulting white solid was dried under high vacuum to 

give CTV (8.22 g, 76%). Flash column chromatography was performed using silica gel 

(eluent hexane/EtOAc, 1:1) to give an analytically pure sample of CTV; [177] δH (400 

MHz, CDCl3) 3.87 (18H, s, OMe), 3.60 (3H, d, J 14.0, CHAHB), 4.82 (3H, d, J 14.0, CHAHB), 

6.86 (6H, s, Ar); m/z (ESI+) 473 ([M+Na]+, 100%). 

 

5.3.2.2   Electrode preparation and characterization 

The electrode was modified with CTV and converted to cyclotrivatechylene 

(CTC) following the procedure: The glassy carbon electrode was initially polished with 

diamond spray (Kemet, UK) followed by a deionized water rinse and careful drying. CTV 

was immobilized onto the surface of the carbon electrode via drop cast method. This 

method consisted of dropping approximately 20 µL of a 100 µM CTV-chloroform 

solution onto the surface of the carbon electrode and allows the volatile solvent to dry 

under flowing nitrogen atmosphere.  

To form CTC electrochemically, the optimal parameters were determined where 

the CTV modified carbon electrode is placed in a 0.05 M Britton-Robinson buffer 

solution (pH 1.0) and a potential sweep was applied from +1.16 V to –0.40 V (vs. SCE) 

at a sweep rate of 100 mV s-1. Then the electrode was carefully rinsed with deionized 

water before proceeding with all electrochemical experiments. The preparation of the 
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CTC modified electrode was done prior to each experiment due to the solubility of CTC 

in aqueous systems.  

Scanning electron microscopy (SEM) was used to characterize the CTV modified 

carbon electrode by Mr. Chris Salter and Dr. Colin Johnston. Secondary electron images 

were taken of CTV on glassy carbon substrate using a Merlin scanning electron 

microscope (Zeiss, UK) at an acceleration voltage of 5.0 kV. Shown in Figure 5.17, 

prism-like crystalline structures averaging ca. 1.0 µm x 0.15 µm, ranging from 0.3 µm x 

0.05 µm to 2.2 µm x 0.4 µm, are seen scattered throughout the carbon substrate which is 

consistent with observations made by Steed et. al. when CTV structures of crystalline 

inclusion complexes are investigated with chloroform. [178] 

      

Figure 5.17: Secondary electron images of modified carbon electrode with 
cyclotriveratrylene (CTV) at a. high magnification and b. low magnification. 

 

5.3.3   Results and discussion 

5.3.3.1   Electrochemical characterization of cyclotricatechylene (CTC) 

Cyclic voltammetry was utilized to explore the electrochemical activation of 

immobilized CTV to form CTC on the surface of a glassy carbon electrode. Figure 5.18 

shows two successive scans of the oxidation of CTV at the glassy carbon electrode in 

1 µm 1 µm 

A B 
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0.05 M Britton-Robinson buffer (pH 1.0) with a scan rate of 100 mV s-1. In the first scan 

(dotted line) starting at –0.4 V (vs. SCE), a small oxidative peak (Peak I) at ca. +1.12 V 

(vs. SCE) is observed followed on the reverse scan, by two reduction peaks (Peak II and 

Peak III) ca. +0.4 V (vs. SCE) and ca. +0.2 V (vs. SCE) respectively after reversed at 

+1.16 V (vs. SCE). On the second scan (solid line), two new oxidation peaks (Peak IV 

and Peak V) emerge corresponding to the reduction peaks (Peak III and Peak II) 

respectively while the oxidative peak at ca. +1.12 V (vs. SCE) is no longer observable.  

The proposed reaction for the electrochemical derivatization of CTV to form CTC 

is depicted in Scheme 5.1. During the first scan, the CTV undergoes a sequence of 

electrochemical reduction/oxidation steps with an intermediate hydrolysis of the 

methoxy groups forming the o-benzoquinone moieties. [179-181] Then, the                      

o-benzoquinone species can undergo an electrochemical redox cycle (Scheme 5.1B), 

which can be observed in peaks III/IV and peaks II/V in Figure 5.18. 

 

Figure 5.18:   The first (dotted line) and second (solid line) scans for the de-methylation 
of cyclotriveratrylene (CTV) on the glassy carbon electrode in 0.05 M Britton-Robinson 
buffer solution (pH 1.0) to form cyclotricatechylene (CTC). Scan rate = 100 mV s-1. 
Inset: Magnified view of the potential window of CTC redox reaction. 
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  To determine this optimal condition, a range of different holding time (0 – 60 

seconds) at +1.16 V (vs. SCE) was carried out in pH 1.0 buffer where the charge at each 

peak was used for comparison. It was determined that the charge remained consistent 

for all holding times at each peak. Therefore, there is no need for longer holding time as 

it is fully converted to CTC once the potential of +1.16 V (vs. SCE) was applied. The 

optimal condition for the conversion to CTC is at a potential sweep, +1.16 V to –0.40 V 

(vs. SCE), in 0.05 M Britton-Robinson buffer (pH 1.0) at a scan rate of 100 mV s-1. The 

surface coverage (Γ) of CTC under the optimal condition was determined to be ca. 6.4 x 

10-12 mol cm-2; using Equation 5.1, Γ = Q/nFA, where the number of electrons, n=6. The 

CTC surface coverage observed electrochemically is estimated as ca. 1 % of the total 

theoretical coverage. This was estimated knowing that a 20 µL aliquot of 100 µM CTV 

solution was drop cast onto the electrode. It is likely that not all of the CTV drop casted 

onto the electrode was electrochemically converted to CTC and therefore the crystals, 

observed in the secondary electron images, may contain a mixture of CTV and CTC. 

Cyclic voltammetry (100 mV s-1) was next performed on the activated modified 

carbon electrode in 0.15 M phosphate buffer solution (pH 7.0) to observe the 

voltammetric response of the o-benzoquinone species. Figure 5.19 shows two redox 

process occurring at E1/2 = −0.11 V and at E1/2 = +0.13 V (vs. SCE) which can be 

attributed to a total of six electron and six proton oxidation of the three o-benzoquinone 

species (Scheme 5.1B). Note that the peak current at ca. +0.10 V (vs. SCE) is ca. two 

times larger than the peak current at ca. –0.10 V (vs. SCE). With a net total of six 

electrons and six proton redox process, it is proposed that a four electron, four proton 

process occurs at the larger peak while the other smaller peak undergoes a two 

electron, two proton process. It is suspected that this might possibly be attributed to the 
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crystalline structure formed during the electrode preparation step with chloroform. 

Steed et al. reports that CTV can self-assemble accordingly with different solvents. [178] 

When mixed with chloroform, it can form a weak hydrogen bond to the methoxy oxygen 

atoms on the CTV molecule therefore exhibiting channel structures where these 

molecules pack within the other along an axis to form a distinct crystalline phase. [178] 

Therefore it is speculated that when the solvent evaporates during the electrode 

preparation step, the CTV self-packs so that two rings overlap with others (shown in 

Scheme 5.2).  

 

Scheme 5.2:   Schematic possible representation of cyclotriveratrylene (CTV) on the 
electrode surface. 

 

Lastly, a scan rate study was also carried out on the CTC modified glassy carbon 

electrode to show the voltammetric behaviour. Scan rates varying from 50 mV s-1 to 

500 mV s-1 were run in 0.15 M phosphate buffer (pH 7.0) (Figure 5.20) on the modified 

electrode. The inset to Figure 5.20 shows a proportional relationship when peak 

current, Ip, is plotted against scan rate, ν, thus showing that the redox process is surface 

bound. Further characterization (i.e. pH study) of CTC using electrochemistry will be 

discussed in the next section (Section 5.4). 

 Electrode 
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Figure 5.19:   Cyclic voltammogram (100 mV s-1) at a bare glassy carbon electrode 
(dashed line) and cyclotricatechylene (CTC) modified carbon electrode (solid line) in 
PBS (pH 7.0). 

 

Figure 5.20:   Scan rate study of cyclotricatechylene (CTC) in PBS (pH 7.0) at 20°C. 
Inset: Peak current, Ip, vs. scan rate, ν. 
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5.3.3.2   Selective cysteine detection with cyclotricatechylene (CTC) 

 Figure 5.21 shows the cyclic voltammograms (100 mV s-1) of the CTC modified 

carbon electrode response to solutions containing 20 µM of each cysteine, 

homocysteine, and glutathione (pH 7.0). The voltammogram shows the smaller peak ca. 

−0.10 V (vs. SCE) appears to be unaffected by any added thiol-containing molecule 

whilst the larger peak ca. +0.10 V (vs. SCE) changes with added thiol. Upon a closer look 

at the larger peak ca. +0.10 V (vs SCE), the voltammogram show an increase in the 

forward anodic peak current, Ipa, while the backward cathodic peak, Ipc, decreases when 

the thiol is added to the solution thus indicating that it is an electrocatalytic oxidation 

reaction (Scheme 4.2); which can be analytically useful. Therefore for the purpose of 

quantitative analysis, the analytical parameters presented will be primarily focused on 

peak ca. +0.10 V (vs. SCE).  

 

Figure 5.21:   Cyclic voltammograms (100 mV s-1) of cyclotricatechylene (CTC) response 
to a. no thiol, b. 20 µM glutathione, c. 20 µM homocysteine, and d. 20 µM cysteine. Inset: 
Plot of anodic and cathodic peak current ratio, Io/Ir, as a function of scan rate of 
homocysteine (S), glutathione (z), and no thiol analyte (�). 



 Chapter 5. Thiol detection via electrocatalytic reaction  76 

 
 

 However, selective cysteine detection becomes an issue when all three thiols are 

present in the same solution as is typical in biological media. To get around this issue, 

increasing scan rate was applied to solutions containing 80 µM each homocysteine and 

glutathione (pH 7.0) where the peak current ratio, Ipa/Ipc, is calculated and then 

compared to the peak current ratio taken in the absence (Figure 5.21 inset). It was 

determined that 3.0 Vs-1 is the optimum scan rate where the peak current ratio taken in 

the absence and presence 80 µM of each homocysteine and glutathione are equal to one 

another. This suggests that it is possible to ‘outrun’ the homocysteine and glutathione 

reaction with the o-benzoquinone species but allow sufficient time for cysteine to react 

thus having cysteine selectivity when all three thiols are present in the solution.  

 Next, cyclic voltammetry (3.0 Vs-1) was utilized to observe the voltammetric 

behaviour of CTC with varying concentrations of cysteine, from 0 µm to 100 µM (Figure 

5.22). The figure shows that as the concentration of cysteine increases, the forward 

peak increases while the backward peak decreases thus further indicating that it is an 

electrocatalytic oxidation reaction, as described earlier. An analytical curve was 

determined for cysteine at this scan rate when the peak current ratio, Ipa/Ipc, of the peak 

ca. +0.10 V (vs. SCE), is plotted with respect to cysteine concentration. The analytical 

parameters for cysteine detection in PBS (pH 7.0) at 3.0 Vs-1 are tabulated in Table 5.1. 

The linear relationship is [Ipa/Ipc] (µA) = 0.966 + (0.023 ± 0.001) [Cys/µM] (n=3) for 

concentrations up to 40 µM and the limit of detection is determined to be ca. (0.6 ± 

0.02) µM.  
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Medium 
Scan 
rate  

(V s-1) 

Slope  
(µA µM-1) Ipa/Ipc R2 LODa (µM) 

Linear 
Range 
(µM) 

PBS (pH 7.0) 3.0 (0.023 ± 
0.001) 0.966 0.994 0.6 ± 0.02 0.5 – 40 

Dulbecco’s 
Modified 

Eagles Media 
(pH 8.0) 

3.1 (0.031 ± 
0.001) 1.09 0.987 0.9 ± 0.02 1.0 – 20 

a LOD, calculated limit of detection.  

Table 5.1:   Analytical parameters for selective detection of cysteine using 
cyclotricatechylene (CTC) modified carbon electrode. 

 

 

Figure 5.22:   Cyclic voltammogram (3.0 Vs-1) of cyclotricatechylene (CTC) modified 
carbon electrode in varying concentrations of cysteine (pH 7.0). 

 

 Preliminary testing of several mixed solutions containing different 

concentrations of cysteine, homocysteine and glutathione were carried out using the 

CTC modified carbon electrode in PBS (pH 7.0). Concentrations in the mixed solutions 

are values typically seen in physiological samples. [42, 43, 46, 61, 77] Using cyclic 

voltammetry (3.0 Vs-1), the peak current ratio at ca. +0.10 V (vs. SCE) was calculated for 
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each mixed solution and the cysteine content can be determined through the analytical 

curve, mentioned above. Table 5.2 summarizes the results obtained for cysteine at each 

mixed solution with the CTC modified electrode. The results are well within reasonable 

deviation, ca. 15%, from the cysteine quantity present in the solution. This indicates 

that the selective detection of cysteine in the presence of other homologues thiols such 

as homocysteine and glutathione is possible.  

 

Mixed solution Determined [Cysteine]a (µM) in 

Homocysteine 
(µM) 

Glutathione 
(µM) 

Cysteine 
(µM) PBS (pH 7.0) 

Dulbecco’s Modified 
Eagle Media 

(pH 8.0) 
10 10 10 10.1 ± 0.15 9.1 ± 0.05 
10 5 5 5.4 ± 0.09 6.7 ± 0.25 
10 3 15 13.1 ± 0.15 14.1 ± 0.30 
10 1 20 18.4 ± 0.15 19.0 ± 0.12 
5 10 5 6.7 ± 0.25 5.6 ± 0.28 
3 10 15 14.7 ± 0.13 14.1 ± 0.18 
1 10 30 30.2 ± 0.14 26.3 ± 0.16* 

a Average value ± relative error (n=3). * not within the linear range.  
Table 5.2:   Cysteine determination in mixed solutions containing homocysteine and 
glutathione. 
 
 

5.3.3.3   Application of selective cysteine detection in tissue culture media 

 A practical assessment of the proposed method was next applied to the cell 

tissue culture media, Dulbecco’s Modified Eagle media (DMEM), as it contains a diverse 

variety of amino acids and vitamins, which help facilitate cell growth. [38, 182] It is thus 

a challenging medium for selective electroanalysis. Using the optimal parameters 

established above, cyclic voltammetry (3.0 Vs-1) was utilized and run in 100 % cell 

tissue culture media (pH 8.0) with and without the modification of CTC at the carbon 
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electrode to ensure the window of interest for analysis is free of possible interferences 

from the media. Figure 5.23 shows no introduction of any new signal from the tissue 

culture media alone at the bare carbon electrode, which suggests that the media itself 

will not interfere with our analytical measurements. When the CTC modified carbon 

electrode is applied to the tissue culture media, two redox peaks, ca. –0.17 V (vs. SCE) 

and ca. +0.08 V (vs. SCE), are observed again corresponding to the two redox process of 

the o-benzoquinones. This observation is consistent with the modified electrode in PBS 

(pH 7.0) at the same scan rate (Figure 5.22).  

 

Figure 5.23:   Cyclic voltammogram (3.1 Vs-1) at a bare glassy carbon electrode (dashed 
line) and cyclotricatechylene (CTC) modified carbon electrode (solid line) in tissue 
culture media (pH 8.0). 

 

To make certain that neither homocysteine nor glutathione will interfere, the 

media was spiked with 80 µM of each homocysteine and glutathione and the 

appropriate scan rate to ‘outrun’ these reactions were found (as described earlier). It 

was determined that an optimum scan rate of 3.1 Vs-1 was sufficient enough to ‘outrun’ 

both glutathione and homocysteine in tissue culture media. From there, an analytical 
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curve was determined when different concentrations of cysteine, ranging from                

5 - 60 µM, were added to the media and measured at the CTC modified electrode. The 

linear relationship was determined to be [Ipa/Ipc] (µA) = 1.09 + (0.031 ± 0.001) 

[Cys/µM] (n=3) for concentrations up to 20 µM and the limit of detection is determined 

to be ca. (0.9 ± 0.02) µM (Table 5.1).  

 To test the selective cysteine detection method in this medium, the cell tissue 

media was spiked with various amounts of cysteine, homocysteine and glutathione and 

the optimum condition described above was carried out at the modified electrode. For 

each spiked sample, the peak current ratio was taken at the peak ca. +0.08 V (vs. SCE) 

where the cysteine content was determined by the analytical curve (mentioned above). 

The results are summarized in Table 5.2, which shows the determined cysteine value is 

consistent with the spiked cysteine content and is well within reasonable deviation of 

ca. 19 % thus showing that this method for cysteine detection is reliable in the complex 

cell tissue media.  

 

5.3.4   Conclusions 

We have established the formation of CTC from electrode surface immobilized 

CTV using only electrochemical methods at a carbon electrode. The CTC generated 

allows selective cysteine detection in the presence of homocysteine and glutathione, at 

concentrations typically seen in biological samples, in both buffer solution and tissue 

culture media.  The sensitivity is ca. 0.023 µA µM-1 and ca. 0.031 µA µM-1 with a limit of 

detection of ca. 0.6 µM and ca. 0.9 µM for buffer solution and tissue culture media 

respectively. The detection was successfully applied to several spiked sample solutions 

where determined values were consistent with the spiked cysteine content with an 
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average error acceptable for bio-medical marker applications. This method presents a 

potentially useful and novel way for selective detection of cysteine and opens up the use 

of CTC modified electrodes for electroanalysis. 

5.4   Precursor modified electrodes: Electrochemical detection of captopril 

5.4.1   Introduction 

Electrochemical detection is not only valuable for biomolecules but for 

pharmaceutical drugs as well. Captopril, CAP (Figure 5.24), is an angiotensin-converting 

enzyme inhibitor (ACE inhibitor). [183-185] It is widely used in treatment of 

hypertension and other types of congestive heart diseases. [185, 186] It is marketed 

under the trade name, Capoten, by Bristol-Myers Squibb. [187, 188] As an orally active 

antihypertensive drug, it contains a terminal thiol group, which can act as a free radical 

scavenger. [185, 186, 189-191] Although toxicity from ingesting captopril is uncommon, 

undesirable side effects can occur when given in high doses to patients with collagen 

vascular disease or renal insufficiency. [186, 192, 193] Some side effects may include 

hypotension [184, 193], renal hemodyaminc dysfunction [193], dry cough [183, 184, 

193], angioedema [184, 193], bone marrow suppression [194], rash [183, 185], and 

proteinuria. [183, 194] Therefore determination of thiol-based drugs, such as captopril, 

can also be desirable in the biomedical and pharmacology community as a way to 

monitor patients and/or for pharmaceutical formulation quality control purposes.  

 

Figure 5.24:   Chemical structure of thiol-containing drug captopril. 
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While many of the analytical methods mentioned in Section 2.2 are also used to 

determine captopril concentrations, the possible drawbacks remain unchanged. Once 

again, electrochemical methods can offer the contrary. Table 5.3 summarizes a number 

of methods developed for captopril determination via electrochemistry. In this section, 

the same principle described in the previous section on thiol detection via 

cyclotricatechylene (CTC, Scheme 5.1) will be adapted into carbon paste electrodes 

(CPE). Typically, CPEs are usually comprised of a mixture of carbon powder, and a 

nonelectrolytic binder. [122, 123] The use of CPEs can offer a number of advantages, as 

they can be facile, relatively cheap to fabricate, and easy to use. [122, 123] In fact, one of 

the most frequently articulated advantage of carbon paste is the diverse applicability of 

the substrate. [122-124] Herein, this section will demonstrate the incorporation of the 

precursor to CTC, cyclotriveratrylene (CTV, depicted in Scheme 5.1), into a simple 

carbon paste electrode first; then, electrochemically activated to form its o-quinone 

derivative, CTC. [134] Thus, the method presented in this section will be primarily 

focused on the quinone-thiol reaction via electrocatalytic oxidation in the detection of 

thiol group containing drug, captopril. 

Electrode Electrochemical 
Method Sensitivity LOD 

(µM) Ref. 

