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Abstract 

Accurate monitoring, whether it be in environmental, clinical, or other context, is a prerequisite for 

maintaining and enhancing the common wellness and functionality of our society. Successful monitoring 

is grounded in the use of reliable sensors which ensure that real-time data reflect -as much as possible- 

the actual conditions. Numerous aspects influence the performance of sensors, including -but not limited 

to- environmental conditions, engineering features, maintenance needs and more, often making the task 

of ensuring accurate sensing quite challenging. The goal of this thesis is to explore some of these issues 

and provide alternative methods that can serve as a foundation for developing better performing sensors, 

with a special focus on the environmental and clinical field.  

Nitrate constitutes a major analyte in the environmental context mainly due to its increased presence in 

the water bodies following the misuse of fertilizers and inadequate management of water resources. 

Potentiometry offers a simple and easy way to monitor nitrate levels using nitrate selective electrodes 

that typically rely their function on ion-exchangers. Despite their widespread use, these sensors often 

lack the desired selectivity and present interfering issues due to the presence of other components found 

in water, such as chloride. To overcome this challenge, nitrate ionophores have been developed and 

commercialized, with the hope of providing the required selective characteristics. Even though several 

studies have dedicated their resources on these compounds, nitrate still remains one of the analytes 

lacking a selective ionophore that can outperform the existing ion-exchangers, as we demonstrate by 

testing two commercially available nitrate ionophores. Apart from the prerequisite of selectivity, a well 

performing ion-selective electrode (ISE) requires a conditioning step prior to its use. This is typically a 

time-consuming procedure and several strategies have been suggested for decreasing the required time 

of conditioning. In this work we propose a method for completely avoiding the need for conditioning 

while maintaining stable potentiometric readings using solid-contact ISEs.  

Transitioning from the environmental to the clinical setting, glucose emerges as another key analyte that 

continues to attract considerable attention. Today, the goal is to measure glucose in-situ with minimally 

invasive sensors that are reliable and affordable, and in view of this trend, the research field has 

experienced a surge of newly developed sensors. The downside of this development is that often there 

is a tendency to prioritize the engineering facets, neglecting the understanding of the fundamental 

working principles behind glucose sensing. As we demonstrate here, these core issues need to be 

carefully examined and addressed to enable the implementation of continuously operating biosensors. 

The majority of glucose sensors currently work in amperometric mode. Despite their popularity, owing 

to their ease of use, amperometric sensors suffer from undesired high charging currents and ohmic 

contributions. To circumvent these limitations, in the last part of this work we present a time-dependent 

potentiometric glucose biosensor with a readout similar to that of chronopotentiometry. The thesis is 

divided into five chapters:  
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Chapter 1: Introduction introduces critical aspects of nitrate and glucose sensing, including an overview 

of the challenges faced by nitrate sensors today and the evolution of glucose sensors over the decades. 

The reader is then navigated to the theory behind membrane electrodes to understand the principles of 

potentiometric response, the essential components of ISEs and other parameters affecting their 

performance. Next, an analysis of the basic concepts behind the operation of bioelectrochemical sensors 

follows, including discussions on the enzymes and mediators employed, the immobilization techniques 

put in place, the enzyme kinetics involved, and the electrochemical methods adopted in this work.   

Chapter 2. Commercially Available Nitrate Ionophores in Potentiometric Sensors Are Not Superior to 

Common Ion-Exchangers examines the commercially available nitrate ionophores V and VI comparing 

their performance with the currently used ion-exchangers using conventional liquid-based ISEs. 

Selectivity coefficients and complex formation constants are calculated with the modified separate 

solution and sandwich membrane methods respectively, followed by few recommendations for 

improving the reporting of similar data in the literature.  

Chapter 3: Unconditioned Symmetric Solid-Contact Electrodes for Potentiometric Sensing presents a 

symmetric setup with identical indicator and reference electrodes measured against each other, achieving 

potentiometric measurements using sold-contact ISEs “out-of-the-box”. The differential measurements 

cancel out all the potential drifts unrelated to the analyte activity giving stable potential readings from 

the first minutes. The symmetric system is then tested with freshwater samples affirming that nitrate 

concentration in river water can be measured using unconditioned ISEs.  