NiO NP modified (9,10-dihydro-9,10-
ethanoanthracene-11,12-dicarboximido)- 

4-ethylbenzene-1,2-diol carbon paste 
electrode a 

SWV 
29.968 

μA μM−1 
0.0037 [195] 

N-(4-hydroxyphenyl)-3,5-
dinitrobenzamide modified ZnO/CNT-CPE 

a 
SWV 

26.54 

µA µM-1 
0.01 [196] 

nano-TiO2/ferrocene carboxylic acid 
modified CPE b CV 

0.0037 

μA mM−1 
0.01 [197] 

1,4-phenylene-N,N′-bis (O,O-
diphenylphoramidate), L-cysteine capped 

CdS quantum dots/MWCNT-GCE c 
CA N/A 0.015 [198] 
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BDD c SWV 
0.082 

μA mg-1 L-1 
0.017 [199] 

p-aminophenol CNT-CPE a CV/ CA/ SWV 
18.5266 

μA μM−1 
0.02 [200] 

benzoylferrocene CNT-CPE b CV / SWV/ CA N/A 0.03 [201] 

N-(3,4-dihydroxyphenethyl)-3,5-
dinitrobenzamide modified CNT-CPE a DPV 

5.547 

µA µM-1 
0.034 [202] 

ZnO nanoparticle modified carbon paste 
electrode a SWV 

14.7610 

μA μM-1 
0.04 [203] 

(E)-3-((2-(2,4-
dinitrophenyl)hydrazono)methyl)benzen

e-1,2-diol modified CNT-CPE c 
CV 

0.216 

µA µM-1 
0.07 [204] 

vinylferrocene modified carbon nanotubes 
paste electrode a SWV 

0.1091 

μA μM-1 
0.08 [205] 

ferrocenedicarboxylic acid modified CPE a SWV 
355 

μA μM−1 
0.091 [206] 

Mn-nanoparticles decorated organo-
functionalized SiO2-Al2O3 mixed-oxide a CV 

1.2720 

μA μM−1 
0.095 [207] 

ferrocene CNT-CPE b DPV 
0.23 

μA μM-1 
0.15 [208] 

iron oxide nanoparticles modified CPE c CV 
2.9 

µA µM-1 
0.2 [209] 

ferrocenemonocarboxylic acid modified 
carbon nanotubes paste electrode a CV 

0.2638 

μA μM−1 
0.3 [210] 

cobalt-5-nitrolsalophen CPE c DPV 
0.013 

μA μM−1 
1.1 [211] 

copper hexacyanoferrate/ordered 
mesoporous carbon-modified glassy 

carbon electrode b 
CV N/A 1.2 [212] 

2,2′-[1,7-
heptanediylbis(nitrilomethylidene)]-

bis(4-hydroxyphenol) modified CNT-CPE b 
DPV N/A 2.43 [213] 
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4, 4’-Biphenol modified GCE c LSV 
0.0019 

μA μM-1 
3.34 [214] 

chlorpromazine at GCE a CV 
14.72 

µA mM-1 
4.8 [215] 

Au electrode modified with graphene-
AuAg nanocomposites b DPV 

10-3 

A M-1 
6 [216] 

platinum electrode modified with iron 
(III) hexacyanoferrate (II) film c CV 

0.003 

μA M-1 
7 [217] 

a Limit of detection (LOD) = YB + 3SB, b Limit of detection (LOD) = 3SB, c Limit of detection (LOD) =3SB/S. 
CA, chronoamperometry; CV, cyclic voltammetry; DPV, differential pulse voltammetry; LSV, linear sweep 
voltammetry; SWV, square-wave voltammetry; NiO, nickel (II) oxide; ZnO, zinc oxide; CNT, carbon 
nanotube; CPE, carbon paste electrode; TiO2, titanium dioxide; CdS, cadmium sulfide; BDD, boron doped 
diamond; Mn, manganese; SiO2, silicon dioxide; Al2O3, aluminium oxide; GCE, glassy carbon electrode; Au, 
gold; Ag, silver. 

Table 5.3:   Literature on the electrochemical detection of captopril. 

5.4.2   Experimental procedure 

5.4.2.1   Reagents 

Captopril (≥ 98 %, Cambridge Biosciences Ltd., Cambridge, UK), graphite 

powder   (>20 µm synthetic, Sigma-Aldrich, Dorset, UK), and mineral oil (Sigma-

Aldrich, Dorset, UK) was purchased and as used received without any further 

purification steps. CTV was synthesized previously according to the method reported by 

Lindsey (see Section 5.3.2.2 for details). [173] Analysis and characterization of the CTV 

material was reported in Section 5.4.2.2. [134] Buffer solutions, 0.05 M, were prepared 

accordingly to Section 5.4.2.2. 

 

5.4.2.2   Electrode preparation  

Cyclotriveratrylene modified carbon paste electrodes (CTV-CPE) were prepared 

accordingly, where cyclotriveratrylene (CTV) solids were dissolved in chloroform to 
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make up a solution of 1.0 mM. Afterwards, 3.0 mL of the cyclotriveratrylene-chloroform 

solution was mixed with 2.0 g of graphite powder, by hand, and then allow the solvent 

to evaporate overnight. This allows the cyclotriveratrylene solid to be distributed onto 

the graphite powder. Then, a modified CTV-graphite paste was prepared by hand 

mixing 70 µL of mineral oil per 200 mg of CTV-graphite powder. The resulting carbon 

paste was packed into 4 mm diameter x 1 mm depth well cavity working electrode. The 

working electrode consisted of a Teflon tube with a copper rod as the electrical contact.  

Cyclotricatechylene (CTC) in the modified carbon paste was electrochemically 

activated using the method reported in Section 5.1.2.1. [134] A potential cycle from 

+0.05 V to +1.20 V (vs. SCE) with a sweep rate of 100 mV s-1 was applied to the CTV 

modified carbon paste electrode in 0.05 M Britton-Robinson buffer solution (pH 1.0). 

Afterwards, the electrode was rinsed with deionized water carefully before proceeding 

with all electrochemical experiments. Due to the solubility of the CTC, a new modified 

electrode was prepared before each experiment. Each experiment was repeated at least 

five times with a fresh, flat surface. The reproducibility of the current at each new 

electrode had a relative standard deviation of ca. (1.5 ± 0.5) %. 

 

5.4.3   Results and discussion 

In this section, the electrochemical activation of cyclotriveratrylene (CTV) to form 

cyclotricatechylene (CTC) via the modified carbon paste electrode (CPE) is described 

and optimized. Then the CTC-CPE is characterized using voltammetric methods. 

Thereafter, the electrochemical determination of captopril is investigated and 

parameters optimized for versatile, simple detection.  
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5.4.3.1   Electrochemical characterization of cyclotricatechylene (CTC) 

The cyclotriveratrylene (CTV) in the modified carbon paste electrode (prepared 

as above) was electrochemically converted to cyclotricatechylene (CTC) through 

potential cycling (ca. 2 scans) in 0.05 M Britton-Robinson buffer solution (pH 1.0)           

(Scheme 5.1). Figure 5.25 shows two successive cyclic voltammetric scans at a voltage 

scan rate of 100 mV s-1 of the electrochemical activation of CTV to form CTC at the 

carbon paste electrode. During the first scan (solid line), oxidative peaks ca. +1.0 V and 

+1.1 V (vs. SCE), peaks I and II respectively, are first observed. Then, two reduction 

peaks ca. +0.43 V and +0.21 V (vs. SCE), peaks III and IV respectively, are observed on 

the reverse scan. During the second cycle, two new oxidation peaks, V and VI, at ca. 

+0.21 V and +0.45 V (vs. SCE) respectively, emerged and are due to the oxidation of the 

products formed at peaks III and IV; a significant decrease in the oxidative peaks I and II 

are simultaneously observed. These observations can be rationalized by the reaction 

mechanism for this electrochemical activation of CTC from its precursor, CTV, at the 

modified carbon paste electrode depicted in Scheme 5.1. [134] A sequence of 

electrochemical oxidation and reduction steps are required for the methoxy groups to 

undergo an intermediate hydrolysis to form the quinone moieties. [134] Subsequently, 

each of the quinone species undergoes a combination of an electrochemical two-proton, 

two-electron or four-proton, four-electron redox cycle, seen in peaks IV/V and III/VI 

(Figure 5.25) corresponding to o-quinone/hydroquinone redox processes.  

To ensure that the graphite paste itself has no contribution to the signals 

observed, a graphite paste electrode was made without added cyclotriveratrylene and 

subjected to the same electrochemical steps as described above. Figure 5.26 shows 

cyclic voltammogram overlay for the carbon paste electrode with and without the 
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added precursor in Britton-Robinson buffer (pH 1.0) at a scan rate of 100 mV s-1. The 

figure shows that the graphite paste alone has no contribution to the signals associated 

with the o-quinone species. Therefore the two redox process observed at ca. +0.21 V 

and +0.43 V (vs. SCE) can be attributed to the total six electron and six proton oxidation 

of the three o-quinone species on the CTC molecule (Figure 5.26). Square-wave 

voltammetry (frequency, 25 Hz; amplitude, 5.0 mV; step potential, 4.0 mV) was utilized 

at the CTC-CPE in 0.05 M Britton-Robinson Buffer (pH 1.0) to obtain a more sensitive 

approach to investigating the peak current relationship at the CTC-CPE (Figure 5.27). 

Note that the peak current in peak I is about half the size of peak II, this suggests that 

with an overall of a six electron and six proton redox process (Figure 5.26); a two 

electron, two proton process may be observed in the smaller peak (ca. +0.21 V vs. SCE) 

while a four electron and four proton process is observed in the larger peak (ca. +0.43 V 

vs. SCE) this observation is consistent with Section 5.3.  

 
Figure 5.25:   First (solid line) and second (dotted line) scans for the de-methylation of 
cyclotriveratrylene (CTV) to form cyclotricatechylene (CTC) at carbon paste electrode 
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(CPE) in 0.05 M Britton-Robinson buffer (pH 1.0). Scan rate = 100 mV s-1.           

 

Figure 5.26:   Cyclic voltammogram at bare carbon paste electrode (dash line) and CTC-
CPE (solid line) in 0.05 M Britton-Robinson Buffer (pH 1.0). Scan rate = 100 mV s-1. 
Top: Redox reaction of CTC. 

 

Next, the voltammetric behaviour of the activated CTV was investigated in acidic 

conditions after electrochemical activation of the modified carbon paste electrode. 

Using cyclic voltammetry, a scan rate study was carried out at the CTC-CPE in pH 1.0 

buffer. Figure 5.28 shows the voltammetry of the CTC-CPE at varying scan rates from  

25 mV s-1 to 500 mV s-1. When the peak currents, Ip, of each peak is plotted against scan 

rate, ν, a linear proportional relationship is observed thus indicating that the process is 

surface bound (Figure 5.28 inset), as expected for reactants immobilized with a carbon 

paste electrode.  
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Figure 5.27:   Squarewave voltammogram of cyclotricatechylene (CTC) in 0.05 M 
Britton-Robinson Buffer (pH 1.0). (frequency, 25 Hz; amplitude, 5.0 mV; step potential, 
4.0 mV) 

 

 
Figure 5.28:   Scan rate study of CTC-CPE in 0.05 M Britton-Robinson Buffer (pH 1.0). 
Inset: Peak current, Ip, versus scan rate, ν, of � Peak I/III, z Peak II/IV 
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5.4.3.2   pH study of cyclotricatechylene (CTC) 

 Cyclic voltammetry (100 mV s-1) was utilized to investigate the effect of pH at the 

activated modified electrode. A range of pH buffers (pH 2−12) was made and tested to 

determine the voltammetric response. Figure 5.29 shows the cyclic voltammetric 

response at the activated precursor (CTC) modified electrode from pH 2 to 9. The figure 

shows that as the pH increases, the peaks shift towards negative potentials and a 

decrease of peak current is evident. The signals for the CTC were inconclusive for pH 

buffers beyond 9 due to poorly resolved signals and working potential window. 

However, when the anodic peak potentials is plotted against pH (Figure 5.30a), the plot 

shows a linear relationship between the peak potential with respect to pH unit for both 

set of redox couple. The gradient is (58 ± 0.8) mV/pH and (57 ± 0.9) mV/pH for peaks 

I/III and peaks II/IV respectively, which is close to the Nernstian value for a two-

electron, two-proton process. When the anodic peak currents were plotted against pH 

unit, illustrated in Figure 5.30b, it was observed that peaks I and II have a 1:2 ratio at pH 

range 2 – 4 and then the ratio decreases towards a 1:1 ratio in neutral to basic 

conditions. This suggests that the CTC redox couple is limited by the available protons 

in the solutions. Therefore, acidic solutions would be the best condition for this 

mediator. The 1:2 peak current ratio in acidic solutions can be rationalized by the 

distribution of the net total six-electron, six-proton redox process of the CTC. It is 

proposed that a two-electron, two-proton process occurs during the smaller peak while 

a four-electron, four-proton process occurs during the larger peak. [134] 
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Figure 5.29:   Cyclic voltammetry of CTC-CPE in varying pH buffers (pH 2- 9) at 20°C. 
Scan rate = 100 mV s-1. 
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Figure 5.30:   a. Peak potential, E, vs. pH of � Peak I and z Peak II. b. Anodic peak 
current, Ipa, vs. pH. 

 

5.4.3.3   Electrochemical determination of captopril 

Cyclic voltammetry (100 mV s-1) was carried out at the activated modified electrode 

for varying concentrations of captopril, 0.5 – 100 µM, in the presence of 0.05 M citrate 

buffer (pH 4.0) at 20°C (Figure 5.31). This buffer solution was first chosen to investigate 

the detection of captopril at the activated modified carbon paste electrode under mild 

acidic conditions. The figure shows that with increasing concentration of the thiol 

containing drug, both forward peaks increase as the backward peaks decrease. This 

suggests that the o-quinone species within the cyclotricatechylene undergo 

electrocatalytical oxidation reaction with the captopril as described in Section 4.1. 

Though the anodic / cathodic peaks to peaks II/III and peaks I/IV seem to increase / 

decrease respectively together with increasing target thiol concentration, analytical 

determination of captopril was not possible using square-wave voltammetry. This is 

because of the variable mediator loading at the carbon substrate as each new surface 

was prepared, the relative standard deviation was found to be ca. (10 ± 2.0) %. 

However, it was successfully and sensitively determined when each forward signal was 

a.                                                  b. 
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normalized to its respective backward signal; the reproducibility had a low relative 

standard deviation of ca. (1.5 ± 0.5) %.  

 
Figure 5.31:   Cyclic voltammetry at CTC-CPE in varying concentrations of captopril, 0.5 
– 100 µM (pH 4.0). Inset: Peak current ratio, Ipa / Ipc, versus varying concentrations of 
captopril. � Peak I/III and z Peak II/IV. 

 

Therefore, cyclic voltammetry was utilized once again to determine the analytical 

parameters for this system. The inset to Figure 5.31 shows that when the forward peak 

currents are normalized to their corresponding backward peak currents, a linear 

relationship was determined. The linear relationship for peaks I/III is [Ipa / Ipc]I/III (µA) 

= 0.91 + (0.036 ± 0.003) [CAP/µM] (n=5) for concentrations from 4 to 10 µM; with a 

sensitivity of (0.036 ± 0.003) µA µM-1 and an experimental determining limit of 

detection of (4.0±0.2) µM. The linear relationship for peaks II/IV is given as [Ipa / Ipc]II/IV 

(µA) = 1.11 + (0.036 ± 0.002) [CAP/µM] (n=5); where the sensitivity is also (0.036 ± 



 Chapter 5. Thiol detection via electrocatalytic reaction  94 

 
 

0.002) µA µM-1 and an experimental limit of detection of (1.0±0.1) µM. The limit of 

detection for both set of redox peaks was determined experimentally and is the real 

limit value for this system. Given that the experimental limit of detection is much lower 

for redox couple at peaks II/IV than at peaks I/III, it is best to focus on the redox couple 

II/IV for the analytical determination of captopril at the activated modified carbon paste 

electrode. A summary of the analytical parameters for captopril detection at the CTC-

CPE is tabulated in Table 5.4.  

 

Condition for 
Captopril 
detection 

Sensitivity 
(µM µA-1) 

Linear 
Regression 

Linear Range 
(µM) 

Experimental 
LOD a (µM) 

pH 1 0.051 ± 0.003 0.996 1.0 – 7 1.0 ± 0.2 
pH 4 0.036 ± 0.002 0.988 1.0 – 10 1.0 ± 0.1 
pH 7 0.038 ± 0.010 0.966 3 – 7 3.0 ± 0.2 

pH 4 with 50% 
reduction of 

mediator 
0.045 ± 0.005 0.983 0.5 – 3 1.0 ± 0.1 

a LOD, limit of detection 

Table 5.4:   Summary of analytical parameters for captopril detection at CTC-CPE (Peak 
II/IV) 

 

Next, we investigated whether it was possible to optimize the conditions of the 

detection method to obtain a more sensitive response at the CTC-CPE. One variable is to 

change the loading of the CTC precursor, CTV, at the graphite prior to making the paste. 

To do this, the concentration of the CTV was reduced by 50 % but the volume of the 

total solvent remained constant to maintain the same paste mix consistency. As a result, 

different concentrations of captopril were tested using the same experimental 

conditions as described above. A linear relationship was determined when the peak 

current ratio of peaks II/IV was plotted with concentration of captopril. Also tabulated 
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in Table 5.4, the linear relationship for captopril at the CTC-CPE with reduced mediator 

loading is [Ipa / Ipc]II/IV, 50 % (µA) = 1.10 + (0.045 ± 0.005) [CAP/µM] (n=5) at the linear 

range of 0.05 – 3 µM; with a sensitivity of (0.045 ± 0.005) µA µM-1 and an experimental 

limit detection of (1.0 ± 0.1) µM. The analytical parameters of the reduced mediator did 

not make a significant difference in sensitivity and limit of detection; however, the 

range for linear detection decreased as we decreased the quantity of mediator.  

The next variable we investigated was the change in pH buffer solution. Captopril 

detection at the CTC-CPE was tested separately in pH 1.0 and 7.0 buffer solutions using 

cyclic voltammetry (100 mV s-1) at 20°C; the loading of the mediator on the carbon still 

remained the same as described in Section 5.4.2.2. Analytical parameters were 

determined and compared with those parameters determined at pH 4.0, described at 

the beginning of this section. The forward and backward peak current ratio of peaks 

II/IV was plotted with respect to captopril concentration at each buffer solution tested. 

The linear relationship for captopril detection at the CTC-CPE under buffer solution at 

pH 1.0 is [Ipa / Ipc]II/IV, pH 1 (µA) = 1.19 + (0.051 ± 0.003) [CAP/µM] (n=5); where the 

sensitivity is (0.051 ± 0.003) µA µM-1 and the experimental limit of detection is 

(1.0±0.2) µM. For pH 7.0 buffer, a linear relationship was determined to be [Ipa / Ipc]II/IV, 

pH 7 (µA) = 0.97 + (0.038 ± 0.01) [CAP/µM] (n=5) with a narrow linear range of 3.0 – 

7.0 µM. The sensitivity is (0.038 ± 0.01) µA µM-1 with an experimental limit of detection 

of (3.0±0.2) µM.  These values are tabulated in Table 5.4 and compared against each 

other. As the parameters determined in pH 7.0 buffer solution give a poor response due 

to the reduced number of available protons in the solution. The parameters under acidic 

conditions are comparable; as pH 1.0 has a higher sensitivity, while pH 4.0 has a wider 

linear range. Therefore, depending on the required application, this simple method for 

captopril detection can be versatile in most acidic medium.  
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5.4.4   Conclusions 

The determination of the thiol-based drug, captopril, was developed using 

cyclotricatechylene (CTC) from a simple carbon paste electrode modified with its 

precursor, cyclotriveratrylene (CTV), using only electrochemical methods. The 

electrochemical generated CTC allows selective detection of the thiol containing drug 

compound, captopril, via electrocatalytic oxidation reaction. By taking advantage of this 

reaction, optimization of this detection method was undertaken. Comparison of the 

analytical parameters at different variables tested determined that acidic conditions are 

best suited for this with a real (measurable) experimental limit of detection at 1 µM. 

This facile, easy method of detection via electrocatalytical reaction is shown to be also 

useful towards applications in pharmaceutical and/or biological assays. Thus now 

concludes the work on the electrochemical detection of thiol containing compounds via 

electrocatalytic reaction, the following chapter will discuss thiol detection via              

1,4-Michael addition reaction.  
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Chapter 6  

Thiol detection via 1,4-Michael 

addition reaction 

 

This chapter will continue its investigation into selective thiol determination at 

various modified carbon electrode. Its contents will discuss thiol detection using an 

ortho-quinone based mediator, specifically catechol (Figure 6.1), via 1,4-Michael 

addition reaction. This second mechanistic route initially involves the electro-oxidation 

of the hydroquinone to form ortho-quinone thus allowing a nucleophilic reaction to take 

place (Section 4.2). The development of the methodology is further refined by 

employing screen-printed electrodes. The work presented in this chapter has been 

published in Electroanalysis [218], Analyst [143], and Sensors [133]; where they were 

done in collaboration with Professor Denise Lowinsohn. 

 

 
Figure 6.1:   Chemical structure of catechol. 
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6.1   Simultaneous detection of homocysteine and cysteine in the presence of 

ascorbic acid and glutathione using a nanocarbon modified electrode 

6.1.1   Introduction  

As mentioned in Chapter 2, concentrations of thiol-based antioxidants are critical 

to maintaining regular function of the biological system as they have particular 

physiological roles. When alteration of these concentrations occurs at the physiological 

level, it may lead to certain disorders, such as cyntiosis and hyperhomocysteinemia. [35, 

73] Cystinosis is a disorder that can occur when cysteine concentrations in the plasma 

are above 30 µM which can cause formation of cysteine crystals in the cornea and/or 

kidneys. [42, 43, 55, 64, 219] Hyperhomocystienemia is another disorder when levels of 

homocysteine are elevated to 15 µM or more, which can cause brittle bones. [42, 220] 

Unfortunately in some rare cases, these disorders can occur at the same time in a 

patient. [84, 221] Thus the necessity for an analytical methodology to detect 

compounds, such as homocysteine and cysteine, simultaneously and selectively would 

be beneficial to be used as a quick diagnostic tool. Yet, the current type of detection 

methods, especially electrochemical, requires the use of a separation technique. [48, 93, 

136, 222, 223] Therefore this section will report on the simultaneous and selective 

electrochemical detection of homocysteine and cysteine using a nanocarbon modified 

carbon electrode without the use of separation techniques and sample pretreatment. 

Previously in Section 5.2, the use of nanocarbon showed that the porous material 

allows more surface area for the redox species to immobilize itself onto therefore 

increasing current density. This results in a type of composite electrode with 

characteristics such as sensitivity, size, and high volume of active sites. For this section, 

nanocarbon was modified onto the electrode surface again to investigate the 
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electrochemical behaviour of thiol detection with an electro-oxidised catechol via 1,4-

Michael addition reaction. [137, 167, 224, 225]  

   

6.1.2   Electrode preparation 

The electrodes were prepared accordingly to Section 3.3.1.1 

 

6.1.3   Results and discussion 

6.1.3.1   Electrochemical characterization of catechol on nanocarbon 

modified glassy carbon electrode  

 Initial characterization of catechol using a nanocarbon modified glassy carbon 

electrode (NC-GCE) was performed using cyclic voltammetry to determine the 

electrochemical behaviour. Cyclic voltammograms of the modified electrode were 

recorded in a solution containing 0.1 mM catechol (PBS, pH 7.0) at 20˚C at varying scan 

rates, ranging from 25 mV s-1 to 300 mV s-1 (shown in Figure 6.2). The figure shows that 

the catechol undergoes a redox process ca. +0.14 V (vs. SCE). This is attributed to the 

two electron, two proton oxidation of the catechol to the corresponding ortho-quinone 

species [38, 52, 142], refer to the first step in Equation 4.2. The voltammograms in 

Figure 6.2 show the catechol peak, ca. +0.14 V (vs. SCE), splits with increasing scan rate. 

Inspection of inset to Figure 6.2 shows that anodic peak current, Ipa, increases 

approximately linearly with voltage scan rate, ν, which suggests behaviour consistent 

with surface confined voltammetry. [2]  
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Figure 6.2:   Cyclic voltammograms of NC-GCE in 0.1 mM catechol (PBS, pH 7.0) at a. 25 
mV s-1 b. 50 mV s-1 c. 100 mV s-1 d. 200 mV s-1 e. 300 mV s-1. Inset: Anodic peak current, 
Ipa, vs. scan rate, ν. 

 

Furthermore, the porous structure of nanocarbon on the NC-GCE was 

investigated in relation to the electrochemical response of catechol. The electrode was 

pretreated by dipping the NC-GCE into a solution containing 0.1 mM catechol (PBS, pH 

7.0) for ca. 43 seconds. Next, the dipped electrode, CAT-NC-GCE, was transferred into 

PBS (pH 7.0) and a cyclic voltammetry was obtained and to compare to the NC-GCE 

when catechol is in solution (pH 7.0), shown in Figure 6.3. The cyclic voltammograms of 

the NC-GCE with catechol present in solution (curve a) compared to in CAT-NC-GCE in 

PBS (pH 7.0) (curve b) are similar to one another. The measured peak current of the 

catechol in solution at the NC-GCE is (2.04 ± 0.07) µA, while the peak current of the 

catechol at the NC-GCE dipped in PBS containing catechol prior to experiments is (2.03 

± 0.25) µA; this is in good agreement with each other. This suggests that the catechol is 

physisorbed onto the porous nanocarbon, which further indicates that the catechol on 

the NC-GCE is surface bound. One can suggest that the electrode can have the option of 
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having the catechol present in solution or immobilized onto the surface of the electrode 

depending on application. This electrode would be best suited for one time use as it has 

ca. 30% reproducibility (n=3) due to the drop cast method. The variability of using 

drop casting can be seen in the capacitance differences seen in the cyclic 

voltammograms. Hence the presented work will report the data on the catechol-

nanocarbon modified glassy carbon electrode, CAT-NC-GCE, with errors bars 

representing the precision as a new modified electrode is done for each experiment.   

 

Figure 6.3:   Cyclic voltammograms (50 mV s-1) NC-GCE in PBS (pH 7.0) of a. 0.1 mM 
catechol in solution and b. dipped in 0.1 mM catechol solution prior to test. 

 

6.1.3.2   Electrochemical characterization of homocysteine (HCys) 

 Figure 6.4 shows cyclic voltammograms (50 mV s-1) of the electrochemical 

behaviour of the catechol (curve a) when 0.1 mM homocysteine is present in the 

solution (curve b). The figure illustrates that when homocysteine is added to the 

solution, an introduction of a new peak potential emerges (ca. −0.16 vs. SCE). This is 

due to the addition reaction of a thiol-containing molecule to the ortho-quinone 



 Chapter 6. Thiol detection via 1,4-Michael addition reaction  102 

 
 

mentioned earlier. Next, various concentration of homocysteine was added to PBS (pH 

7.0), ranging from 0 to 0.1 mM (Figure 6.5). The inset to the figure shows that the 

adduct peak (ca. −0.16 vs. SCE) increases linearly, IpHcys (nA) = 

(0.033±0.001)[HCys/nM] (n=3).  

 

Figure 6.4:   Cyclic voltammogram (50 mV s-1) of CAT-NC-GCE in a. PBS (pH 7.0) 
(dotted) and b. 0.1 mM homocysteine (solid) (pH 7.0). 

 

Figure 6.5:   Cyclic voltammogram (50 mV s-1) of CAT-NC-GCE in PBS (pH 7.0) with 
varying concentration of homocysteine. Inset: peak current of homocysteine product 
peak, IpHCys, vs. homocysteine concentration. 
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 Next, square wave voltammetry was applied to increase the sensitivity towards 

homocysteine detection. The parameters were optimized at frequency 25 Hz, amplitude 

50 mV and step potential 8.0 mV. Figure 6.6 shows the product peak current of 

homocysteine (ca. −0.16 vs. SCE) increases with increasing homocysteine 

concentration. The inset to Figure 6.6 indicates that there is a linear response,      

IpHCys (nA) = 1.13 [HCys/nM], (standard deviation is 3.2%, n=3) when the current of the 

homocysteine product peak, IpHCys, is plotted with homocysteine concentration. The 

limit of detection (LOD) was determined to be ca. (8.0 ± 0.1) nM, using 3SB/S where SD 

is the standard deviation at zero analyte concentration and S is the sensitivity given by 

the gradient of the calibration curve. [129, 130] Using square wave voltammetry, the 

sensitivity of homocysteine detection, 1.13 nA nM-1, was increased about thirty times 

compared to cyclic voltammetry. 

 

Figure 6.6:   Square wave voltammetry (freq. 25 Hz, amp. 50 mV, and step pot. 8.0 mV) 
response of CAT-NC-GCE with varying concentration of homocysteine, pH 7.0, ranging 
from 0 – 0.1 mM. Inset: Peak current at ca. −0.30 V (vs. SCE) plotted against 
concentration of homocysteine. 
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6.1.3.3   Electrochemical characterization of cysteine (Cys) 

 A solution containing 0.1 mM cysteine, Cys, (pH 7.0) was initially tested using 

cyclic voltammetry (50 mV s-1) at the CAT-NC-GCE. Figure 6.7, shows that a product 

peak appears ca. +0.30 V (vs. SCE). This is rationalized by cysteine being a thiol-

containing compound can therefore also react with catechol via 1,4-Michael addition 

reaction as in Equation 4.2. To see the influence of different cysteine concentrations, 

cyclic voltammetry (50 mV s-1) was applied to different concentrations ranging, 0 – 

0.1 mM (Figure 6.8). The inset to Figure 6.8 show that cysteine product peak (ca. 

+0.30 V vs. SCE) increases also linearly with cysteine concentration, IpCys (mA) = 

3.96[Cys/µM] with a standard deviation of 3.8% (n=3). 

 

 

Figure 6.7:   Cyclic voltammogram (50 mV s-1) of CAT-NC-GCE in a. PBS (pH 7.0) 
(dotted) and b. 0.1 mM cysteine (solid) (pH 7.0). 
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Figure 6.8:   Cyclic voltammogram (50 mV s-1) of CAT-NC-GCE in PBS (pH 7.0) with 
varying concentration of cysteine. Inset: Peak current of cysteine product peak, IpCys, vs. 
cysteine concentration. 

 

 The same square wave voltammetry parameters as optimized during the 

homocysteine detection (mentioned earlier) were also applied to the electrochemical 

system of cysteine because the aim is to detect both homocysteine and cysteine in the 

same experiment. Figure 6.9 shows the voltammogram of the CAT-NC-GCE at varying 

cysteine concentrations, 0 – 0.1 mM. The figure illustrates there is small product peak 

that emerges at ca. +0.28 V (vs. SCE) with increasing cysteine concentration; this is a 

result of the thiol containing molecule, cysteine, reacting with catechol (as described 

above). The inset to Figure 6.9 further shows that there is a linear relationship, 

IpCys (mA) = 9.71 [Cys/µM] with a standard deviation of 1.5% (n=3), when cysteine 

concentration is plotted with product peak current of cysteine, IpCys. The determined 

LOD is ca. (4.0±0.1) µM. However, sensitivity, 9.71 µM mA-1, towards cysteine detection 

using square wave voltammetry is four times less.  The reasoning will be discussed 

below.  
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Figure 6.9:   Square wave voltammetry (freq. 25 Hz, amp. 50 mV, and step pot. 8.0 mV)  
response of CAT-NC-GCE with varying concentration of cysteine, pH 7.0, ranging from 0 
– 0.1 mM. Inset: Peak current at ca. +0.30 V (vs. SCE) plotted against concentration of 
cysteine. 

 

6.1.3.4   Interference studies 

  The selectivity of homocysteine and cysteine detection was investigated in PBS 

(pH 7.0) with the presence of other antioxidants, such as glutathione (GSH) and/or 

ascorbic acid (AA), as they can interfere by possibly interacting with the catechol.  The 

interaction between catechol and the possible interfering analytes, GSH and AA, was 

investigated first. Figure 6.10 shows the voltammograms of CAT-NC-GCE in PBS (pH7.0) 

(curve a) with the presence of 0.1 mM antioxidants (curve b): GSH (i), and AA (ii). In the 

presence of glutathione (Figure 6.10i), there is an introduction of a new product peak 

ca. –0.20 V (vs. SCE).  While in Figure 6.10ii, the peak at ca. -0.10 V (vs. SCE) is due to 

the oxidation of AA at the electrode. Under inspection, GSH can interfere with the 

detection of HCys given that their peak positions are close to each other; thus making it 

difficult to quantify HCys in the presence of GSH. 
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Figure 6.10:   Cyclic voltammograms (50 mV s-1, pH 7.0) for CAT-NC-GCE in an absence 
a. and presence b. of 0.1 mM concentration of i. glutathione and ii. ascorbic acid. 

 

 One method for homocysteine selectivity in the presence of glutathione is to take 

advantage of their reaction rates and molecular size by increasing the scan rate. The aim 

is to possibly outrun the catechol reaction with, the larger molecule, glutathione at a 

higher scan rate but be able to allow the catechol to react with homocysteine.  In Figure 

6.11, an optimum faster scan rate of 200 mV s-1 was applied to a solution containing a 

mixture of 0.1 mM Cys and AA with the presence of 0.1 mM GSH (curve a) and 0.1 mM 

HCys (curve b). Notice that there is no observable peak in the presence of glutathione 

when a higher scan rate is applied (curve a). Then when the same scan rate was applied 

to a solution containing homocysteine, there is slight indication of the homocysteine 

product peak (curve b).  These voltammograms show that a peak at ca. –0.20 V (vs. SCE) 

at the higher scan rate corresponds to the reaction of homocysteine-catechol. 

Consequently, the cysteine product peak (ca. +0.30 V vs. SCE) current decreases 

significantly as a result of the higher scan rate. This value is consistently seen at the 

square wave voltammograms mentioned above (scan rate at 200 mV s-1) for the 

cysteine-catechol product peak. 
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Figure 6.11:   Cyclic voltammetry (200 mV s-1) of CAT-NC-GCE in a. 0.1 mM GSH, Cys, AA 
and b. 0.1 mM HCys, Cys, and AA (pH 7.0). 

 

 The same square wave parameters mentioned above were also applied to obtain 

simultaneous electrochemical detection of both homocysteine and cysteine in the 

presence of ascorbic acid and glutathione. Glutathione and ascorbic acid have been 

reported to be as high as 0.1 mM in biological samples and/or media, this concentration 

is considered to be the abnormal range for high risk for the diseases mentioned earlier. 

[31, 34, 41-43, 52, 54, 55, 58, 65, 226-229] Therefore, testing at these high 

concentrations presents the likely worst-case scenario in a sample. Figure 6.11 shows a 

reductive square wave voltammogram of a solution containing 0.1 mM of each cysteine, 

homocysteine, glutathione, and ascorbic acid (pH 7.0) at the CAF-NC-GCE. The figure 

shows peaks with potentials at ca. -0.10 V, +0.10 V, and –0.20 V (vs. SCE) for cysteine 

product, catechol and homocysteine product respectively. The different peak potentials 

make it possible to detect both homocysteine and cysteine in the presence of all of the 

analytes mentioned above simultaneously.  
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Figure 6.12:   Calibration plot of independent and simultaneous detection of a. 
homocysteine and b. cysteine in the presence of glutathione, and ascorbic acid PBS (pH 
7.0) at the CAT-NC-GCE. 

 

An experiment was carried out in order to detect homocysteine and cysteine 

independently and simultaneously in the presence of both AA and GSH. A concentration 

of one analyte was held constant at 0.1 mM while the other varied, ranging from 0 to 

0.1 mM. First, Figure 6.12 shows a linear trend of peak current versus concentration of 

homocysteine (Figure 6.12a) and cysteine (Figure 6.12b) when in the presence of other 

analytes.  The linear relationship of homocysteine with peak current in the presence of 

the other analytes is IpHCys (nA) = 0.88 [HCys/nM] with a determined LOD of ca. (11 ± 
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0.09) nM. Cysteine has a linear relationship at IpCys (mA) = 7.50 [Cys/µM] with a LOD of 

ca. (5.0 ± 0.04) µM. The standard deviation in respect of the sensitivity is 3.3% and 

2.7% respectively (n=3). These values are similar to the sensitivity of pure 

homocysteine and cysteine. The horizontal line drawn across each plot indicates the 

median of the analyte that was held constant. The “error” of the analyte being held 

constant is due to limited reproducibility of the nanocarbon loading done to each 

electrode surface (minimum error, ca. 30%), mentioned above. Nonetheless, these 

values are comparative to these seen when GSH and AA are absent from the solution.  

 

6.1.4   Conclusions 

Catechol was immobilized onto a porous matrix of the nanocarbon modified 

glassy carbon electrode in order to facilitate in the reaction of oxidized catechol with 

two thiol-containing molecules, homocysteine and cysteine. A simultaneous 

electrochemical detection of both homocysteine and cysteine was achieved separately 

first and then second in the presence of glutathione and ascorbic acid to determine their 

calibration curves. The sensitivity of homocysteine detection is (0.882 ± 0.296) nA nM-1 

with a LOD of ca. (11 ± 0.09) nM and sensitivity of cysteine is (7.501 ± 0.202) mA µM-1 

with a LOD of ca. (5.0 ± 0.04) µM. These values are well within the concentration range 

of analytes, 0 – 0.1 mM, reported in biological samples. [31, 34, 41-43, 52, 54, 55, 58, 65, 

226-229] This section demonstrates the possibility of having simultaneous quantitative 

detection of homocysteine and cysteine in the presence of each other, glutathione and 

ascorbic acid. 
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6.2   The selective electrochemical detection of homocysteine in the presence 

of glutathione, cysteine, and ascorbic acid using carbon electrodes 

6.2.1   Introduction 

Carbon electrodes are widely used in electroanalysis as they have a relatively 

low cost when compared to the precious metal electrode, chemical inertness, and 

provide a wide potential range in aqueous solutions. [110, 230] In the last section, we 

discussed thiol detection at a nanocarbon modified glassy carbon electrode. The porous 

nature of the nanocarbon material allowed more sites for the mediator to physisorbed 

itself onto thus relating to higher current density. This section will continue on the 

investigation of thiol detection using catechol at two more forms of carbon electrodes; 

bare glassy carbon electrode (GCE), and the multi-walled carbon nanotube modified 

glassy carbon electrode (CNT-GCE).  

The complexity of in-vitro studies lies in the biological matrix; as they may 

contain homologous compounds. Often, a separation technique or sample derivatization 

is necessary to obtain an exclusive chemical determination. However, with the ultimate 

aim of a point-to-care sensor in clinical applications, thus having a separation technique 

before analysis is not ideal. The other approach to gaining selectivity and/or sensitivity 

is sample derivatization. Salehzadeh et al. [87] were the first to report the selective 

detection of homocysteine in the presence of cysteine and glutathione in a partly non-

aqueous system only using 3,5-di-tert-butylcatechol at glassy carbon and carbon 

nanotube modified carbon electrodes. They observed that cysteine did not interfere but 

used 3,5-di-tert-butylcyclohexa-3,5-diene-1,2-dione to react with glutathione to 

eliminate it as an interference. Though, Salehzadeh’s approach to homocysteine 

selectivity was achieved, it required a great deal of complex sample pre-treatment. 
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Hence, the purpose of this section is to present a simple electrochemical method to 

selectively detect homocysteine in the presence of cysteine and glutathione. In contrast 

to Salehzadeh et al., the detection was achieved solely in the presence of catechol, which 

is readily soluble in 100% aqueous systems, again using glassy carbon and carbon 

nanotube modified carbon electrodes. Cyclic voltammetry and square wave 

voltammetry were thus used without the need for extensive pre-treatment to the 

sample. Further, we extend the method to embrace screen-printed electrodes. 

 

6.2.1.1   Electrode preparation 

A glassy carbon electrode was modified with multi-walled carbon nanotube 

(CNT-GCE) was used and is described in Section 3.3.1.2. The use of multi-walled carbon 

nanotube screen-printed electrodes (CNT-SPE) was also used and is described in 

Section 3.3.3 

 

6.2.2   Results and discussion 

6.2.2.1   Electrochemical characterization of catechol  

 Cyclic voltammograms of the system were taken at different scan rates ranging 

from 25 mV s-1 to 400 mV s-1 in PBS, pH 7.0 at 20qC (Figure 6.13) to initially 

characterize the electrochemical behaviour of 0.1 mM catechol using at both CNT-GCE 

and GCE. The figure shows the redox process of catechol at E1/2 = +0.15 V (vs. SCE). 