Chapter 4. Avoiding Potential Pitfalls in Designing Wired Glucose Biosensors shifts the discussion on 

the challenges linked to the design of wired glucose biosensors. The case of a biosensor with diffusion 

limited response is used as an example to showcase the delicate relationship between the various forms 

of enzyme “wiring” and the time-dependent amperometric signal produced. In view of the pitfalls 

presented, suggestions for improving glucose biosensor design are provided at the end of the discussion.   

Chapter 5. A novel time-dependent potentiometric glucose biosensor reports on a time-dependent 

potentiometric glucose biosensor based on a two-step procedure, including the oxidation of a redox 

mediator followed by the monitoring of open circuit potential. The transition time reflecting the jump 

of potential due to the changing redox state of mediator is used as the readout and correlated with the 

glucose concentration, yielding a linear relationship. The suggested method presents the advantages of 

rapid response and enhanced reproducibility when compared to the classic amperometry.  
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Resumé 

Un suivi précis, que ce soit dans un contexte environnemental, clinique ou autre, est une condition 

préalable pour maintenir et améliorer le bien-être de notre société. Un suivi réussi repose sur l'utilisation 

de capteurs fiables qui garantissent que les données en temps réel reflètent, dans la mesure du possible, 

les conditions réelles. De nombreux aspects influencent la performance des capteurs, y compris, mais 

sans s'y limiter, les conditions environnementales, les caractéristiques techniques, les besoins de 

maintenance et autres, rendant souvent la tâche d'assurer une détection précise assez difficile. L'objectif 

de cette thèse est d'explorer certaines de ces questions et de fournir des méthodes alternatives qui peuvent 

servir de base pour développer des capteurs plus performants, avec une attention particulière sur le 

domaine environnemental et clinique. 

Les nitrates constituent un analyte majeur dans le contexte environnemental, principalement en raison 

de leur présence accrue dans les masses d'eau à la suite d'une mauvaise utilisation des engrais et d'une 

gestion inadéquate des ressources en eau. La potentiométrie offre un moyen simple et facile pour 

surveiller les niveaux de nitrate en utilisant des électrodes sélectives au nitrate qui reposent généralement 

leur fonction sur des échangeurs d'ions. Malgré leur utilisation répandue, ces capteurs n'ont souvent pas 

la sélectivité souhaitée et présentent des problèmes d'interférences en raison de la présence d'autres 

composants présents dans l'eau, tels que le chlorure. Pour surmonter ce défi, des ionophores de nitrate 

ont été développés et commercialisés, dans l'espoir de fournir les caractéristiques sélectives requises. 

Bien que plusieurs études aient consacré leurs ressources à ces composés, les nitrates restent l'un des 

analytes pour lesquels il n'existe pas d'ionophore sélectif capable de surpasser la performance des 

échangeurs d'ions existants, comme nous le démontrons en testant deux ionophores de nitrate 

disponibles commercialement. Outre la condition préalable de sélectivité, une électrode ionosélective 

(EIS) performante nécessite une étape de conditionnement avant son utilisation. Cette procédure prend 

généralement beaucoup de temps et plusieurs stratégies ont été proposées pour réduire le temps de 

conditionnement nécessaire. Dans ce travail, nous proposons une méthode pour éviter complètement le 

besoin de conditionnement tout en maintenant des mesures potentiométriques stables en utilisant des 

EIS à contact solide. 

Passant du contexte environnemental au contexte clinique, le glucose apparaît comme un autre analyte 

clé qui continue d'attirer une attention considérable. Aujourd'hui, l'objectif est de mesurer le glucose in 

situ à l'aide de capteurs peu invasifs, fiables et abordables, et compte tenu de cette tendance, ce domaine 

de recherche a connu une augmentation du nombre de nouveaux capteurs développés. L'inconvénient 

de ce développement est qu'il y a souvent une tendance à prioriser les facettes d'ingénierie, négligeant 

la compréhension des principes de fonctionnement fondamentaux derrière la détection du glucose. 