This is attributed to the two electron, two proton oxidation of the catechol to the 
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corresponding ortho-quinone species (described in the first step of Equation 4.2) [37, 

38, 52, 231]: 

                                    (6.1) 

The inset in Figure 6.13 shows that there is a linear correlation when the anodic peak 

current, Ipa, is plotted with the square root of scan rate, ν 1/2, suggesting a diffusional 

process of catechol at either electrode. The diffusion coefficient was estimated using the 

Randle-Ševčik equation, as being (7.0 ± 1.0) x 10-6 cm2s-1 for the CNTs-GCE and 7.5 x  

10-6 cm2s-1 for GCE, this is reasonably consistent with the literature value [38, 232],  

7.7 x 10-6 cm2s-1.  

 

Figure 6.13:   Cyclic voltammograms of CNT-GCE in 0.1 mM catechol (PBS, pH 7.0) at      
a. 25 mV s-1, b. 50 mV s-1, c. 100 mV s-1, d. 200 mV s-1, e. 300 mV s-1, and f. 400 mV s-1. 
Inset: Anodic peak current, Ipa, vs. square root of scan rate, ν1/2. � CNT-GCE and | GCE. 
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6.2.2.2   Catechol electrochemical characterization in the presence of 

homocysteine 

Cyclic voltammetry (50 mV s-1) was used to observe the electrochemical 

response of 0.1 mM catechol (pH 7.0, PBS) in a presence of HCys. Figure 6.14 shows the 

comparison of the voltammetric response of the catechol in the absence (dotted line) 

and presence (solid line) of 0.1 mM HCys at the CNT-GCE (i) and GCE (ii). In the 

presence, the voltammogram shows the forward peak increases as the back peak 

decreases and a new product peak emerges at  ca. −0.20 V (vs. SCE). This peak is due to 

the reduction of substituted catechol molecule, as described above in Scheme 4.3. [137] 

 

Figure 6.14:   Cyclic voltammograms (50 mV s-1, pH 7.0, PBS) illustrating the 0.1 mM 
catechol response in an absence (dotted) and presence of 0.1 mM homocysteine (solid) 
at the i. CNT-GCE and ii. GCE. 

 

6.2.2.3   Electrochemical detection of homocysteine 

 To observe the electrochemical behaviour of catechol with different 

concentrations of homocysteine, cyclic voltammetry (scan rate of 50 mV s-1) was carried 

out with a solution containing 0.1 mM catechol at varying homocysteine concentrations 

ranging from 0 – 0.1 mM. Figure 6.15 shows that as the concentration of homocysteine 

increases, the forward and new product peak, ca. −0.20 V (vs. SCE), increases as the 
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back peak decreases. When the peak current of the new product peak is plotted with 

concentration of homocysteine (Figure 6.15 inset), the linear trend increases up to 60 

µM and then decreases at 0.1 mM homocysteine. This suggests that there is a maximum 

concentration of homocysteine that will be able to react with the concentration of 

catechol available in solution. However, the systematically increasing trend shows the 

possibility of homocysteine detection.  

 

Figure 6.15:   Cyclic voltammograms (50 mV s-1, pH 7.0 phosphate buffer) illustrating 
the 0.1 mM catechol response to homocysteine concentrations ranging from 0 – 0.1 mM. 
Inset: peak current of the new peak plotted against the concentration of homocysteine. 
� CNT-GCE and | GCE. 

 

To increase the sensitivity of HCys detection in the presence of 0.1 mM catechol 

(PBS, pH 7.0), square wave voltammetry was utilized. The parameters were optimized 

for CNT-GCE and GCE at frequency 50 Hz, step potential 4.0 mV, and amplitude 50 mV. 

Figure 6.16 shows the square wave voltammograms of the catechol response to 

different concentrations of homocysteine at the CNT-GCE as we observe similar 

response at GCE. The results obtained with square wave voltammetry are consistent 

with the results obtained with cyclic voltammetry for both electrodes; where the 
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catechol peak (ca. +0.14 V vs. SCE) decreases and the new product peak at ca. −0.20 V 

(vs. SCE) emerges and grows with increasing homocysteine concentration. There is a 

linear relationship when the peak current of the product, ca. −0.20 V (vs. SCE), is 

plotted with concentration of homocysteine. For CNT-GCE, the linear relationship is 

IpHCys (µA) = 0.2[HCys/µM] with concentrations up to 80 µM (Figure 6.16 inset) and the 

limit of detection (LOD) was determined to be (120 ± 8.5) nM. For GCE, the linear 

relationship is IpHCys (µA) = 0.2 [HCys/µM] at homocysteine concentration up to 40 µM 

and a determined LOD of (90 ± 1.5) nM. 

 

Figure 6.16:   Square wave voltammetry response of 0.1 mM catechol at the CNT-GCE 
with varying concentration of homocysteine (PBS, pH 7.0) ranging from 0 – 0.1 mM. 
Inset: Peak current at ca. –0.20 V (vs. SCE) plotted against concentration of 
homocysteine. � CNT-GCE and | GCE. 

 

6.2.2.4   Interference studies 

 Towards the use of homocysteine detection in authentic biological samples and 

media, the selectivity of the system was next investigated at each electrode. First, an 

individual assay with 0.1 mM catechol (PBS, pH 7.0) was done with the separate 
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additions of 0.1 mM of each antioxidant: glutathione (GSH), cysteine (Cys), and ascorbic 

acid (AA) at each CNT-GCE and GCE. These antioxidants were chosen because they are 

commonly found in biological samples at high concentrations (Table 1) [31, 34, 41-43, 

52, 54, 55, 58, 65, 226-229] and have a high propensity to interact with ortho-quinones 

[37, 65, 107, 131, 142]. In addition, 0.1 mM of each analyte was use to present the 

worst-case scenario of possibly having abnormally high concentrations present in 

biological samples. [31, 34, 41-43, 52, 54, 55, 58, 65, 226-229]  

Antioxidant Name Normal Range (µM) Abnormal Range (µM) 

Homocysteine 5 - 15 ≥ 100 

Cysteine 10 – 30 ≥ 100 

Glutathione 2 – 12 ≥ 100 

Ascorbic Acid 30 - 80 0 – 30, 80 - 200 

Table 6.1:   Tabulated values of antioxidants found in human plasma. [31, 34, 41-43, 52, 
54, 55, 58, 65, 226-229] 

 

6.2.2.4.1   Interference study at the glassy carbon electrode 

Cyclic voltammograms (50 mV s-1) were recorded of 0.1 mM catechol (PBS, pH 

7.0) solutions containing 0.1 mM of each GSH, Cys, and AA. Figure 6.17 shows a cyclic 

voltammogram comparison in the absence (curve a) and presence (curve b) of these 

antioxidants: GSH (i), Cys (ii) and AA (iii) reacting with catechol. For GSH and Cys, the 

voltammograms show the forward peak increases and back peak decreases but only in 

the case with GSH, a new peak emerges at ca. −0.20 V (vs. SCE) due to the catechol-thiol 

interaction favouring the 1,4-Michael addition reaction. In the case with the catechol 

interaction with Cys at the GCE, the favouring reaction seems to be electrocatalytic at 

the GCE. With AA, the voltammogram shows that the forward peak increases slightly 
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and new peak emerges ca. 0 V (vs. SCE) indicating that it is the oxidation of pure 

ascorbic acid at the GCE. Upon examining all the voltammograms, there can be 

difficulties measuring HCys when in the presence of GSH at GCE because the peak 

potentials of their adduct with oxidized quinones are close to each other.  

GCE CNT-GCE 

 

 

 
 

 

 

 
 

 

 

 
 

Figure 6.17:   Cyclic voltammograms (50 mV s-1, pH 7.0, PBS) for 0.1 mM catechol in an 
absence a. and presence b. of 0.1 mM concentration of i. glutathione ii. cysteine 
iii. ascorbic acid at CNT-GCE and GCE. 
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6.2.2.4.2   Interference study at the carbon nanotube modified carbon electrode 

Figure 6.17 shows the electrochemical response at each electrode of 0.1 mM 

catechol (dotted line) in a presence of 0.1 mM of each antioxidants (solid lines): GSH (i), 

Cys (ii), and AA (iii) at the CNT-GCE. Voltammograms show an increase in forward peak 

with a decrease in the back peak for catechol reacting with GSH (i) and Cys (ii), with an 

introduction of a new product peak at ca. −0.200 V, and +0.300 V respectively. This 

introduction of a new product peak indicates a 1,4-Michael addition reaction is favoured 

and occurs with the thiols at the CNT-GCE. While there was no new product peak for the 

presence of ascorbic acid, the voltammogram show a slight increase in the forward 

peak, which is similarly seen with GCE. By examining the peak potentials of the new 

product peak, the presence of glutathione can be a possible interference towards the 

detection of homocysteine as the product peak potentials are close to each other. For 

the case with cysteine, the product peak emerges at a different peak potential further 

away from the reaction with homocysteine and glutathione. It is suspected that the 

catechol reaction with each different thiol reacts to form new and different 

electrochemical species thus having different peak potentials.  

 

6.2.2.5   Homocysteine selectivity  

At this point, it would be difficult to quantify homocysteine in the presence of 

glutathione with the square wave voltammetry parameters presented above (Section 

6.2.2.3) at either electrodes. Figure 6.18 shows the behaviour of catechol in the 

presence of homocysteine (curve a), glutathione (curve b), and both (curve c) at 

50 mV s-1, similar behaviour is also seen at GCE. Notice that in the presence of both HCys 

and GSH (Figure 6.18c); the new product peaks for both analytes are close which makes 
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it difficult to determine changes in peak current between the two analytes, if it should 

occur. As an attempt to optimize the single homocysteine signal, one proposed method 

can be to take advantage of the different molecular size and reaction rates of either 

analytes with catechol. The aim would be to apply a higher scan rate to outrun the 

glutathione-catechol reaction but still be able to allow the homocysteine-catechol 

interaction to take place.  

 

Figure 6.18:   Cyclic voltammograms (50 mV s-1, pH 7.0 PBS) at CNT-GCE of 0.1 mM 
catechol containing a. 0.1 mM homocysteine b. 0.1 mM glutathione and c. 0.1 mM 
homocysteine and glutathione. 

 

Figure 6.19 shows cyclic voltammetry at an optimum scan rate of 1.5 V s-1 for 

GCE (i) and 500 mV s-1 for CNTs-GCE (ii) of a solution containing catechol with the 

presence of glutathione (curve a) and homocysteine (curve b) (PBS, pH 7.0). This is 

done separately to see the possibility of homocysteine selectivity. There is no significant 

signal for the product peak of the glutathione-catechol reaction (curve a) while for the 

homocysteine-catechol reaction (curve b), the product peak (ca. −0.20 V vs. SCE) 

emerges for both systems. This indicates that it is possible to detect homocysteine in the 
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presence of glutathione at the higher scan rate. As mentioned before, AA and Cys were 

not interferences to the homocysteine product signal and now, it can be possible to have 

homocysteine detection in the presence of AA, Cys and GSH using cyclic voltammetry.   

 

Figure 6.19:   Cyclic voltammograms at i. GCE (at 1.5 Vs-1) and ii. CNT-GCE (at         
500 mV s-1) of 0.1 mM catechol containing a. 0.1 mM glutathione and b. 0.1 mM 
homocysteine (PBS, pH 7.0). 

 

 Square wave voltammetry (optimized for CNT-GCE at frequency 50 Hz, 

amplitude 50 mV, and step potential 10 mV and GCE at frequency 50 Hz, amplitude 75 

mV, and step potential 30 mV) was applied to a solution containing various HCys 

concentrations, 0 – 0.1 mM, in a presence 0.1 mM of each catechol, GSH, Cys, and AA. 

Figure 6.20 shows the square wave voltammograms of different homocysteine 

concentration in the presence of cysteine, glutathione and ascorbic acid at the CNT-GCE. 

The inset to Figure 6.20 shows the homocysteine-catechol product current peak 

increases with homocysteine concentration at both electrodes. Homocysteine selectivity 

was not achieved at GCE under the optimized square wave voltammetry parameters 

presented because the result shows a signal in the absence of homocysteine due to 

catechol-glutathione product. While the selectivity of homocysteine was successfully 

achieved at CNT-GCE as no signal appeared in the absence of homocysteine when the 
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other antioxidants are present. The differences in selectivity can be rationalized by the 

diffusion changes at the electrode surfaces, bare glassy carbon electrode versus porous 

layer of carbon nanotube modified electrode. [27, 28] The porous layer is likely to 

promote the glutathione and quinone reaction. Under linear diffusion semi-infinite 

diffusion conditions the reaction is too slow to be usefully observed whereas the ‘thin 

layer’ like environment in the porous layer slows the transport and hence help aide the 

reaction. Therefore, the CNT-GCE is the best electrode at this time to obtain selective 

homocysteine detection in the presence of glutathione, cysteine and ascorbic acid.  

 

Figure 6.20:   Square wave voltammograms of CNT-GCE in solution containing 0.1 mM 
glutathione-cysteine-ascorbic acid-catechol with varying homocysteine concentration 
(0 - 0.1 mM). Inset: Homocysteine peak current at ca. −0.20 V (vs. SCE) plotted against 
concentration of homocysteine. � CNT-GCE and | GCE. 

 

Sensitivity of homocysteine at CNT-GCE was obtained in the presence of these 

analytes, at the range 0 – 10 µM, is (0.20 ± 0.02) µA µM-1 and the limit of detection is 

determined to be (660 ± 4.5) nM. It is suspected that the narrow working range is due 

to the antioxidants present; including homocysteine, undergo a competition reaction 
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with the available catechol in solution. In spite of the antioxidant present undergoing a 

reaction we can still observe no change in peak current up to 10 µM homocysteine in 

the presence of 0.1 mM analytes. However, there is a possibility that the dynamic range 

might be extended if those concentrations were lower. 

 

6.2.2.6   Homocysteine detection using carbon nanotube screen-printed 

electrodes (CNT-SPE) 

The use of readily available commercial carbon nanotube screen-printed 

electrodes, CNT-SPE, was applied to this system. CNT-SPE was tested in a solution 

containing 0.1 mM of catechol and all of the other analytes mentioned above while 

varying the concentration of homocysteine (pH 7.0, PBS) at 20˚C. To ensure the same 

potential and conditions used previously, SCE was used as the reference electrode in the 

testing for comparison to the CNT-GCE. Figure 6.21 shows a calibration curve of the 

tested CNT-SPE plotted in comparison with the other calibration curves of 

homocysteine concentration up to 10 µM. The figure shows the linear range up to 10 

µM, with using CNT-SPE is similar to CNT-GCE in the presence of the other analytes. The 

sensitivity for HCys at CNT-SPE is (0.20 ± 0.02) µA µM-1, which is the same in the 

absence and presence of the analytes at CNT-GCE. Graphite screen-printed electrode 

was also applied to the same system. However, a signal appeared in the absence of 

homocysteine due to catechol-glutathione product showing that homocysteine 

selectivity is not possible under these conditions. To conclude, the commercially 

available carbon nanotube screen-printed electrodes was shown to be applicable 

towards homocysteine detection. 
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Figure 6.21:   Calibration plot of detection of homocysteine (pH 7.0, PBS) with 0.1 mM 
catechol present in solution at � CNT-GCE. Homocysteine detection in the presence of 
cysteine, glutathione, and ascorbic acid (PBS, pH 7.0) at z CNT-GCE, S CNT-SPE. 

 

6.2.3   Conclusions 

We have demonstrated that the detection of pure homocysteine is able to take 

place at two different carbon electrodes, bare glassy carbon electrode and carbon 

nanotube modified carbon electrode. Though, in the presence of other antioxidants, 

glutathione, cysteine and ascorbic acid, homocysteine selectivity was not possible at the 

glassy carbon electrode. The selective detection of homocysteine was achieved using a 

carbon nanotube modified electrode with a sensitivity of (0.20 ± 0.02) µA µM-1 and a 

limit of detection (660 ± 4.5) nM at a linear range up to 10 µM in the absence and 

presence of other antioxidants: glutathione, ascorbic acid, and cysteine. In addition, the 

use of commercially available carbon nanotube screen-printed electrodes was applied 

and it was shown that it can be applicable towards facile, fast and disposable electrodes 

for selective homocysteine detection.  

 



 Chapter 6. Thiol detection via 1,4-Michael addition reaction  125 

 
 

6.3   The use of screen-printed electrodes in a proof of concept 

electrochemical estimation of homocysteine and glutathione in the presence 

of cysteine using catechol 

6.3.1   Introduction  

Screen-printing technology is a well-known and established technology for 

capabilities of mass producing screen-printed electrodes. [113, 233, 234] The 

attractiveness of screen printing technology lies in the production process, for it being 

fast and simple to fabricate. A general screen-printed electrode can comprise from any 

number of electrodes from as low as one to an array of working electrodes on a 

supporting material with integrated circuitry to satisfy the desire application. [112] 

Though there are some difficulties with commercializing screen-printed array 

electrodes, the market for the single working electrode is well established and is very 

advantageous for it being compact, low in cost, versatile, robust and disposable. [112, 

113] Especially with carbon-based electrodes, the inks used are usually comprised of 

graphite and/or carbon nanotube, they have attributes similar to the conventional 

carbon based electrode by being low in cost, possessing a low background current and a 

wide window of working potential. [233, 235] To satisfy the growing technology of 

present and future applications, screen-printed electrodes are becoming more 

attractive and ideal for applications that require high throughput screening or do not 

require the need for complex and expensive equipment, such as bio-applications. [113, 

233] Therefore it is desirable to provide a simple electrochemical method that allows 

for access to easy sample preparation with a unit that can possibly promote point-of-

care applications. [57, 87, 97] 
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This section reports on the use of disposable screen-printed electrodes to facilitate 

in the determination of homocysteine and glutathione in the presence of each other by 

utilizing the same hydroquinone/o-quinone mediator, as presented in the last section, 

in a pure aqueous system. Building upon a procedure previously described in Section 

5.3, the exclusive quantification will essentially take advantage of the different reaction 

rates of homocysteine and/or glutathione with the electrochemically oxidized catechol 

with the use of voltammetric methods. Allowing the faster reaction with homocysteine 

to initially take place by applying a high voltage scan rate, this makes it possible to 

‘outrun’ the slower reaction with glutathione resulting in an analytically useful adduct 

peak possible for pure homocysteine detection. Thereafter, a slower scan rate is applied 

giving sufficient time for both analytes to react thus relating the contents to the new 

adduct peak at low scan rate. The glutathione content can then be determined by 

subtracting the determined homocysteine value from the total adduct peak obtained at 

the slower scan rate. This proof of concept work was applied to buffered solutions 

spiked with both analytes (glutathione and homocysteine) and then later applied to the 

same solutions spiked with another added thiol compound, cysteine, to further 

emphasize the value in this proposed procedure towards possible practical applications 

on physiological fluids (i.e. urine and/or plasma). Carbon nanotubes screen printed 

electrodes were used throughout this study as it has been previously, Section 6.2  [143], 

emphasized that the use of an electrode with a porous surface layer promotes ‘thin-

layer’ like diffusion [27, 28, 143, 169, 170] rather than semi-infinite diffusion. Under 

this diffusion condition, the porous layer reduces the rate of transport of the thiols and 

therefore facilitates observation of the chemical reaction in the voltammetry. With 

conventional carbon electrodes (i.e. glassy carbon electrode) that offer semi-infinite 

planar diffusion [28, 143], the thiol reaction with ortho-quinone may be too slow for 
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any useful observations to take place. The use of screen-printed electrodes continues to 

add upon the proposed idea of presenting a possible alternate portable sensor solution, 

whether it is for a space-saving equipment in the lab or a point-of-care system for a 

medical facility. 

 

6.3.2   Experimental procedure 

The electrochemical experiments were carried out in a three electrode system 

using a saturated calomel electrode, SCE, reference electrode (Hach Lange, UK), a 

platinum mesh 99.99% (Goodfellow, UK) counter electrode and multi-walled carbon 

nanotube disposable screen printed electrodes (DropSens, Spain) as the working 

electrode. Due to the silver quasi-reference electrode built into the screen-printed 

electrodes is prone to large variation with up to, ca. estimated 40 mV shifts in reference 

potential. The purpose of using an external reference electrode is to ensure that all 

potentials are the same in every condition to compare with previous studies described 

in this thesis. To ensure little to no change in the resistance, the distance among the 

electrodes were fixed to each other. The details on the screen-printed electrode are 

described in Section 3.3.3. 

 

6.3.3   Results and discussion 

6.3.3.1   Homocysteine selectivity in the presence of glutathione  

The determination of homocysteine with catechol at a carbon nanotube modified 

electrode (CNT-GCE) was reported in Section 6.2. [143] Shown in the Figure 6.22, the 

cyclic voltammetric response of electro-oxidized catechol when homocysteine is 
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present in solution shows an increase in the forward peak, decrease in the back peak 

and an appearance of a new adduct peak; thus indicating a 1,4-Michael addition reaction 

between homocysteine and oxidized catechol (discussed above). Experiments were 

next carried out to investigate the determination of both homocysteine and glutathione 

using catechol solution at the CNT-SPE.  

 
Figure 6.22:   Cyclic voltammograms (50 mV s-1) of 100µM catechol (PBS, pH 7.0) in the 
a. absence and b. presence of 100 µM homocysteine. 

 

Initial results (Figure 6.23) showed that upon applying a low scan rate using cyclic 

voltammetry (50 mV s-1) to a solution containing 100 µM of each catechol (PBS, pH 7.0) 

(Figure 6.23a), homocysteine (Figure 6.23b) and glutathione (Figure 6.23c), an adduct 

peak appears reflecting the oxidized catechol reaction with both glutathione and 

homocysteine thus making it difficult for quantification when both are present in the 

solution. This is due to the slow scan rate, allowing sufficient time for both 
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homocysteine and glutathione to react with the electrochemically oxidized catechol. The 

new adduct peak observed in the voltammogram is due to the 1,4-Michael addition 

reaction, as described above, of ortho-quinone taking place with both glutathione and 

homocysteine at the electrode. This simple electrochemical behaviour at the CNT-SPE 

presents a problem with quantifying either homocysteine or glutathione in the presence 

of each other. Accordingly, the following two-step procedure is proposed. 

 
Figure 6.23:   Cyclic voltammetry (50 mV s-1) 100 µM catechol (0.15 M PBS, pH 7.0) a. 
absence and presence of b. 100 µM homocysteine, and c. 100 µM glutathione (0.15 M 
PBS) at CNT-SPE. Inset: Magnified view of adduct peaks. 

 

First, homocysteine selectivity was investigated by examining the reaction rates 

of glutathione and homocysteine with electro-oxidized catechol at the CNT-SPE. A 

higher voltage scan rate was applied with the aim to ‘outrun’ the glutathione-catechol 

reaction but allow the homocysteine-catechol reaction to still take place. The optimized 

scan rate of 500 mV s-1 [143] was applied using cyclic voltammetry of a solution 

containing 100 µM of each catechol, glutathione and/or homocysteine (PBS, pH 7.0) 
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using the CNT-SPE (Figure 6.24). The results show little to no product peak appearance 

when the high scan rate is applied to a solution containing glutathione while an 

analytically useful adduct peak appears in the presence of homocysteine. This suggests 

that the higher scan rate was fast enough to preclude the catechol reaction with 

glutathione but still allow the reaction to take place with homocysteine thus allowing 

selective determination of homocysteine to also take place at CNT-SPE. Thus using 100 

µM of catechol (PBS, pH 7.0), an analytical curve was obtained for homocysteine (Figure 

6.25) as, IpHCys 500mV s-1 (µA) = (0.0201 ± 0.000076) [HCys/µM] (n=3), at homocysteine 

concentrations up to 60 µM. This measurement at high scan rate thus allows the 

selective measurement of homocysteine in the presence of glutathione at the screen-

printed electrode.  

 

 

Figure 6.24:   Cyclic voltammetry (500 mV s-1) at CNT-SPE of 100 µM catechol 
containing a. 100 µM glutathione b. 100 µM homocysteine (PBS, pH 7.0) 
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Figure 6.25:   Cyclic voltammograms (500 mV s-1) of 100 µM catechol (PBS, pH 7.0) at 
varying homocysteine concentrations, a. 0 M, b. 20 µM, c. 60 µM, and d. 100 µM, at CNT-
SPE. Inset: Peak current of homocysteine adduct peak vs. concentration of 
homocysteine. 

 

6.3.3.2   Determination of glutathione in the presence of homocysteine 

Though the selective detection of homocysteine is achievable at high scan rate, 

500 mV s-1, the further concept towards glutathione determination within the same 

sample is proposed in the following as the second step procedure. The same sample 

solution is agitated and then a low scan rate of 50 mV s-1 [143] using cyclic voltammetry 

is applied. As discussed above, the low scan rate allows the reaction of both 

homocysteine and glutathione to take place with the electro-oxidized catechol thus 

resulting in the same peak potential for the adduct peak; consequently, the adduct peak 

will contain contents of both analytes (Figure 6.23). By this means, homocysteine is 

being measured at both scan rates and the adduct peak of pure homocysteine can then 

be subtracted from the total adduct peak obtained at low scan rate, containing HCys and 

GSH, thus resulting in a concentration of glutathione alone. Furthermore, calibration 
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curves need to be obtained at the low scan rate, 50 mV s-1, for each homocysteine and 

glutathione in the presence of 100 µM catechol (PBS, pH 7.0) using cyclic voltammetry. 

First shown in Figure 6.26, the calibration curve for homocysteine at a scan rate of 50 

mV s-1 shows a linear relationship, IpHCys 50mV s-1 (µA) = (0.013 ± 0.00013) [HCys/µM], 

with a linear range up to 30 µM. Second, Figure 6.27 shows another calibration curve at 

low scan rate of 100 µM catechol (PBS, pH 7.0) at varying concentrations of glutathione, 

0 – 100 µM. The figure also shows that peak current is proportional to concentration at 

the low scan rate, IpGSH 50 mV s-1 (nA) = (3.5 ± 0.066) [GSH/µM] with a linear range up to 

60 µM of glutathione. Once all the appropriate calibration curves are determined, the 

proposed method can be applied and tested.  

 

 

Figure 6.26:   Cyclic voltammograms (50 mV s-1) of 100 µM catechol (PBS, pH 7.0) at 
varying homocysteine concentrations, a. 0 M, b. 20 µM, c. 60 µM, and d. 100 µM, at CNT-
SPE. Inset: Peak current of homocysteine adduct peak vs. concentration of 
homocysteine. 
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Figure 6.27:   Cyclic voltammograms (50 mV s-1) of 100 µM catechol (PBS, pH 7.0) at 
varying glutathione concentrations, a. 0 M, b. 20 µM, c. 60 µM, and d. 100 µM, at CNT-
SPE. Inset: Peak current of glutathione adduct peak vs. concentration of glutathione. 

 

A preliminary experiment using a number of pre-determined mixed solutions with 

varying amounts of each homocysteine and glutathione, ranging from 1.0 µM to 10 µM, 

with 100 µM catechol (PBS, pH 7.0 at 20˚C) using CNT-SPE was carried out using the 

following two-step procedure. First, the concentration of homocysteine present in 

solution was determined using the peak current at high scan rate, 500 mV s-1, using the 

analytical curve at this scan rate mentioned in Section 6.3.3.1, IpHCys 500 mV s-1 (µA) = 

(0.0201 ± 0.000076) [HCys/µM] at the CNT-SPE. Next knowing the homocysteine 

concentration, using a different corresponding linear relationship for homocysteine, we 

calculate the peak current at a lower scan rate, 50 mV s-1, IpHCys 50 mV s-1(µA) = (0.013 ± 

0.00013) [HCys/µM] (Figure 6.26). We can subtract this value from the total adduct 

peak current at the low scan rate thus providing the current for glutathione-catechol 

reaction. The glutathione concentration can then be determined using the 
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corresponding calibration curve at 50 mV s-1, IpGSH 50 mV s-1 (nA) = (3.5 ± 0.0066) 

[GSH/µM] (Figure 6.27). Accordingly, the results can be seen in the Table 6.2, where 

most of the determined analyte values correspond to the real mix. At low 

concentrations, such as 1.0 µM homocysteine, there were difficulties measuring the 

correct peak current due to the peak current for the adduct peak being small to 

evaluate. Nonetheless, these results initially show that this procedure provides good 

agreement with the real mixture at an average detection standard deviation ca. 23 % as 

the estimated value is compared to the real values in the mixture. The proposed method 

will work generally providing both glutathione and homocysteine are of much lower 

concentration then the added catechol. 

 

Mixed solution Determined content a 
Homocysteine 

(µM) 
Glutathione 

(µM) 
[Homocysteine] 

(µM) 
[Glutathione] 

(µM) 
10 10 10.02 ± 0.01 9.83 ± 0.23 
5 10 5.05 ± 0.35 8.90 ± 0.85 

10 5 9.40 ± 0.10 5.75 ± 0.15 
10 3 9.30 ± 0.10 2.90 ± 0.20 
3 10 3.30 ± 0.01 10.05 ± 0.65 
1 10 1.60 ± 0.10 11.45 ± 0.25 

10 1 10.30 ± 0.60 0.84 ± 0.01 
a Average value ± standard deviation (n=2). 

Table 6.2:   Determination of homocysteine and glutathione in mixed solution 
containing homocysteine, glutathione and 100 µM catechol (PBS, pH 7.0). 
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6.3.3.3   Selective determination of homocysteine and glutathione in the 

presence of cysteine 

As mentioned above, we were able to show the viability of a procedure for 

estimating both glutathione and homocysteine in the presence of each other. However, 

cysteine is another thiol that can also be present in biological media and can act as a 

possible interferrent since it is a homologue to homocysteine. To investigate whether 

cysteine interferes with the electrochemical measurement in the proposed method, an 

experiment was carried out at the CNT-SPE in a solution containing 100 µM catechol 

(PBS, pH 7.0, at 20°C) and 30 µM cysteine using cyclic voltammetry (50 mV s-1 and 500 

mV s-1). The concentration of 30 µM cysteine was used as reports have shown that 30 

µM of cysteine can be a higher limit observed with certain body fluids such as urine. [42, 

236, 237] Figure 6.28 shows the voltammograms of the electro-oxidized catechol in the 

absence (dotted line) and presence of cysteine (solid line) at scan rates 50 mV s-1 

(Figure 6.28i) and 500 mV s-1 (Figure 6.28ii). The figures show that in the presence of 

cysteine at either scan rates, the forward peak increases while the back peak decreases 

but show no evidence of a new adduct peak. This suggests that the reaction between the 

electrochemically oxidized catechol and cysteine is not a 1,4,- Michael addition but an 

electrocatalytic reaction [137, 141] and will not interfere with the signal for 

homocysteine and/or glutathione provided the concentration of cysteine is low 

compared to that of electro-oxidized catechol. Thus this method using CNT-SPE can 

enable the possible determination of homocysteine and glutathione in the presence of 

each other and cysteine.  
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Figure 6.28:   Cyclic voltammogram i. 50 mV s-1 and ii. 500 mV s-1 of 100 µM catechol in 
the absence (dotted line) and presence (solid line) of 30 µM cysteine (PBS, pH 7.0) at 
CNT-SPE. 

 

To further validate the proposed method, experiments were performed just as 

the described above in the presence of 30 µM cysteine. Calibration curves were 

determined using cyclic voltammetry for homocysteine (scan rates at 500 mV s-1 and 50 

mV s-1) and glutathione (scan rate at 50 mV s-1) all in the presence of 30 µM cysteine 

and 100 µM catechol (PBS, pH 7.0 at 20°C), shown in Figure 6.29. The linear 

relationship of homocysteine at the high scan rate is IpHCys 500 mV s-1 (µA) = (0.019 ± 

0.00029) [HCys/µM] with the linear range up to 40 µM. The linear range and the 

sensitivity of homocysteine detection at the high scan rate are relatively close when 

compared to values in the absence of cysteine. This suggests that there is no significant 

interference during the detection of homocysteine at high scan rate while in the 

presence of both cysteine and/or glutathione, provided the catechol concentration is 

sufficiently high. Next, the homocysteine relationship at the lower scan rate is, IpHCys 50 

mV s-1 (µA) = (0.077 ± 0.00029) [HCys/µM] with a linear range up to 25 µM. The linear 

range and sensitivity for this case at the low scan rate is slightly lower when compared 

to the absence of cysteine. This is rationalized again provided that the concentration of 
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the catechol is higher than the amount of thiol present in solution. Lastly, the linear 

relationship for glutathione at the low scan rate is, IpGSH 50 mV s-1 (µA) = (0.0019 ± 

0.000047) [GSH/µM] with a linear range up to 60 µM. The sensitivity for glutathione 

detection in the presence of cysteine is also lower than in the absence; where similar to 

the detection of homocysteine at low scan rate; again, more catechol can be added to 

increase those values. The limit of detection (LOD) for this proposed method was 

determined using the following, 3SB/S where SB is the standard deviation given in the 

presence of zero analyte and S is the sensitivity, given by the gradient of the calibration 

curve. In the presence of 30 µM cysteine, the LOD for homocysteine at the high scan rate 

is ca. (1.2 ± 0.1) µM and since the determination of glutathione is dependent on the 

homocysteine detection, the LOD was determined for homocysteine at the low scan rate, 

therefore the LOD is ca. (0.11 ± 0.2) µM. The determined LOD to the respected analytes 

are all within reasonable range of detection needed for biological samples. 

 
Figure 6.29:   Calibration curve of 100 µM catechol (PBS, pH 7.0) in the presence of 30 
µM cysteine of a. homocysteine at 500 mV s-1, b. homocysteine at 50 mV s-1, and 
c. glutathione at 50 mV s-1. 
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 An experiment was carried out, similar to the preliminary test described in 

Section 6.3.3.2 but with the addition of 30 µM cysteine to further validate this method in 

solutions containing all three thiol analytes. A number of pre-determined mix solutions 

containing different quantities of homocysteine and glutathione, varied from 1.0 µM to 

10 µM, were combined with a constant amount of catechol (100 µM, PBS, pH 7.0) and 

cysteine (30 µM, PBS, pH 7.0); thereafter, the proposed method described above was 

applied using CNT-SPE. The results are then summarized in Table 6.3 where the values 

are within reasonable deviation, ca. 28%, from the pre-determined quantities present in 

the solutions. It should be noted that there were difficulties with quantifying 1.0 µM 

homocysteine concentration due to the low peak current produced at the high scan rate 

and confirms with the calculated LOD value of the system. Nevertheless, the values 

obtained in this test are within reason to match with the real contents of the mixture.  

 

 

Mixed solution Determined content a  
Homocysteine 

(µM) 
Glutathione 

(µM) 
[Homocysteine] 

(µM) 
[Glutathione] 

(µM) 
10 10 10.45 ± 0.85 11.35 ± 0.05 
5 10 5.75 ± 0.35 9.70 ± 0.40 

10 5 11.05 ± 0.15 4.60 ± 0.10 
10 3 10.15 ± 0.25 3.15 ± 0.65 
3 10 3.55 ± 0.15 10.16 ± 1.14 
1 10 2.05 ± 0.15 10.40 ± 0.50 

10 1 10.80 ± 0.40 1.30 ± 0.80 
a Average value ± standard deviation (n=2). 

Table 6.3:   Determination of homocysteine and glutathione in mixed solution 
containing homocysteine, glutathione, 30 µM cysteine and 100 µM catechol (PBS, pH 
7.0). 
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6.3.4   Conclusions 

The electrochemical estimation of homocysteine and glutathione was shown to 

be achievable in the absence and presence of cysteine using the proposed two-step 

procedure at the commercial carbon nanotube screen-printed electrode. This method 

takes advantage of the different reaction rates of homocysteine and glutathione with the 

electrochemically oxidized catechol taking place at the surface of the screen printed 

working electrode via 1,4-Michael addition reaction. It was shown that this method can 

be easily adaptable to real world applications by having low limit of detections within 

reasonable range seen in real samples. In addition, the proof of concept method was 

further proven to be successful as the determined values of homocysteine and 

glutathione were comparable to the real mix sample solution contents using the two-

step method. An average standard deviation ca. 28% of the determined values was 

obtained when evaluated with the real contents in spiked solutions containing the 

presence of cysteine. This value, which derived from the ten-fold difference in 

sensitivity towards glutathione and homocysteine, is sufficient for medical applications 

where threshold values are typically required as ‘biomarker’ signals. This easy two-step 

procedure involves little to no extensive sample pre-treatment, which enables possible 

real-world application towards healthcare or medicinal research; this is to be discussed 

in more detail in the following chapter.  

 

 

 

 



 Chapter 7. Electrochemical methodology applied for the detection of thiols in biological media  140 

 
 

Chapter 7  

Electrochemical methodology applied 

for the detection of thiols in biological 

media 

We have discussed the thiol detection with ortho-quinone derived mediators via 

two mechanisms: Electrocatalytic and 1,4-Michael addition reaction. The results have 

shown that a simple selective thiol determination is made possible by means of the thiol 

1,4-Michael addition reaction with an electro-oxidized catechol at a carbon nanotube 

screen-printed electrode. Initial proof-of-concept work showed successful exclusive 

thiol quantification in buffered system containing its homologue species. So ultimately 

this chapter discusses the practical assessment of the developed methodology into 

synthetic and real biological samples. The work presented in this chapter has been 

published in Analytical Sciences [238] and Sensors and Actuators: B [132, 239]. The 

work published in Sensors and Actuators: B [239] was done in collaboration with Dr. 

Luis M. Goncalves. 
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7.1   Selective thiol detection in authentic biological samples with the use of 

screen-printed electrodes 

7.1.1   Introduction  

To better understand the biological processes at the cellular level, clinicians and 

researchers use a variety of available physiological fluids and tissues samples. [30-33, 

41, 42, 44-58] Often, these samples are used as a diagnostic medium [41, 42, 44, 55, 82, 

117, 240-242], as the intrinsic information gained from the medium can be substantial. 

As discussed in the previous sections, a developed methodology was conceived for 

selective thiol detection in the presence of other thiol-containing molecules in a 

controlled buffered system. Therefore, this section will show a continuation of our 

proof-of-concept work into typical ‘real world’ samples, notably tissue cell culture 

media and human plasma in order to emphasize the authentic practical application and 

viability of this single two-step method. [133] With the added use of disposable screen-

printed electrodes, the selective detection of homocysteine and glutathione in ‘real’ 

world biological samples (i.e. human plasma and cell culture tissue media) brings 

nearer realization of the notion of presenting a viable sensor in the form of a point-of-

care system. 

To re-iterate the concept, the electrochemical reaction of ortho-quinone with 

thiol compounds is measured at a carbon nanotube screen-printed electrode by utilizing 

a simple two-step electroanalytical procedure. The single two-step method takes 

advantage of the different reaction rates of the homocysteine and glutathione with the 

electrochemically oxidized catechol with the later reacting more slowly (Scheme 7.1). 

Initially, a faster scan rate is applied, allowing a rapid reaction with homocysteine to 

take place, and thus ‘outrunning’ the reaction with glutathione. This subsequently 
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leaves an analytically useful signal for homocysteine only detection. Next, a slower scan 

rate is applied that allows both analytes to react, thus relating the contents of both 

analytes in the adduct peak. Thereafter, the determined homocysteine concentration is 

subtracted from the concentration obtained at a low scan rate, and thus resulting in the 

concentration of glutathione.  

I /
 A

E / V

low scan rate:
Ip D  [A-thiol + B-thiol]

high scan rate:
Ip D  [A-thiol]

I /
 A

E / V

 

Scheme 7.1:   Schematic representation of a two-step method for the selective 
electrochemical detection of homocysteine and glutathione at the adduct peak. 