Comme nous le démontrons ici, ces questions fondamentales doivent être soigneusement examinées et 

traitées pour permettre la mise en œuvre de biocapteurs fonctionnant en continu. La majorité des 
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capteurs de glucose fonctionnent actuellement en mode ampérométrique. Malgré leur popularité, due à 

leur facilité d'utilisation, les capteurs ampérométriques souffrent de courants de charge élevés et de 

contributions ohmiques indésirables. Pour contourner ces limitations, nous présentons dans la dernière 

partie de ce travail un biocapteur de glucose potentiométrique à dépendance temporelle avec une réponse 

similaire à celle obtenue avec la chronopotentiométrie. Cette thèse est divisée en cinq chapitres: 

Le chapitre 1 présente les aspects essentiels de la détection du nitrate et du glucose, y compris une vue 

d'ensemble des défis auxquels sont confrontés les capteurs de nitrate aujourd'hui et l'évolution des 

capteurs de glucose au cours du temps. Le lecteur est ensuite guidé vers la théorie des électrodes à 

membrane pour comprendre les principes de réponse potentiométrique, les composants essentiels des 

EIS et d'autres paramètres affectant leur performance. Par la suite, une analyse des concepts de base 

derrière le fonctionnement des capteurs bioélectrochimiques est proposée, y compris des discussions sur 

les enzymes et les médiateurs employés, les techniques d'immobilisation mises en place, la cinétique 

enzymatique impliquée, et les méthodes électrochimiques adoptées dans ce travail.   

Le chapitre 2 examine les ionophores de nitrate V et VI disponibles commercialement en comparant 

leurs performances avec les échangeurs d'ions en utilisant des EIS conventionnelles à contact liquide. 

Les coefficients de sélectivité et les constantes de formation de complexe sont calculés avec la méthode 

modifiée de la solution séparée et la méthode de la membrane sandwich respectivement, suivis de 

quelques recommandations pour améliorer la présentation de données similaires dans la littérature. 

Le chapitre 3 présente une configuration symétrique avec des électrodes indicatrices et de référence 

identiques mesurées l'une par rapport à l'autre, réalisant des mesures potentiométriques en utilisant des 

EIS à contact solide "prêtes à l'emploi". Les mesures différentielles annulent toutes les dérives de 

potentiel non liées à l'activité de l'analyte, ce qui permet d'obtenir des lectures de potentiel stables dès 

les premières minutes. Le système symétrique est ensuite testé avec des échantillons d'eau douce, 

démontrant que la concentration de nitrate dans l'eau de rivière peut être mesurée en utilisant des EIS 

non conditionnées.  

Le chapitre 4 aborde les défis liés à la conception de biocapteurs de glucose de type "wired". Le cas 

d'un biocapteur dont la réponse est limitée par la diffusion est utilisé comme exemple pour mettre en 

évidence la relation délicate entre les différentes formes de "wiring" enzymatique et le signal 

ampérométrique généré. Compte tenu des pièges présentés, des suggestions visant à améliorer la 

conception des biocapteurs de glucose sont fournies à la fin de la discussion.   

Le chapitre 5 présente un biocapteur de glucose potentiométrique à dépendance temporelle, basé sur 

une procédure en deux étapes, comprenant l'oxydation d'un médiateur redox suivie du contrôle du 

potentiel en circuit ouvert. Le temps de transition reflétant le saut de potentiel dû au changement d'état 

redox du médiateur est utilisé comme réponse et corrélé à la concentration de glucose, ce qui donne une 
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relation linéaire. La méthode proposée présente les avantages d'une réponse rapide et d'une 

reproductibilité améliorée par rapport à l'ampérométrie classique. 
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Chapter 1: Introduction 

The goal of this chapter is to lay out the scientific concepts discussed in the following chapters. This 

work focuses on two distinct analytes that have drawn significant attention in their respective fields: 

nitrate in the environmental context and glucose in the clinical context. To this end, several aspects 

related to the monitoring of these two analytes are presented, combined with a discussion on the 

electrochemical principles examined during the studies undertaken for this thesis.   

1.1 Nitrate sensing: Challenges of transitioning from the lab to the market  

The accurate monitoring of environmental compounds is crucial for maintaining and enhancing quality 

of life by identifying and addressing potentially harmful chemicals and pollutants. Nitrate is an essential 

ion for supporting life in aquatic systems and a fundamental nutrient to agriculture. The excessive use 

of fertilizers and the overall poor management of our water resources often lead to increased levels of 

nutrients in the water bodies that can cause excessive growth of phytoplankton, eutrophication, elevated 

water turbidity and other concerns, eventually leading to the malfunctioning of aquatic life and 

surrounding ecosystem. In view of these issues, during the last decades there has been a growing interest 

in developing robust analytical devices for nitrate monitoring that are reliable, have a long lifetime and 

require minimal maintenance. 1 

Meeting these criteria altogether has been a challenging task and today commercially available systems 

are still limited in terms of the detection methods employed, with the UV spectrophotometric devices 

still being the preferred choice for nitrate sensing. From this perspective, the goal of this Section is to 

briefly discuss on few aspects of the potentiometric nitrate sensors that limit their applicability and more 

widespread use, which may partly explain why they rarely find their way to commercialization. 

The selectivity aspect remains one of the main concerns, especially with respect to chloride that is 

omnipresent in the aquatic systems. The detection of nitrate with potentiometric sensors relies mainly 

on the use of ion-exchangers that lack the desired selectivity offered (for other ions) by their 

counterparts, ionophores. Today there are no commercially available nitrate ionophores that perform 

better than the existing ion-exchangers, as discussed in Chapter 2. Commercially Available Nitrate 

Ionophores in Potentiometric Sensors Are Not Superior to Common Ion-Exchangers. However, there 

are a few studies that have reported increased selectivity against chloride, performing better than the 

available ion-exchangers. Ardakani et al. used a vanadyl-based compound as nitrate ionophore in a 

mixture of PVC, plasticizer, and a cation exchanger. Using conventional liquid-based ion-selective 

electrodes, they reported a logarithmic selectivity coefficient of -3.6 against chloride (approximately 

one order of magnitude lower compared to ion-exchangers) attributing the better selectivity to the 

possible interaction of anions with vanadyl (IV). 2  In a more recent study, Hassan et al. used solid-

contact nitrate ISEs based on carbon nanotubes, and Nitron (1,4-diphenyl-endoanilino-dihydrotriazole) 

as the main sensing element incorporated in a plasticized PVC-based membrane mixture, reporting a 
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very good selectivity of nitrate over chloride with a logarithmic selectivity coefficient equal to -5.1. 3 

Apart from these limited examples, occasionally one can find in the literature some newly developed 

ionophores that report an enhanced selectivity over nitrate tested with NMR or calorimetry titration 

studies in organic solvents. 4 Unfortunately, the information reported in this context is of limited use 

since the studies performed in the field of analytical chemistry for the determination of selectivity 

coefficients or binding constants are fundamentally different. Another option for circumventing the 

interference from chloride is to use an inline desalination unit coupled to the sensing flow cell. This 

approach has been successfully implemented for the nitrate measurement in seawater exhibiting fast 

response times and good reproducibility, with the additional possibility to use the desalination cell as a 

chloride sensor and salinity detector. 5 Another concern limiting the applicability of ISEs is the leaching 

of membrane components that drastically decreases their lifetime and overall performance. A strategy 

to overcome this is to covalently attach some or all the membrane components to the polymeric matrix. 

Le Goff et al. covalently attached betaine salts to cross-linked polystyrene-based polymers and used 

them as nitrate sensors for the measurement of moorland streams and natural waters with an extended 

lifetime of four months and with a selectivity over chloride similar to the one of ion-exchangers (logK= 

-2.47). 6  

In view of these issues, researchers have explored different electrochemical detection methods including 

amperometry, 7 chronocoulometry, 8 and other voltammetric techniques, 9–11 however, many of the 

developed sensors are still lacking field studies which are indispensable before becoming commercially 

available.  