 

7.1.2   Experimental procedure 

7.1.2.1   Biological media 

Dulbecco’s Modified Eagle Media (DMEM), and human plasma were purchased through 

Sigma-Aldrich at their highest purity, and were used as received without any further 

purification steps. 
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7.1.2.2   Electrochemical experiments in biological media  

     Electrochemical experiments involving the tissue culture media, Dulbecco’s 

Modified Eagle Medium (DMEM), were carried out in a three-electrode system using a 

saturated calomel reference electrode (SCE) from Hach Lange, UK, a platinum mesh 

(99.99%) counter electrode from Goodfellow, UK, and multi-walled carbon nanotube 

disposable screen-printed electrodes from DropSens as the working electrode. The 

initial use of the calomel reference electrode in the tissue culture media was to ensure 

that all potentials are reliably comparable to that seen in earlier studies, described in 

this thesis. [133, 143] 

Experiments involving human plasma were fully carried out on the screen-

printed electrode, accordingly to Section 3.3.3 due to the small volume of available 

human plasma samples. An approximately 50 µL drop of plasma sample was deposited 

onto the ceramic chip such that all three electrodes are covered.  

 

7.1.3   Results and discussion 

7.1.3.1   Detection in tissue culture media 

Tissue culture media contains a variety of amino acids and vitamins to help 

facilitate in the nourishment and maintenance of cell growth. [38, 182] Some of its 

contents may be electro-active, and other possible interferences can arise when 

catechol is added to the medium. Before applying the single two-step analytical 

procedure, an investigation of possible interferences from the cell tissue culture 

medium was carried out. Cyclic voltammetry was utilized in 100 % tissue culture media, 

Dulbecco’s Modified Eagle’s medium (DMEM), at a scan rate of 50 mV s-1 in both the 
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absence and presence of 0.1 mM catechol (Figure 7.1). The figure shows that within the 

potential window of interest for analysis, the media alone will not interfere with the 

measurement. When catechol is added to the media, a redox process at E1/2 = +0.15 V 

(vs. SCE) is observed, which corresponds to the two-electron, two-proton oxidation of 

the ortho-quinone species. [37, 38, 143] This observation of catechol is consistent with 

literature reports that the media alone will not interfere with the electrochemical 

reaction of catechol. [37, 133, 143]  

 

Figure 7.1:   Cyclic voltammograms (50 mV s-1) at a CNT-SPE in Dulbecco’s Modified 
Eagle Media (DMEM) in the absence (dashed line) and presence (solid line) of 0.1 mM 
catechol. 

 

Cyclic voltammetry was applied to tissue media in the presence of catechol and 

thiols. Figure 7.2 shows the voltammetric behaviour at 50 mV s-1 of 0.1 mM catechol for 

different concentrations of either homocysteine or glutathione. The figure shows that 
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with each addition of the thiol analyte, a new adduct peak emerges (ca. −0.2 vs. SCE), 

and increases along with the forward peak, while the backward peak decreases. This is 

consistent with a 1,4-Michael addition reaction, as described above and elsewhere. [37, 

38, 133, 143] Analytical curves were then obtained at this scan rate; specifically, the 

adduct peak current for thiol species, Ip, was plotted against the concentration of each 

thiol analyte. The analytical parameters tabulated in Table 7.1 show a linear 

relationship for homocysteine at 50 mV s-1 is IpHCys 50 mV s-1 (nA) = (6.59 ± 0.019) 

[HCys/µM] (n=3) for concentrations of up to 20 µM. The limit of detection (LOD) is 

determined to be ca. (0.5 ± 0.01) µM. For glutathione, the linear relationship at the 

same scan rate is IpGSH 50 mV s-1 (nA) = (1.02 ± 0.462) [GSH/µM] (n=3) for concentrations 

ranging up to 10 µM; the LOD is ca. (1.0 ± 0.3) µM. Due to the complexity of the tissue 

culture media [133], we can expect to observe lower sensitivities for homocysteine and 

glutathione compared to a pure aqueous system, 19 and 1.9 nA µM-1 respectively. 

Nonetheless, the relationships among those values are consistent with their reaction 

rates for catechol. [133] However, at a low scan rate the observed adduct peak will 

reflect the reaction of the electro-oxidized catechol with both homocysteine and 

glutathione, thus making selective quantification difficult when both thiols are present 

in the same solution.  
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Figure 7.2:   Cyclic voltammograms (50 mV s-1) at a CNT-SPE of 0.1 mM catechol 
(Dulbecco’s Modified Eagle Media) with varying concentrations, 0 - 60 µM, of each 
i. homocysteine or ii. glutathione. 

 

 

Thiol Scan rate 
(mV s-1) 

Slope 
(nA µM-1) R2 LOD a 

(µM) 
Linear 

Range (µM) 
Homocysteine 300 (2.96 ± 0.021) 0.981 2.0 ± 0.02 2.0 – 20 
Homocysteine 50 (6.59 ± 0.019) 0.997 0.5 ± 0.01 0.5 – 20 

Glutathione 50 (1.02 ± 0.462) 0.994 1.0 ± 0.3 1.0 - 10 
a LOD, calculated limit of detection.  

Table 7.1:   Analytical parameters for the detection of homocysteine and glutathione in 
cell tissue culture media (pH 8.0) 

 

An optimum scan rate of 300 mV s-1 was found for the homocysteine selectivity 

in a tissue culture media. Figure 7.3 shows voltammogram of the electro-oxidized 

catechol in the presence of glutathione (dotted line) and in the presence of 

homocysteine (solid line). The figure shows that in the presence of glutathione, the 

adduct peak ceased to exist when a faster scan rate was applied; however, the adduct 

peak (ca. –0.2 V vs. SCE) appears in the presence of homocysteine. This indicates that 

the faster scan rate ‘outruns’ the ortho-quinone reaction with glutathione, but is still 

sufficient to allow the reaction with homocysteine to take place; similarly described in 
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Section 6.3. [133] Thus perhaps the selective detection of homocysteine is achievable in 

the presence of glutathione in tissue culture media at the screen-printed electrode when 

a higher scan rate is applied. Next, a calibration curve was obtained that indicated a 

linear relationship of homocysteine at 300 mV s-1, IpHCys 300 mV s-1 (nA) = (2.96 ± 0.021) 

[HCys/µM] (n=3), for concentrations of up to 20 µM, and the LOD being ca. (2.0 ± 0.02) 

µM (also summarized in Table 7.1). Finally, at this point, all of the appropriate 

calibration curves have been determined, and the method can be fully applied and 

tested in the tissue culture media.  

 

Figure 7.3:   Cyclic voltammograms (300 mV s-1) at a CNT-SPE in Dulbecco’s Modified 
Eagle Media with 0.1 mM catechol in the presence of 20 µM homocysteine (solid line) 
and 20 µM glutathione (dash line).  Inset: Enlarge view of the thiol adduct peak. 

 

A number of pre-determined mixed solutions containing varying spiked amounts 

of homocysteine and glutathione, ranging from 1.0 to 10.0 µM, were examined with the 
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presence of 0.1 mM catechol (Dulbecco’s Modified Eagle Media, pH 8.0) using the 

carbon nanotube screen-printed electrode. Upon applying the two-step method, a peak 

current at a scan rate of 300 mV s-1 was obtained from the Dulbecco’s Modified Eagle 

Media mixture, where the homocysteine content can be determined from the analytical 

curve, IpHCys 300 mV s-1 (nA) = (2.96 ± 0.021) [HCys/µM]. Then by knowing the 

homocysteine concentration present, the peak current for homocysteine can be 

calculated at the low scan rate by using the analytical curve, IpHCys 50 mV s-1 (nA) = (6.59 ± 

0.019) [HCys/µM]. Next, we can subtract this value from the total adduct peak current 

at a low scan rate, which results in the peak current corresponding to the reaction of 

glutathione-catechol. Lastly, the glutathione content can be determined from the 

respective calibration curve, IpGSH 50 mV s-1(nA) = (1.02 ± 0.462) [GSH/µM].  

Table 7.2 gives the measurement results of different combinations of the thiol 

mixture in the tissue culture media using the two-step procedure. The table shows that 

the determined values correlate well within a reasonable error, with the spiked thiol 

contents of the tissue culture media mixture. The average standard deviation for the 

detection measurement in comparison to the spiked values is ca. 10% which is 

acceptable for bio-marker applications. Given that the two-step method is limited by the 

capacity of the fast scan rate in order for the determination of glutathione to work, the 

limit of detection of the procedure in tissue culture media is ca. (2.0 ± 0.02) µM. This 

value is within the range of thiols typically seen in human physiological samples. [55, 

82] Therefore, this two-step method for quantifying homocysteine and glutathione 

works well in tissue cell culture media.  
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Mixed solution Determined content a 
Homocysteine 

(µM) 
Glutathione 

(µM) 
[Homocysteine] 

(µM) 
[Glutathione] 

(µM) 
10 10 10.5 ± 0.150 9.4 ± 1.7 
10 5 9.0 ± 0.60 5.1 ± 1.1 
10 3 10.1 ± 0.100 2.1 ± 0.10 
10 1 10.9 ± 0.800 1.0 ± 0.30 
5 10 4.9 ± 1.4 10.1 ± 0.100 
3 10 2.6 ± 0.01 10.7 ± 1.00 
1 10 1.2 ± 0.05 10.4 ± 0.250 

a Average value ± standard deviation (n=2). 

Table 7.2: Determination of homocysteine and glutathione in mixed solutions 
containing homocysteine, glutathione and 100 µM catechol (Dulbecco’s Modified Eagle 
Media, pH 8.0) 

 

7.1.3.2   Detection in human plasma 

Human plasma, itself, has a complex matrix containing different analytes and 

species. [243, 244] A partial list of constituents in human plasma is given in Table 7.3. 

Therefore, a selective determination for a specific analyte in human plasma is a 

challenge for the electroanalytical community, since many of its constituents may be 

redox active, or impede the electroanalysis. [38, 41, 119, 243] Consequently, reports 

that focus on electrochemical detection in human plasma are usually coupled with a 

separation technique, such as HPLC. [41, 42, 72, 82, 95, 117, 223, 236, 245, 246] In our 

experiments, human plasma was diluted to 25% with 0.15 M PBS (pH 7.2), and an 

optimal catechol concentration of 1.0 mM was used, because higher concentrations 

resulted in coagulation. Lastly, all three electrodes on the disposable screen-printed 

electrode, itself, were fully used due to the small quantity of available human plasma. 
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Constituent(s) Normal range Units Reference(s) 
Aldosterone 100 – 450 pmol/L [247, 248] 
Ammonia 0 – 54 µmol /L [247, 249] 
Aspartic Acid 0.1 – 0.14 mg/mL [242] 
Arginine 1.5 – 2.5 µg/mL [242] 
Calcitonin 0 – 4.5 ng/L [247] 
Cortisol 80 – 700 nmol/L [250, 251] 
Creatinine 50 - 100 µmol /L [252, 253] 
Cysteine 10 - 30 µmol /L [42, 43] 
Glucose 4.1 – 6.0 mmol/L [252] 
Glutamic acid 0.4 – 1.15 µg/mL [95, 242] 

Glutathione 2 - 12 µmol /L [31, 33, 34, 43, 
55, 58] 

Hemoglobin 120 - 160 g/L [252] 
Homocysteine 5 - 15 µmol /L [42, 43, 61, 82] 
Lactate 0.5 - 2.22 mmol/L [252] 
Lysine 2.2 – 3.0 µg/mL [242] 
Magnesium 1.7 - 2.3 µg/mL [244, 252] 

Methionine 0.2 – 1.0 µg/mL [117, 222, 
242] 

Potassium 12.1 – 25.4 µg/mL [252] 
Sodium 300 - 330 mg/dL [252] 
Uric Acid 0.18 – 0.48 mmol/L [254, 255] 
Vitamin A 30 - 65 µg /dL [241, 256] 
Vitamin C 23 - 85 µmol /L [226, 229] 
Vitamin D 20 – 150 nmol/L [257-259] 

Table 7.3:   Table of some constituents of human plasma 

 

Initially, to investigate any interference that may arise from human plasma alone, 

cyclic voltammetry was run in both the absence and presence of catechol. Figure 7.4 

shows cyclic voltammograms (100 mV s-1) of human plasma with and without the 

addition of 1.0 mM catechol (pH 7.2). This figure shows that in the absence of catechol, 

an anodic process occurs at ca. +0.4 V (vs. Ag), and a cathodic process occurs ca. −0.6 V 

(vs. Ag). These processes can be attributed to be a result of an unknown electroactive 

species in human plasma. [54, 55, 243] With the presence of 1.0 mM catechol in human 

plasma, a new redox process is observed, E1/2 = +0.2 V (vs. Ag), which is attributed to 

the two-electron oxidation of the catechol forming the ortho-quinone. [37, 38, 143] 
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Since analytically we are concerned with the reductive scan, the cathodic signal from 

the human plasma ca. −0.6 V (vs. Ag) should not hinder the adduct peak signal, because 

the adduct signal should appear near to the catechol signal. However, because no 

observable thiol-catechol signal was seen in the cyclic voltammetry, the square wave 

was utilized to increase the sensitivity of the measurements in the plasma.  

Figure 7.5a shows a reduction scan in square-wave voltammetry (optimized to a 

frequency of 10 Hz; amplitude, 5.0 mV; step potential, 10 mV) of human plasma 

containing 1.0 mM catechol (pH 7.2) at the CNT-SPE. The scan rate under these 

optimized parameters is 100 mV s-1. Three signals are observed in the figure 

corresponding to the reductive wave of the catechol (ca. +0.2 V vs. Ag), the thiol-

catechol adduct peak (ca. −0.1 V vs. Ag), and the unknown electroactive species within 

the plasma (ca. −0.5 V vs. Ag). The shift of the unknown electroactive species was 

attributed to the silver quasi-reference electrode built into the screen-printed electrode.  

 

Figure 7.4:   Cyclic voltammogram (100 mV s-1) at a CNT-SPE in 25% human plasma 
diluted with 0.15 M PBS (pH 7.2) with both the presence (solid line) and absence 
(dashed line) of 1.0 mM catechol. 
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Figure 7.5:   Square-wave voltammograms of 25% human plasma with 1.0 mM catechol 
containing a. no thiol, b. 20 µM homocysteine, and c. 20 µM glutathione. (frequency, 10 
Hz; amplitude, 5.0 mV; step potential, 10 mV). 

 

Since human plasma alone contains contents of homocysteine and glutathione, 

[41, 43, 52, 54, 55, 69, 82, 223] we can expect to see an adduct peak signal associated 

with the thiol-catechol reaction. To definitively determine the peak observed at ca. 

−0.1 V (vs. Ag) is the thiol interaction with catechol, the human plasma was spiked with 

20 µM of each homocysteine and glutathione. As can be observed in Figure 7.5, the peak 

at ca. −0.1 V (vs. Ag) increases with the spiked content, thus indicating that the peak of 

interest represents the thiol-catechol interaction. Next, different concentrations of 

either homocysteine or glutathione, ranging from 0 to 20 µM, were added separately to 

the human plasma in the presence of 1.0 mM catechol. By using square-wave 

voltammetry, a linear relationship, IpHCys (nA) = 625 + (59.96 ± 4.256) [HCys/µM] 

(n=3), was determined for homocysteine with a linear range of up to 15 µM, and the 

LOD was determined to be ca. (0.6 ± 0.2) µM. For glutathione, the linear relationship is 
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IpGSH (nA) = 588 + (39.1 ± 2.22) [GSH/µM] (n=3) within a linear range up to 15 µM, 

and the LOD is ca. (0.8 ± 0.4) µM.   

Furthermore, square-wave voltammetry was again applied to the plasma to 

determine if homocysteine selectivity was possible in the presence of glutathione. The 

square-wave parameters were changed and the signal was optimized to a frequency of 

50 Hz, amplitude of 5.0, and step potential of 12 mV, increase in scan rate to 600 mV s-1. 

Thereafter, the square-wave was applied to plasma spiked with 20 µM of each 

homocysteine and glutathione. Figure 7.6 shows the thiol-catechol signal, ca. −0.1 V (vs. 

Ag). An increase appears in the peak current in the presence of spiked homocysteine, 

while the peak current remains unchanged in the plasma sample spiked with 

glutathione, thus showing that homocysteine selectivity is possible in the human plasma 

sample. Once again, a linear relationship was determined for homocysteine at a higher 

scan rate, IpHCys (nA) = 104 + (93.7 ± 11.4) [HCys/µM] (n=3) with a linear range up to 

15 µM. The LOD is ca. (0.8 ± 0.4) µM. At this point, the analytical parameters reflect the 

homocysteine and glutathione sourced from the human plasma sample in addition to 

that added. In order for the two-step method to be applied, the calibration curves need 

to be corrected so as to allow for the intercept of the linear plot to be zero, which is here 

tabulated in Table 7.4. The analytical parameters show the possibility for homocysteine 

and glutathione detection with catechol in a human plasma sample. 

Thiol Scan rate 
(mV s-1) 

Slope 
(nA  µM-1) R2 LODa 

(µM) 
Linear 
Range (µM) 

Homocysteine 600 (93.7 ± 11.4) 0.957 0.8±0.4 0.5 - 15 
Homocysteine 100 (59.96 ± 4.256) 0.985 0.6±0.2 0.5 - 15 
Glutathione 100 (39.1 ± 2.22) 0.990 0.8±0.4 0.5 - 15 
a LOD, calculated limit of detection.  
Table 7.4:   Two-step method analytical parameters for the detection of homocysteine 
and glutathione in 25 % human plasma (pH 7.2) 
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Figure 7.6:   Square wave voltammograms of 25% human plasma with 1.0 mM catechol 
containing a. no thiol, b. 20 µM glutathione, and c. 20 µM homocysteine. (frequency, 50 
Hz; amplitude, 5.0 mV; step potential, 12 mV). 

 

The two-step method for homocysteine and glutathione detection was applied to 

a human plasma medium using catechol at the CNT-SPE. As described above, a high scan 

rate of 600 mV s-1 was first applied to a human plasma sample also containing catechol 

in order to determine the homocysteine content using the sensitivity of the 

corresponding analytical curve. Then, the homocysteine content could be used to 

determine the peak current corresponding to the low scan rate. Thereafter, the peak 

current associated with homocysteine at a low scan rate was subtracted from the total 

adduct peak at the same low scan rate. This resulted in the peak current associated with 

the glutathione content, which could then be calculated using the next corresponding 

gradient. The results of the determined homocysteine and glutathione content in human 

plasma via two-step method are tabulated in Table 7.5. As described above, the limit of 

detection for this two-step method is dictated by the limitation of the first step, and thus 

the LOD for the procedure in human plasma is (0.8 ± 0.4) µM. This value is reasonable 
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and practical for the range thiols that are typically seen in human plasma. [55, 61, 69, 

82, 246]  

Thiol Standard addition method a 
(µM) 

Two-step method a 
(µM) 

Homocysteine 10.4 ± 0.70 11.1 ± 1.40 
Glutathione 15.0 ± 0.90 16.7 ± 1.80 
a Average value ± standard deviation (n=3). 

Table 7.5:   Determination of homocysteine and glutathione in 25 % human plasma via a 
two-step procedure compared to a standard addition 

 

The standard addition method was also performed on the plasma sample in the 

presence of 1.0 mM catechol (pH 7.2). Using the square-wave parameters (frequency, 

10 Hz; amplitude, 5.0 mV; step potential, 10 mV) the human plasma was spiked 

separately with either homocysteine or glutathione at different concentrations of up to 

20 µM. Then, a calibration curve of those multiple additions was used to calculate the 

unknown analyte concentrations. [126] The results from the standard addition are also 

tabulated in Table 7.5, where they can be compared to those obtained via the two-step 

method. The table shows that the values are in good agreement with one another, and 

are well within the deviation of each other, which further validates the application of 

the two-step method in such biological samples. The average error of the two-step 

method when compared to the standard addition method is ca. 10%, which is 

acceptable for biological applications. These results of ‘real’ world sample offer good 

promise for using the two-step method. It encourages a fast, simple, facile method 

towards bio-applications in the selective determination of homocysteine and 

glutathione. 
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7.1.4   Conclusions 

 We have established a successful adaptation of the single two-step method for 

the selective electrochemical detection of homocysteine and glutathione in two common 

‘real’ world biological samples. The parameters for the simple two-step method were 

optimized for applications in both tissue culture media and human plasma using 

disposable carbon screen-printed electrodes. The limit of detection for the system in 

cell tissue media and human plasma is ca. 2 µM and ca. 1 µM, respectively, and with an 

average error of ca. 10% when compared to control experiments for either biological 

sample. These values are acceptable for bio-marker applications, and may allow for the 

development of a system for medical use.  

 

7.2   Selective electrochemical detection of thiol biomarkers in saliva using 

multiwalled carbon nanotube screen-printed electrodes 

7.2.1   Introduction 

Though typical biological fluids in clinical applications include human plasma, 

obtaining the sample is invasive to the patient. In recent reports, investigators propose 

the use of saliva as an alternative diagnostic medium to blood plasma. [44, 75, 260, 261] 

The reason for this is that analysis of saliva from several apparently healthy individual 

show thiol concentrations are within the same range of that observed in human blood 

plasma (Table 7.6). Since saliva sampling is both easy and non-invasive, its use in 

clinical applications is potentially very appealing. [44, 46, 76, 77, 240] This in turn, 

cascaded into a number of diagnostic studies on saliva in the biomedical field; in 

particular, reports showing the diagnostic use in case studies relating different levels of 
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homocysteine (HCys) [46, 75, 76, 240] and glutathione (GSH) [46, 53, 76, 77, 79-81, 

262] concentrations to having possible implications to deleterious conditions.  

Physiological Fluid Homocysteine 

(µM) 

Glutathione 

(µM) 
Reference(s) 

Saliva 2 – 5 5 – 30 [46, 53, 77, 79, 240] 

Blood Plasma 5 – 15 2 – 12 
[42, 59, 61, 82, 223, 

242, 246] 

Table 7.6:   Literature of homocysteine and glutathione found in natural human saliva 
and blood plasma. 

 

To the best of our knowledge to date, there is no literature reporting thiol 

detection in saliva without the use of expensive instrumentation or elaborate prior 

separation. [44-46, 53, 75, 77, 81, 88, 240, 260, 263, 264] Accordingly, the precursor of a 

versatile, simple, clear diagnostic pathway in clinical applications in a form of a point-of-

care sensor is highly desirable. As previously mentioned in Section 6.3 and 7.1, 

selectivity of homocysteine and glutathione in the reaction with oxidized catechol can 

be achieved through their different reaction rates with the ortho-quinone leading to 

different responses as a function of voltage scan rate. [133] Proof of concept of the 

single two-step electrochemical method showed a quantitative performance in buffer 

and in typical biological media such as cell tissue media and human plasma. [133, 238] 

Again, human plasma can be quite intrusive; so, ultimately the purpose of this chapter is 

to expand the application of this technique for not only use of blood plasma but beyond, 

namely to saliva. Herein, the reported data is of synthetic saliva spiked with glutathione 

and homocysteine for selective measurement of those biomolecules. 
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7.2.2   Synthetic saliva 

Synthetic saliva was purchased from Synthetic Urine e.K (Germany). The 

proprietary formulation of the synthetic saliva reflects the standardized production 

process of DIN 53160-1 [120], which contains no added thiol compound.  

 

7.2.3   Carbon nanotube screen-printed electrode 

The three electrode screen-printed electrochemical chip, described in Section 

3.3.3 was fully used in this section to show the capability of using a disposable unit for 

this method. For each experiment carried out, a new electrode was used to prevent any 

cross contamination of the synthetic saliva sample. Different electrodes from the same 

batch were tested and show good reproducibility in the synthetic saliva, ≥ 90 %. 

 

7.2.4   Results and discussion 

The compatibility of this two-step detection method with synthetic saliva was 

investigated using cyclic voltammetry at CNT-SPEs. Initially, the synthetic saliva was 

tested in the presence and absence of catechol to show the reproducibility of the 

mediator voltammetry in the biological fluid (Section 7.2.4.1). Next, different 

concentrations of each homocysteine and glutathione were separately spiked into 

synthetic saliva containing catechol to ensure the electrochemical behaviour is 

consistent with the expected behaviour at low scan rates (Section 7.2.4.2). As detection 

of both analytes is attainable at low scan rate, homocysteine selectivity was next 

investigated through a variable scan rate study (Section 7.2.4.3). With all the 

appropriate calibration curves known, the two-step method for selective homocysteine 
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and glutathione determination is shown feasible in synthetic saliva using a combination 

of data obtained at a high scan rate first followed by a low scan rate (Section 7.2.4.3). 

 

7.2.4.1   Catechol in synthetic saliva 

Saliva contains a number of proteins, enzymes, hormones, ions, and other 

molecules including homocysteine and glutathione (Table 7.7). Although the pure, 

unspiked synthetic saliva contains no thiol compounds, other analytes within the media 

may be electro-active. Cyclic voltammetry was undertaken to investigate this possibility. 

Figure 7.7 shows the voltammetry (50 mV s-1) at a CNT-SPE in a solution consisting of 

95 % synthetic saliva and 5 % buffer solution with or without catechol (100 µM, pH 

7.3). The figure shows that in the absence of catechol, there is no signal thus suggesting 

no electro-activity from the synthetic saliva alone in the potential range studied.   

 

Constituent(s) name Reference(s) 
Albumin [260, 261] 
Ammonia [260] 
Amylase [44, 260] 
Ascorbic acid [81, 260, 261] 
Aspartate 
aminotransferase 

[79, 81, 260] 

ß-glucuronidase [260] 
Carbohydrates [260] 
Chloride [260] 
Creatinine [260] 
Glucose [260] 
Glutathione [76, 77, 79-81, 260] 
Histatins [260] 
Homocysteine [46, 76, 240, 260] 
Immunoglobulin A, G, & M [44, 260] 
Lactic acid 
dehydrogenase 

[79, 81, 260] 

Lipase [260] 
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Lipids [44, 260] 
Lysozyme [260] 
Mucins [46, 260] 
Sialic acid [260] 
Urea [260] 
Uric Acid [46, 80, 81, 260, 261] 

Table 7.7:   Literature reference on some constituents in natural human saliva. 

 

In the presence of catechol (100 µM), a redox process was observed in synthetic 

saliva showing an oxidation peak at ca.  +0.28 V (vs. Ag) followed by a reduction peak at 

ca. +0.12 V (vs. Ag) attributed to the two electron and two proton oxidation/reduction 

of the catechol-benzoquinone couple (Scheme 4.3). [37, 65, 131, 133] Repetitive 

voltammetric cycling of catechol in pure synthetic saliva was also carried out at the 

CNT-SPE for five minutes (ca. 18 scans) and it sustained no significant loss of the redox 

peak current suggesting suitability of this redox mediator for thiol studies in this media.   

 

 

Figure 7.7:   Cyclic voltammetry (50 mV s-1) at CNT-SPE of 95 % synthetic saliva in the 
absence (dotted line) and presence of 100 µM catechol (solid line). 
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7.2.4.2   Thiol detection in synthetic saliva 

Cyclic voltammetry (50 mV s-1) was next carried out in 95 % synthetic saliva (as 

above) containing 100 µM catechol (pH 7.3) to observe the behaviour at different 

concentrations of homocysteine and glutathione (ranging from 5 µM to 100 µM). Figure 

7.8 shows that with increasing concentration of each homocysteine and glutathione, the 

anodic peak current increases, the cathodic peak current decreases and an introduction 

of a new peak emerges at ca. −0.15 V (vs. Ag). This observation is consistent with 

nucleophilic attack on the electro-oxidized catechol by the thiol containing molecule 

thus resulting in a new adduct peak (Scheme 4.3), in agreement with the literature. [37, 

131, 133] Note that there is a slight change in the adduct peak potential compared with 

studies done with a SCE reference electrode; this is attributed to slight drift of the quasi-

silver reference electrode provided on the screen-printed electrode.  

 

 

Figure 7.8:   Cyclic voltammogram (50 mV s-1) at CNT-SPE of 100 µM catechol (95 % 
synthetic saliva, pH 7.3) at varying concentrations (0 – 100 µM) of i. homocysteine and 
ii. glutathione. Insets: Magnified view of adduct peak regions. 

 

 Upon examination of the adduct peak for thiol species x (x = HCys or GSH), the 

peak current, Ipx, increases with increasing concentration of both homocysteine and 
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glutathione. When a calibration curve is plotted separately for both homocysteine and 

glutathione, it was found that there is a linear relationship between the adduct peak 

current and the thiol concentration. The empirical equation for homocysteine at 

50 mV s-1 is IpHCys 50 mV s-1 (nA) = (2.8 ± 0.2) [HCys/µM] (n=3) at a linear range up to 

20 µM and a limit of detection, LOD, was determined to be ca. (2.0 ± 0.1) µM. For 

glutathione, the linear relationship at 50 mV s-1 is IpGSH 50 mV s-1 (nA) = (2.1 ± 

0.2) [GSH/µM] (n=3) with a linear range up to 20 µM and a limit of detection is ca. (3.0 

± 0.3) µM. These analytical parameters are tabulated in Table 7.8 where values are 

found suitable for concentrations typically seen in natural human saliva.  

 

Target Thiol Scan Rate 
(mV s-1) 

Slope 
(nA µM-1) R2 Range 

(µM) 
LOD a 
(µM) 

Glutathione 50 (2.1 ± 0.2) 0.973 5 – 20 3.0±0.3 
Homocysteine 50 (2.8 ± 0.2) 0.978 5 – 20 2.0±0.2 
Homocysteine 300 (13.2 ± 0.42) 0.995 5 – 20 0.9±0.01 
a LOD, calculated limit of detection.  

Table 7.8:  Analytical parameters for homocysteine and glutathione detection in 
synthetic saliva, pH 7.3. 

 

7.2.4.3   Selective thiol detection in synthetic saliva 

The observations reported above show that homocysteine and glutathione can 

be detected separately via catechol oxidation in synthetic saliva using cyclic 

voltammetry at a CNT-SPE. However, selective detection of either or both thiols is 

required for the analysis of authentic saliva, which will contain both species. Different 

scan rates (≥ 50 mV s-1) were applied to 100 µM catechol (synthetic saliva, pH 7.3) 

solutions containing additions of 20 µM of both analytes: homocysteine and glutathione. 



 Chapter 7. Electrochemical methodology applied for the detection of thiols in biological media  163 

 
 

The aim was to outrun one thiol’s reaction with the ortho-quinone. Figure 7.9 shows a 

magnified view of the adduct peak region of the cyclic voltammogram at the optimal 

high voltage scan rate of 300 mV s-1. The figure shows, no evidence of an adduct peak in 

the presence of glutathione (Figure 7.9i) whilst the adduct appears in the presence of 

homocysteine (Figure 7.9ii) at this scan rate. This suggests that a scan rate of 300 mV s-1 

is adequate to exclude the electro-oxidized catechol reaction with glutathione but still 

allow the reaction with homocysteine thus permitting selective homocysteine detection 

in the presence of glutathione in saliva.  

 Using these optimal voltammetric parameters for selective homocysteine 

detection, varying concentrations of homocysteine (5 – 100 µM) were tested in the 

presence of 100 μM catechol (synthetic saliva, pH 7.3) at the CNT-SPE (Figure 7.10). 

The figure shows an increase in forward peak, a decrease in backward peak and a new 

adduct peak as the concentration of homocysteine increases; again suggesting the 

nucleophilic attack on the ortho-quinone by the thiol, described previously in the case of 

1,4-Michael addition reaction. The inset to Figure 7.10 shows a magnified view of the 

adduct peak (ca. −0.15 vs. Ag), where the peak current increases with increasing 

concentration of homocysteine. Again, this analytically useful adduct peak is well-suited 

for selective homocysteine detection under these conditions. Next, an analytical curve 

was determined when the adduct peak current, Ip, was plotted with homocysteine 

concentration. The linear relationship at 300 mV s-1 was determined to be IpHCys 300 mV s-1 

(nA) = (13.2 ± 0.42) [HCys/µM] (n=3) with a linear range up to 20 µM and the LOD is 

ca. (0.9 ± 0.01) µM (Table 7.8). These values are also within reasonable limits suited for 

bio-marker sensing in human saliva.  
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Figure 7.9:   Magnified view of adduct peak region (scan rate = 300 mV s-1) at CNT-SPE 
of 100 µM catechol (95 % synthetic saliva, pH 7.3) with 20 µM i. glutathione and 
ii. homocysteine. 

 

 

Figure 7.10:   Cyclic voltammogram (300 mV s-1) at CNT-SPE of 100 µM catechol (95 % 
synthetic saliva, pH 7.3) with varying concentrations of homocysteine (0 – 100 µM). 
Inset: Magnified view of adduct peak region. 

 

The above shows that we can selectively evaluate the concentrations of both 

homocysteine and glutathione by applying a combination of high and low scan rates to 
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the synthetic saliva sample. The adopted procedure entails application of a high scan 

rate initially to obtain the homocysteine content using the empirical equation,                   

IpHCys 300 mV s-1 (nA) = (13.2 ± 0.42) [HCys/µM]. With the determined homocysteine 

concentration, the corresponding peak current at low scan rate can be calculated using, 

IpHCys 50 mV s-1 (nA) = (2.8 ± 0.2) [HCys/µM]. This latter value can be subtracted from the 

total adduct peak current measured at low scan rate thus resulting in the peak current 

corresponding to the glutathione reaction with ortho-quinone. Finally, the glutathione 

content can be determined using the analytical curve IpGSH 50 mV s-1 (nA) = (2.1 ± 0.2) 

[GSH/µM]. Next, the application of this method was entirely assessed in synthetic saliva 

solutions (pH 7.3) containing 100 µM catechol spiked with different concentrations of 

glutathione and homocysteine using CNT-SPEs. The spiked values in these solutions are 

within typical range observed in natural human saliva. [46, 76, 77, 79, 80] Table 7.9 

shows the summary of the determined homocysteine and glutathione values of these 

spiked synthetic saliva samples using this method. The determined values correspond 

well to the spiked content and have reasonable error, ca. 18% and ca. 8% for 

homocysteine and glutathione respectively. The average error for homocysteine 

detection is relatively high due to the low peak current produced at the high scan rate, 

which leads to some difficulties quantifying at low concentrations. Nonetheless, the low 

concentrations tested are close to the calculated limit of detection of the system. It 

should be noted that the determination of glutathione is dependent on the 

homocysteine detection at the low scan rate. So, the analytical limit for glutathione 

detection should be considered accordingly with homocysteine at the same low scan 

rate, ca. (2.0 ± 0.1) µM. In addition, as this procedure has an approximate assay time ca. 

5 minutes, which is much faster than the conventional analytical methodologies, 
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mentioned in Section 2.2, this illustrates the adaptability and versatility of this method 

on saliva using only screen-printed electrodes. 

 

Spike content Determined content a 
Homocysteine 

(µM) 
Glutathione 

(µM) 
[Homocysteine] 

(µM) 
 [Glutathione] 

 (µM) 
5 5 5.5 ± 1.8 4.9 ± 1.2 
5 15 5.1 ± 0.9 17.2 ± 0.07 

10 5 8.1 ± 0.3 4.3 ± 0.1 
2 30 3.4 ± 0.5 34.5 ± 1.25 
2 15 3.5 ± 0.5 17.7 ± 0.04 
5 30 4.5 ± 0.3 29.1 ± 0.68 

a Average value ± standard deviation. (n=3) 

Table 7.9:  Summary of determined homocysteine and glutathione content in spiked 
synthetic saliva, pH 7.3. 

 

7.2.5   Conclusions 

The selective determination of homocysteine and glutathione was successfully 

carried out in synthetic saliva using screen-printed electrodes, with limit of detections 

of ca. 0.9 µM and ca. 2.0 µM for homocysteine and glutathione respectively. 

Concentration ranges seen in natural human saliva of homocysteine and glutathione 

were successfully determined in synthetic saliva. Accordingly, this electroanalytical 

technique is shown to be well suited for biomarker sensing applications in ‘real’ saliva, 

as it demonstrates good versatility and easy utilization from a non-invasive sampling 

approach.  

 



 Chapter 7. Electrochemical methodology applied for the detection of thiols in biological media  167 

 
 

7.3   Electrochemical determination of free and total glutathione in authentic 

human saliva samples 

7.3.1   Introduction 

This section will now discuss the application progression of this two-step 

methodology on real human saliva samples. Until now, the focus had been on reduced 

thiol species detection. However, not only will the results be based on detection of the 

reduced thiol species but of both, the reduced and the oxidized species, as both are 

present in real saliva.  As thiol-containing molecules are prevalent in many biological 

systems, they have their own role in maintaining metabolism throughout the cells. [32] 

Often, regular systematic function at the cellular level requires the biosynthesis of the 

thiol in order to limit the number of harmful free radicals in the cell. In particular, 

glutathione, in its reduced form (GSH), can oxidize to form a dissulfide (GSSG, Figure 

7.11). Then, GSH can be regenerated by the combination of the glutathione reductase 

enzyme and nicotamide adenine dinucleotide phosphate (NADPH). [32] Therefore, this 

continuous conversion of glutathione is important in sustaining regular healthy function 

of the cell. However, glutathione not only acts as a reducing agent but a major 

antioxidant within the cells, it also acts as a mediator for many physiological reactions 

from cellular signaling to metabolism of xenobiotic. [50] Unsurprisingly, it is a key 

player in the pathophysiology of many diseases. [50] This can often be the effect of an 

imbalance in the GSH:GSSG ratio. Thus, suggesting that the GSH:GSSG chemical pair is an 

important indicator for cellular toxicity. 
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Figure 7.11:   Chemical structure of oxidized glutathione. 

 

There have been a number of growing interests among investigators linking the 

GSH:GSSG ratio to subject topics such as illnesses [33, 45, 47, 50, 58], metabolism [30-

32, 52, 54, 58], and aging. [32, 41] Consequently, its quantitative analysis as individuals 

and/or as a ratio can be valuable to measure oxidative stress. [56] Recent publications 

show normal GSSG is maintained at concentrations lower than 5% of the total 

glutathione in humans. [265] However, oxidative stress can deplete GSH, thus 

increasing the GSSG by 50% or higher. [47, 53, 265] To determine these levels 

analytically, methodologies often incorporate reducing agents to break the disulfide 

bond in order to determine the total GSH. [47, 53, 58, 265] The GSSG content can thus 

be inferred from the difference between the free and total GSH. Some typical reducing 

agents used in the analytical detection of glutathione may include glutathione reductase, 

dithioerythritol, dithiothreitol, mercaptoethanol, phosphines or sodium borohydride. 

[58]  

This section will present a simple method of determining free reduced and total 

GSH, which embraces the 1,4-Michael addition reaction with or without prior reduction 

treatment to the sample. To obtain a determination of the free reduced form, the 
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electro-analytical measurement is first performed on a sample containing catechol, 

which is then electro-oxidized to form ortho-quinone. Then to get the total GSH value, a 

chemical reduction pre-treatment is performed on the sample followed by a similar 

sample analysis in the presence of the mediator. The procedure will be first applied to a 

buffer solution to investigate the viability of the method in a control setting then 

followed by an application onto real human saliva. The free and total glutathione levels 

in human saliva samples are analysed as a proof-of-concept of this method; while the 

classical Ellman's test was done in parallel. [266] Moreover, commercially available 

electrochemical chips will be fully utilized again to demonstrate a point-of-care 

technology available for glutathione, GSH:total GSH, quantification. [233, 234]  

 

7.3.2   Reagents and samples 

For the reduction procedure, sodium borohydride (NaBH4, technical grade, Fisher 

Scientific), and hydrochloric acid (37%, Fisher Scientific) were used as received without 

any further purification steps. Saliva samples were kindly donated by laboratory 

colleagues without any known pathological conditions.  

The chemicals listed in the Sigma-Aldrich Glutathione Enzyme Assay Kit were 

purchased individually from Sigma-Aldrich (UK). They are comprised of 

ethylenediaminetetraacetic acid (EDTA, ≥ 98 %), glutathione reductase, reduced 

glutathione (98%), 5,5’-dithiobis(2-nitronezoic acid) (≥ 98 %, DTNB), 5-sulfosalicyclic 

acid dihydrate (≥ 99 %), β-nicotinamide adenine dinucleotide 2′-phosphate reduced 

tetrasodium salt hydrate (≥ 95 %, NADPH), and dimethyl sulfoxide (≥ 99.9 %, DMSO). 
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7.3.3   Commercially available Glutathione Enzyme Assay Kit 

The Sigma-Aldrich Glutathione Assay Kit procedure was performed as described 

but with two slight modifications. First, the phosphate buffer solution was prepared in-

house, described in Section 2.1. Second, a double beam single sample UV-vis 

spectrophotometer (Hitachi U-2001, Germany) was used instead of a UV-vis 

spectroscopy microplate reader.  