1.2 Evolution of glucose sensing   

Glucose belongs to those analytes that have been studied, and continue to be studied, with an unwavering 

interest for almost two centuries now. If we attempt to track back the beginnings of the glucose story, 

we find ourselves in 1849, the year when Claude Bernard first demonstrated the presence of sugar in 

blood. 12 For the next half-century or so, different methods for the determination of sugar levels were 

proposed, most of which were either colorimetric or titrimetric, keeping as the main goal and 

requirement to use the smallest possible amounts of blood. 13 To mention a few of the landmark works, 

in 1915, Lewis and Benedict suggested the use of picric acid and sodium carbonate which, in presence 

of glucose and upon heating, gave a characteristic red color. 13 Four years later, Folin and Wu suggested 

the replacement of picric acid by the addition of a phenol reagent to a copper solution that reportedly 

gave a more intense and stable color. 14 Then, in 1923 Hagedorn and Jensen suggested the use of 

potassium ferricyanide which is reduced to ferrocyanide upon heating in alkaline solutions with specific 

reducing substances. 15 As reported by Hanes C.S. the advantage of replacing copper by ferricyanide was 

the elimination of the influence of oxygen on the reduction reaction in the latter case. 16  
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The shift from the use of reducing agents to the use of enzymes takes place in the next two decades. 

Glucose oxidase (GOx), initially described and named as notatin, is one of the main protagonists in the 

field. It was discovered by Muller in 1928, who demonstrated that the enzyme catalyzes the oxidation 

of glucose to gluconic acid by molecular oxygen. 17 A decade later, Franke et al. using a more purified 

product showed that hydrogen peroxide was formed in the process from the reduction of oxygen. 18,19 In 

1948, Keilin & Hartree estimated the glucose levels in blood plasma and studied the kinetics of glucose 

oxidase using a manometric method 20 and shortly after, Bentley & Neuberger reported another detailed 

study on the mechanism of its action. 21 Moving a decade forward, the next advancement in the field 

came from the introduction of continuous flow and automated procedures leading to repetitive analyses 

and more sensitive measurements. Malmstadt and Hicks, 22 and later, Blaedel and Hicks 23 developed 

automatic systems based on the classic colorimetric approach where glucose was oxidized by glucose 

oxidase forming hydrogen peroxide which then reacted with peroxidase and a dye to form a colored 

product. The latter study made it possible to analyse 15 samples per hour with a response time of less 

than 3 minutes. At the same time, different spectrophotometric and fluorometric methods based on the 

enzyme glucose dehydrogenase were promoted as an alternative that could offer less susceptibility to 

interferences. 24–27 Despite their widespread use, the systems based on colorimetric procedures suffered 

from fluctuations of calibration curves from day to day, unstable colored products and interferences by 

other redox processes originating from the used dyes. 28  

Electrochemistry on the frontline 

In the meantime, the study of enzymatic methods that were not based on spectrophotometry was already 

underway. This progress was promoted partly by the recent advances in the continuous measurement of 

oxygen and carbon dioxide pressure and pH in the blood. 29–31 Therefore, many of the subsequent 

published works were based on the monitoring of the pH changes or the consumed oxygen originating 

from the enzymatic action. In 1962, Clark and Lyons reported an enzyme electrode system with glucose 

oxidase entrapped between two membranes and a pH electrode that could successfully correlate the pH 

drop observed from the oxidation of glucose to its concentration. The most known application of this 

system which led the way for the development of the first glucose biosensors used a pO2 electrode 

(widely known as Clark oxygen electrode) and an oxygen permeable membrane incorporating glucose 

oxidase that allowed the measurement of glucose levels based on the oxygen consumed during the 

enzyme-catalysed oxidation of glucose. 31,32 In 1967, Updike & Hicks reported the first electrode with 

immobilized glucose oxidase in acrylamide gel, polymerized over an oxygen electrode. 33 Up until the 

1970s, using amperometry to measure the concentration changes in pH, oxygen, hydrogen peroxide or 

products of the latter (e.g. ferrocyanide oxidized by the generated hydrogen peroxide) and relate those 

changes to glucose was the focus of most of the studies published. 28,34–39 Meanwhile, potentiometry also 

found some applications in the field, which were inspired by the introduction of precision null-point 

potentiometry in the late 50s. 40,41  



13 
 

From the first to the second generation of glucose biosensors 

When glucose oxidase is the principal enzyme used, oxygen plays the vital role of electron acceptor in 

the enzymatic reaction and hydrogen peroxide is the main product. The sensors relying on this principle 

belong to the first-generation glucose biosensors. The dependence on oxygen can become problematic 

when fluctuations in oxygen tension or stoichiometric limitations arise, which lead to alterations in the 

sensor response and the detection limit. One way to address this is to use mass transport limiting 

membranes that can adjust the flux of oxygen and glucose. The use of enzymes that do not require 

oxygen as the electron acceptor (e.g. glucose dehydrogenase) offers another possibility for oxygen 

independence. Another way is to use alternative compounds that can act as electron acceptors. 42 The 

study of such compounds for the enzymatic glucose oxidation started about 50 years ago. In 1970, 

Williams et al. reported an electrode system replacing oxygen by benzoquinone, which enabled the 

glucose measurements by monitoring the electro-oxidation of hydroquinone. 39 Few years later, 

Schlapfer et al. examined ten additional electron acceptors, including 2,6-dichlorophenolindophenol, 

pyocyanine, methylene blue and hexacyanoferrate(III). As with the study of Williams et al., these 

compounds were not bound or entrapped on the electrode, but added in the sample solution so they could 

diffuse through the semipermeable membrane that separated the enzyme from the bulk solution. Among 

the examined electron acceptors, hexacyanoferrate(III) showed the most satisfactory accuracy for the 

measurement of blood glucose in the clinical and research context. 43 These early investigations built 

the basis and led to the emergence of the so-called second-generation glucose biosensors, which rely on 

either immobilized or freely diffusing electron mediators able to reduce/oxidize the active redox center 

of the enzyme and shuttle the electrons to the electrode’s surface and back. During this process, the 

mediator is cycled between its oxidized and reduced form while competing with the other available 

substrates (such as oxygen). In 1984, Cass et al. published a study on a second-generation glucose 

electrode based on ferrocene deposited on a graphite electrode with immobilized glucose oxidase 

covalently bound on top. 44 In 1987, this study brought to the market the first mediated amperometric 

glucose biosensor for use at home by a start-up company with facilities in the USA and the UK. The 

start-up was initially called Genetics International, later MediSense, before it was eventually bought by 

Abbott Laboratories in 1996. 45 From this time onwards, glucose biosensors incorporating electron 

mediators capture the research and market scene.  

The wired enzyme 

The study of electron transfer between enzymes and electrodes was well underway already from the 

1980s, leading to more in-depth investigations on the electronic coupling between the active sites of the 

redox enzymes and the electrode surface. In most cases, the enzymes cannot exchange electrons with 

the electrode on which they are adsorbed because their active sites are located far from the electrode 

surface, making them electrically inaccessible. These sites are surrounded by the enzyme’s glycosylation 

shell, which protects against the random electron exchanges that may happen and stabilizes the enzyme’s 



14 
 

structure. For the enzymatic catalysis to take place, part of this protective casing needs to be either 

exposed or modified with other redox compounds that will act as “electron relays” between the enzyme 

and electrode. 46 The concept of modifying the electron mediator to covalently attach it on the enzyme 

gained particular attention during this decade and was marked by the important work of Heller et al. and 

other researchers working on various ferrocene derivatives. More specifically, in 1984, Hill et al. 

reported the attachment of ferrocene monocarboxylic acid to lysine residues of glucose oxidase. 47 Later 

on, Deganni and Heller extended the work to incorporate other enzyme residues and ferrocene 

derivatives, further demonstrating the idea that attaching electron relays to the enzymes is a successful 

way of establishing a direct electrical communication between the latter and the electrode. 48,49 These 

were the first attempts of “wiring the enzyme”, as was later described by Heller in 1990. 46 Further 

studies on the stability, kinetics and enzyme activity of the modified glucose oxidase with ferrocene 

followed 50–52 while other compounds that could act as redox mediators were also under examination. 
53,54 In the meantime, concerns on the long-term stability of similar sensors 55 urged the field to search 

for more efficient ways to maintain the sensing components in place and minimize leaching from the 

sensing layer.  