The procedure from the Sigma-Aldrich Glutathione Assay Kit was carried out as 

follows: mix 750 μL of a working reacting solution with 100 μL of GSH standards (for 

the calibration curve) or 100 μL of the saliva samples; after 5 minutes of reaction, 50 μL 

of NADPH (0.16 mg mL-1) were further added. The working reacting solution was 

comprised of 8 mL of PBS with 1 mmol L-1 EDTA and 228 μL of DTNB (1.5 mg L-1). For 

total GSH, 20 μL of glutathione reductase (400 units mL-1) were added to the working 

solution. Then, the solutions underwent spectrophotometric quantification, at 412 nm, 

of the product formed in the reaction between the DTNB and GSH. [121] 

 

7.3.4   Carbon nanotube screen-printed electrode 

The three electrode screen-printed chip, described in Section 3.3.3, was fully 

used in this section to show the capability of using a disposable unit for this method. 

These potentials were measured relative to the Ag pseudo-reference electrode on the 

chip. For each experiment carried out, a new electrode was used to prevent any cross 

contamination of the saliva samples. Different electrodes from the same batch were 

tested and show good reproducibility in the saliva, ≥ 90 %. 
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7.3.5   Results and discussion 

In this section, an optimized procedure to reduce the GSSG is described. Then the 

determination of free and total GSH contents is carried out in solutions containing a 

mixture of the reduced and oxidized GSH. Lastly, the method to determine free and total 

GSH is applied to healthy human saliva samples.  

 

7.3.5.1   Reduction of oxidized glutathione 

The determination of total glutathione in many physiological fluids often 

requires the reduction of the disulfide bond. [42, 55, 58, 85, 117] The selection of the 

reducing agent strongly depends on the desired separation and/or the detection system 

one intends to use. For electro-analytical measurements, these common reducing agents 

may contain a redox active sulfhydryl-containing group and thus can interfere with the 

window of analysis or foul the electrode surface. [32, 58] Sodium borohydride (NaBH4), 

in particular, is a strong reductant and has been selected for this study to reduce the 

oxidized glutathione due to its lack of electrochemical activity and inability to foul the 

electrode surface. [58] The reaction with NaBH4 is quick in comparison to the other 

reducing agents [58] and slight effervescence was observed.  An optimized procedure 

was developed to reduce the oxidized glutathione in phosphate buffer solution and is as 

follows: 2 wt% of NaBH4 is added and dissolved in 3.0 mL of solution containing the 

dimer (PBS, pH 7.0). Then the solution is neutralized to ca. pH 7.0 with approximately 

2.0 mL of 1.0 mol L-1 hydrochloric acid. Finally, a 1.0 mL aliquot of the solution was 

added to a vial containing 1.0 mL catechol (final catechol concentration is 100 µmol L-1, 

PBS, pH 7.0).  
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To ensure that no interference arises from the NaBH4 treatment alone, an 

experiment was carried out in PBS (0.15 mol L-1, pH 7.0) only. Then, cyclic voltammetry 

(50 mV s-1) was performed on the treated buffer in the absence and presence of 

catechol (100 µmol L-1, pH 7.0). Figure 7.12 shows no observable redox signal from the 

NaBH4 treated buffer alone, therefore establishing no interference from the reducing 

agent within the window of analysis. While in the presence of catechol, a redox couple 

E1/2 = +0.2 V (vs. Ag) is observed; corresponding to the reported two electron, two 

proton oxidation of the ortho-quinone species. [132, 133, 238] This redox couple is 

consistent with literature and therefore shows that the disulfide reduction method 

using NaBH4 will not interfere with the redox process of the ortho-quinone. [37] 

The reduction procedure, described above, was next applied to a buffer solution 

containing 25 µmol L-1 GSSG (PBS, pH 7.0) to form GSH. Figure 7.13 shows the cyclic 

voltammogram at a scan rate of 50 mV s-1 of the ortho-quinone at the CNT-SPE with and 

without the NaBH4 treatment to the GSSG solution. This figure shows neither a change 

in the forward and backward peaks nor appearance of the adduct peak when the non-

treated GSSG solution was tested. While with the NaBH4 treated solution, an adduct 

peak ca. −0.1 V (vs. Ag) emerges suggesting the GSSG was reduced to GSH via NaBH4 

and therefore available to react with the ortho-quinone. This signifies that the reduction 

of the dimer was successful and it is possible to detect total GSH as well as free GSH 

using this method. 
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Figure 7.12:   Cyclic voltammetry (50 mV s-1) at CNT-SPE of PBS (pH 7.0) with NaBH4 
treatment with the A. absence and B. presence of 0.1 mol L-1 catechol. 

 

 
Figure 7.13:   Cyclic voltammetry (50 mV s-1) at CNT-SPE of 0.1 mol L-1 catechol and 25 
µmol L-1 GSSG A. without and B. with NaBH4 treatment. Inset. Magnified view of adduct 
peak. 
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7.3.5.2   Determination of free and total glutathione 

Based on the results of the GSH detection from GSSG, analytical parameters were 

next determined. Cyclic voltammetry (50 mV s-1) was again utilized to show the 

voltammetric behaviour of 100 µmol L-1 catechol (PBS, pH 7.0) at different 

concentrations, from 10 to 100 µmol L-1, of reduced glutathione from its dimer. Figure 

7.14 shows that with each increasing concentration, the forward (ca. +0.4 V vs. Ag) and 

the adduct peaks (ca. −0.04 V vs. Ag) increase as the backward peak decreases thus 

indicating the nucleophilic attack on the ortho-quinone by the thiol group. Also shown 

in Figure 7.14, a linear relationship was determined for the GSH formed from GSSG, IpGSH 

from GSSG  (nA) = (0.64 ± 0.008) [GSH/µmol L-1] (n = 3) for concentrations up to 

60 µmol L-1. The limit of detection was determined to be ca. (3.0 ± 0.07) µmol L-1 using 

3SB/S, where SB is the standard deviation and S is the sensitivity of the system. [130] 

The sensitivity of the GSH formed from GSSG is a lower in comparison to the sensitivity 

of the direct detection of the reduced form, reported in previous literature. [133] This is 

most likely due to the change in the environment provoked by the reducing steps in the 

methodology, i.e. the addition of the reducing agent and posterior neutralization. 

Nonetheless, it is still possible to detect GSH formed from its dimer as well as the free 

GSH.  

To test whether it is possible to detect the free and total GSH, a number of 

solutions spiked with different percentages of the GSH and GSSG were made accordingly 

to reported values typically seen in physiological fluids, Table 7.10. To determine the 

free GSH content first, 100 µL of catechol (100 µmol L-1, PBS, pH 7.0) was added to a 100 

µL aliquot of the mixed solution and then tested using cyclic voltammetry. From the 

adduct peak current obtained from the voltammogram, the free GSH content was 

determined using the calibration curve obtained for this buffer system, reported in 
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[133]. Subsequently, the mixed solution sample underwent the NaBH4 reduction 

procedure (as described above) to determine the total GSH content. An aliquot (100 µL) 

of the reduced sample was added to 100 µL of catechol (100 µmol L-1, PBS, pH 7.0). The 

total GSH content can then be determined using the analytical parameters determined 

earlier, IpGSH from GSSG (nA) = (0.64 ± 0.008) [GSH/µmol L-1].  Figure 7.15 shows a 

summary of the determined values in comparison to their expected values of several 

spiked solutions. The figure shows that with this proposed method, the determined free 

and total GSH matches well to the expected values with the average relative standard 

errors of ca. 0.9% for free GSH and ca. 2% for the total GSH. Therefore, it is possible to 

determine different percentages of the free and total GSH in solutions containing both 

reduced and oxidized glutathione using the presented method of detection. 

 

  
Figure 7.14:   Cyclic voltammetry (50 mV s-1) at CNT-SPE of 0.1 mol L-1 catechol with 
different concentrations of GSH from GSSG after NaBH4 treatment. 
 

- 
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Physiological fluid(s) 
Free [GSH]  

(µmol L-1) 

Total [GSH] 

 (µmol L-1) 
Reference(s) 

Human plasma 2.2  - 12 0.91 – 20 [42, 58] 

Whole human blood 400 - 800 343 – 1100 [41, 58] 

Saliva 2 - 15 7 - 30 [46, 53, 79] 

Table 7.10:   Literature values of free and total glutathione in various physiological 
fluids. 

 

 
Figure 7.15:   Plot comparing the expected and experimental values of free and total 
GSH at several solutions. 

 

7.3.5.3   Determination of free and total glutathione in human saliva 

 

Application of this method to determine free and total glutathione was next 

applied to saliva samples from human subjects without any known pathological 

condition. Cyclic voltammetry (50 mV s-1) was first carried out on the saliva sample 
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before and after the NaBH4 treatment to determine whether saliva itself has any 

inherent redox active species. Figure 7.16a and Figure 7.16b show the voltammograms 

of pure saliva at the CNT-SPE with and without the NaBH4 treatment, respectively. The 

figure shows a redox process at ca. +0.3 V (vs. Ag) is observed revealing an 

electroactive species in the human saliva, possibly uric acid. [45, 263, 267-270] To 

overcome this interference, catechol was added to the saliva sample where the forward 

and backward peaks currents of the ortho-quinone (at ca. E1/2 = +0.2 V vs. Ag) both 

become observable (Figure 7.16c and Figure 7.16d). It was determined that 300 and 

800 µmol L-1 of catechol were enough to determine the free and total GSH, respectively, 

in the saliva samples. However, cyclic voltammetry was not sensitive enough to see the 

adduct peak so, square wave voltammetry was utilized for higher sensitivity so as to 

quantify GSH in saliva.  

 

 
Figure 7.16:   Cyclic voltammetry (50 mV s-1) at CNT-SPE of apparently healthy human 
saliva sample A. untreated, B. NaBH4 treated, C. untreated with 300 µmol L-1 catechol, 
and D. NaBH4 treated with 800 µmol L-1 catechol. 
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First, square wave voltammetry was carried out on the saliva sample containing 

300 µmol L-1 catechol to determine whether the adduct peak is visible (see 

experimental section for parameters). Figure 7.17a shows two peaks; one at ca. +0.10 V 

(vs. Ag) and the second at ca. −0.13 V (vs. Ag). To differentiate the peaks, the saliva 

sample was spiked with 15 µmol L-1 GSH. In comparison to the non-GSH spiked saliva 

sample, the peak ca. +0.10 V (vs. Ag) decreases while the peak at ca. −0.13 V (vs. Ag) 

increases with the added GSH. Therefore, the peak at ca. +0.10 V (vs. Ag) is likely to 

correspond to the reductive wave of the ortho-quinone species while the second peak at 

ca. –0.13 V (vs. Ag) relates to the GSH adduct peak. This is consistent with the 1,4-

Michael addition reaction mentioned above.  

 

 
Figure 7.17:   Square wave voltammetry of A. healthy human saliva with 300 µmol L-1 
catechol at CNT-SPE and B. saliva sample spiked with 15 µmol L-1 GSH. 
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Next, standard additions of GSH, up to 20 µmol L-1, were carried out before and 

after NaBH4 treatment (as described above) to determine the respective free and total 

GSH contents in several saliva samples. The reduction procedure was adjusted to 

accommodate for the small saliva samples available. To compare the results determined 

via this method are reasonable, a commercially available glutathione enzyme assay test 

was run in parallel on the same saliva samples. The results are summarized in Table 

7.11; which shows they are in good agreement with each other. It should be noted that 

variability within the results can be due to the rapid oxidation of the free GSH prior to 

testing or sample condition after collection. Nonetheless, both tests were carried out in 

parallel and testing procedures were conducted accordingly. The average error for % 

GSH of the presented method is ca. 8.6 % while the enzyme assay had ca. 10%. This 

suggests that the results determined by the presented method on real human saliva are 

comparable to the commercially available assay test for glutathione. 

 

 Proposed Methodology a Enzyme Assay Test a 

 
Free 

GSH(µM) 
Total GSH 

(µM) 
% GSH Free GSH 

(µM) 
Total GSH 

(µM) 
% GSH 

Saliva 

sample-1 
9.6 ± 0.9 9.0 ± 1.4 106 ± 10 9.2 ± 1.7 11.4 ± 2.7 81 ± 24 

Saliva 

sample-2 
3.3 ± 1.3 11.1 ± 2.7 30 ± 13 2.3 ± 0.4 11.4 ± 1.4 20 ± 4 

Saliva 

sample-3 
1.0 ± 0.2 15.4 ± 2.9 6 ± 2 1.5 ± 0.3 14.9 ± 1.4 10 ± 2 

a average ± standard deviation (n =3). 

Table 7.11:   Summary of the free and total glutathione in saliva samples from several 
apparently healthy human subjects. 
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7.3.6   Conclusions 

This section concludes the work on thiol quantification using catechol at a 

disposable electrochemical chip. The work herein, describes a simple, fast and easy 

method for determining not only the free reduced glutathione content but also the total 

glutathione content in real human saliva. The application on real human saliva shows 

that the glutathione values and error are analogous to the commercially available 

enzyme assay test. Hence for that reason, this demonstrates a suitable alternative for 

clinicians and/or researchers.  
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Overall summary  

The state-of-the-art methodologies discussed herein were developed for the 

selective electrochemical analysis of cysteine, glutathione, and homocysteine in the 

presence of each other in buffer solution then successfully realized in complex media 

and ‘real’ world samples. The analytical methods are tabulated in Table OS1 and OS2.  

 

Cysteine detection 

For selective cysteine detection, the approaches include techniques such as cyclic 

voltammetry and square wave voltammetry measured at an activated precursor 

modified electrode, CTC-GCE, and a modified nanocarbon composite electrode, CAT-NC-

GCE. The basis for cysteine detection at the activated precursor electrode, CTC-GCE, is 

via electrocatalytic reaction. In order to obtain selective detection, a higher voltage scan 

rate was applied to the electrode to exclude the ortho-quinone reaction with other thiol 

containing molecules, such as homocysteine and glutathione. Then the peak currents of 

the forward and backward peaks are measured to give a ratio corresponding to the 

quantity of cysteine present. The sensitivity for this method at the CTC-GCE is (0.023 ± 

0.001) µM µA-1 with a determined limit of detection ca. (0.6 ± 0.02) µM in a buffered 

system. This system was also tested in complex media, cell tissue culture media, where 

the sensitivity was determined to be (0.031 ± 0.001) µM µA-1 and a limit of detection of 

(0.9 ± 0.02) µM. This system exhibits a potential and novel way to selectively detect 

cysteine using the supramolecule ortho-quinone derivative, CTC. However, the 

analytical parameters may differ with different complex solutions.     
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The next presented case for cysteine determination is at the CAT-NC-GCE via 1,4-

Michael addition reaction. For this electrode, a simultaneous and selective detection of 

both cysteine and homocysteine is possible, in the presence of each other, glutathione, 

and ascorbic acid, as two different adduct peaks emerge at potentials away from each 

other and the parent ortho-quinone peak.  The quantitative evaluation of cysteine using 

square wave voltammetry at the CAT-NC-GCE had a sensitivity of (7.501 ± 0.202) mA 

µM-1 and a determined limit of detection of ca. (5.0 ± 0.04) µM. However, due to the 

porous nature of the nanocarbon, it may adsorb unwanted analytes contained in the 

complex solution. Nonetheless, the thiol determination at this electrode exemplifies the 

possibility of having a simultaneous quantitative detection of two thiols molecules, 

cysteine and homocysteine.  

 

Homocysteine detection 

In addition to selective homocysteine determination at the CAT-NC-GCE, 

homocysteine can also be selectively determined at the CNT-GCE in the presence 

catechol via 1,4-Michael addition reaction in solutions containing other analytes, such as 

glutathione, cysteine, and ascorbic acid. Similarly to the method at the CAT-NC-GCE, the  

methodology at the CNT-GCE in the presence of catechol requires an application of a 

high scan rate during the cyclic voltammetry in order to ‘outrun’ the ortho-quinone 

reaction with glutathione as the corresponding adduct peak potentials are close to each 

other. The homocysteine sensitivity for this system at the CNT-GCE, is (20.1 ± 0.076) nA   

µM-1 with a limit of detection determined to be ca. (0.11 ± 0.20) µM; whereas the 

homocysteine sensitivity at the CAT-NC-GCE is (0.882 ± 0.296) nA nM-1 with a limit of 

detection of ca. (11.0 ± 0.090) nM. The best approach for exclusive detection of 
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homocysteine is with catechol via 1,4-Michael addition reaction at the CNT-GCE. The 

carbon nanotube layers provide a more porous surface to facilitate in the enhanced 

voltammetry and when compared to the nanocarbon material, the CNTs are less likely 

to adsorb unwanted interfering analytes present in the solution. Therefore, the 

methodology at the CNT-GCE with catechol was carried out in such biological samples 

such as cell tissue culture media, human plasma, and synthetic saliva where the 

sensitivity is (2.96 ± 0.021) nA µM-1, (93.7 ± 11.4) nA µM-1, and (13.2 ± 0.42) nA µM-1 

respectively and the limit of detection was determined to be (2.0 ± 0.02) µM, (0.8 ± 

0.4) µM, and (0.9±0.01) µM respectively. It is to be taken note that for the CNT-GCE, the 

exact amount of catechol mediator best suited for each complex solution may differ, 

thus the analytical parameters may change with the quantity of the mediator.  

 

Glutathione detection 

Finally, the best approach for selective glutathione detection is cyclic 

voltammetry carried out at the CNT-GCE with catechol via 1,4-Michael addition reaction 

in the presence of homocysteine, cysteine, and ascorbic acid. This reaction results in an 

analytically useful adduct peak; such that the potential is far from the parent ortho-

quinone peak. A single two-step procedure was developed to suitably quantify 

homocysteine and glutathione selectively in the presence of each other, cysteine, and 

ascorbic acid by using a combination of high and low scan rates. The analytical 

parameters were determined for glutathione using cyclic voltammetry, where the 

sensitivity is (3.50 ± 0.066) nA µM-1 and a determined limit of detection of ca. (0.11 ± 

0.20) µM. This method was then realized in biological samples such as cell tissue culture 

media, human plasma, and synthetic saliva; where the sensitivities are (1.02 ± 0.462) 
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nA µM-1, (39.1 ± 2.22) nA µM-1, and (2.1 ± 0.2) nA µM-1 respectively and the limit of 

detection determined to be (1.0 ± 0.3) µM, (0.8 ± 0.4) µM, and (3.0±0.3) µM 

respectively. Similar to homocysteine detection at the CNT-GCE with catechol, the 

analytical parameters will change accordingly to the amount of catechol utilized.  

 

 



Overall summary 185 

 
 

 



Overall summary 186 

 
 

 



Overall conclusions 187 

 
 

Overall conclusions 

This thesis has addressed several electrochemical methods of detecting thiol-

containing molecules using different derivatives of the ortho-quinone/ hydroquinone 

species. These methods exploit either the electrocatalytic or 1,4-Michael addition 

reaction of the ortho-quinone moiety with the thiol-containing molecule at different 

forms of carbon electrodes. Studies described herein show that for either ortho-quinone 

reactions with thiol-containing molecules, selectivity and sensitivity is feasible with a 

combination of a nanomaterial modified carbon electrode and an electrochemical 

method utilizing variable voltage scan rates.  

Whilst thiol detection is viable via electrocatalytic reaction, both selective and 

sensitive quantification of multiple thiols is better achieved via 1,4-Michael addition 

reaction as the appearance of the new ‘adduct’ peak is analytically useful. The 

assessment of the state-of-the-art concept was carefully executed in buffer, then 

realized in synthetic and real world samples. These results were shown to be analogous 

to the commercially available enzyme test. Commercially available electrochemical 

chips were employed to emphasize the ultimate aim of developing a fast, easy, facile, 

and cheap sensor for selective thiol detection with little to no sample preparation. Thus, 

the reasons and results discussed in this thesis emphasize the potential of this method 

for the biomedical and clinical community as an alternative and simple analytical 

approach. 
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