In the ideal case, the enzyme and mediator should remain immobilized in a matrix that can also function 

as an electron-conducting relay. One solution came by the introduction of redox polymers that can meet 

both requirements. Redox polymers, i.e. polymers containing groups that can be reversibly reduced or 

oxidized, had already attracted attention from the late 70s for various applications, 56–59 but their coupling 

with enzymes, which marked the field of bioelectrochemistry and the development of biosensors, came 

somewhat later. In 1989, Heller et al. reported a covalently bound glucose oxidase on a polycationic 

redox polymer that could maintain fast electron transfer rates using osmium containing 

poly(vinylpyridine) (PVP) polymer enzyme complexes for the electrical contact between electrode and 

enzyme. 60 Shortly after, they published an optimized method with cross-linked PVP films that contained 

the covalently bound enzyme, offering a faster and simpler immobilization method that could be applied 

in a number of enzyme applications. 61 Additional studies with different redox polymers (e.g. siloxane, 

polypyrrole) were also reported soon after. 62–67 Today, several redox polymers have been studied (e.g. 

methacrylates, acrylamides, linear or branched poly(ethylenimines) and poly(vinylalcohols)) in a wide 

range of applications covering the fields of bioelectrocatalysis, biofuel cells, biosupercapacitors, 

biophotoelectrochemistry and biosensors. 68  

Amperometric glucose biosensors 

The most significant application of the redox polymers is in amperometric biosensors that monitor the 

levels of various analytes in the human body. 69 Glucose biosensors particularly have seen a significant 

growth after the introduction of enzyme-wiring electron-conducting materials, with many 

commercialized products exhibiting enhanced sensitivity and low detection limits, as in the case of the 

Accu-Chek test strips by Roche. 70 Today, the goal is to perform glucose detection online, in situ, 
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continuously, at low cost, with high sensitivity and reliability. For this end, along with the traditional 

blood-based biosensors, many studies on non-invasive systems that target alternative biofluids, such as 

tears, saliva, sweat and urine have been developed where the glucose levels can be correlated to those 

in blood. 71,72  

1.3 Membrane electrodes 

1.3.1 Origin of the potentiometric response 

Membrane electrodes, which form the basis of this thesis, belong to the more general class of electrodes 

known as Ion-Selective Electrodes, abbreviated as ISEs. The origin of ISEs can be traced back to 1906 

with the development of the pH-sensitive glass electrode by Max Cremer, which led to the first 

commercial pH glass electrode about two decades later. 73,74 Today, we can categorize ISEs into three 

groups depending on the material used: (i) glass electrodes, which were the earliest type of ISEs 

developed, (ii) solid-state ISEs, made of soluble salts of the ion under examination, and (iii) polymer 

membrane ISEs, which rely on the use of ionophores and/or ion-exchangers and can be further 

categorized in liquid- and solid-contact electrodes. 75 

In its simplest form, a membrane electrode is used to determine the activity of a specific ion of interest 

in the presence of other ions found in the same aqueous solution. Such an electrode, also known as 

indicator electrode, functions as a galvanic half-cell comprised of an ion-selective membrane, an inner 

solution (in liquid-contact ISEs) or a solid-contact material (in solid-contact ISEs) and an internal 

reference electrode, all of which are enclosed within a single casing. The second half-cell that completes 

the electrochemical system is an external reference electrode immersed in a reference electrolyte, while 

the connection between the two is established with a salt bridge that is typically found in the reference 

electrode. 76 

 
Figure 1.1: Two-electrode electrochemical cell with conventional liquid-contact ion-selective electrode 

The potential difference across the cell is measured according to the potentiometric principle which 

requires the measuring current to be as low as possible. This is accomplished using a voltmeter that 
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works under high ohmic resistance. The measured electrical potential, commonly known as 

electromotive force (EMF), is the sum of all individual electrical potentials that arise between the solid-

solid, solid-liquid and liquid-liquid interfaces in the cell, some of which being sample-dependent and 

others sample-independent.  

Two key aspects for the development of successful ISEs are to ensure that (i) the activity of the target 

ion in the membrane phase is constant and independent of the sample composition, and (ii) all potential 

contributions to the measured EMF are also independent of the sample, except for the phase boundary 

potential developed at the interface of the sample and the ion-selective membrane. When these two 

conditions are met, the activity of the analyte ion in the membrane phase can be combined with the rest 

sample-independent potential contributions into a single term (E0) and the potential of the ISE (EM) 

against the reference electrode can be described by the Nernst equation 77: 

     (1.1) 

where aI and zI the activity and charge of the analyte ion, F the Faraday constant, R the gas constant and 

T the absolute temperature.  

The Nernst equation predicts that a ten-fold increase in the activity of ion I will result in a 59.2 mV/zI 

increase in the EMF (25 oC). In the case of interfering ions arising from the presence of different 

electrolytes in the sample, the potential of the cell can be approximated by the Nicolskii-Eisenman 

equation 76:  

   (1.2) 

where aJ the activity of the interfering ion in the solution and KIJ
pot the selectivity coefficient (Nicolskii 

coefficient).  

To determine the important components for the fabrication of an ISE membrane, we need first to 

understand the origin of the phase boundary potential developed at the interface of the membrane and 

the sample. Let’s look at the case of a hydrophobic (water-immiscible) solution in contact with an 

aqueous phase. When the two solutions are brought in contact, the requirement for electroneutrality will 

impose a balance between the positive and negative charges in the bulk of the two phases. Meanwhile, 

the concentration of the same ion in the organic and aqueous phases will be different, depending on the 

energy of solvation of the ion for each phase. At the vicinity of the phase boundary between the two 

phases, the different nature of the positive and negative ions will manifest themselves resulting in an 

imbalance of the cationic and anionic charges at the interface. This local charge separation is the origin 

of the phase boundary potential that will manifest in a similar way in the case of a hydrophobic 

membrane when brought in contact with an aqueous sample solution. Since the response of an ISE 
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depends on ion movements that extend only at the nanoscale, they are characterized by fast response 

times. In addition, the fact that they are largely independent of ion fluxes and currents, gives them the 

additional advantage of being unaffected by components that may adsorb onto their surface and 

potentially deteriorate their response. 74 

1.3.2 Essential components of ion-selective membranes  

As discussed above, the phase boundary potential developed at the interface between the sample and 

membrane depends heavily on ion-exchange processes between the two phases. To fulfil the condition 

of keeping constant the activity of the targeted ion in the membrane, which is a prerequisite for the 

establishment of a Nernstian response, ionic sites (also known as ion-exchangers) are added to the 

membrane. For an anion-selective membrane, a typical ion-exchanger will be a bulky lipophilic cation 

accompanied by a hydrophilic anion. Thanks to its lipophilic nature, the former will be retained in the 

membrane and will determine the activity of the primary anion in that phase, while preventing the 

transfer of counter ions to the membrane phase via the Donnan exclusion effect. Typical examples of 

anion- and cation- exchangers are shown in Figure 1.2.  

 

Figure 1.2: Examples of ion-exchangers: potassium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 
(KTFPB), tridodecylmethylammonium chloride (TDMACl) and potassium tetrakis(4-
chlorophenyl)borate ion-exchanger (KTCPB) 

ISEs relying solely on ion-exchangers are not highly selective since the transfer of the targeted ion to 

the membrane will essentially depend on its free energy of hydration based on the Hofmeister series. 78 

For this reason, whenever available, ionophores, compounds capable of selectively complexing with the 

targeted ion, are added. A great number of cation-selective ionophores selective was already available 

by the end of 90s, but the development of new compounds has seen a drastic decrease during the last 

decades. The trend is even more prominent in the case of anion-selective compounds, which have 

traditionally been harder to synthesize partly because of the low affinity of hydrophilic anions to the 

non-polar membrane phase. 79 The synthetic pathways employed for the development of cation-and 
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anion-selective ionophores differ from each other. In the former case, the cation-dipole interactions are 

favored, while in the latter other interactions between the anion-ionophore are preferred, including 

hydrogen bonding, metal coordination and covalent bonding. Strategies for tailoring the interactions 

between anions and hosts for the development of anion-selective ionophores are discussed in Chapter 

2. Commercially Available Nitrate Ionophores in Potentiometric Sensors Are Not Superior to Common 

Ion-Exchangers.  Figure 1.3 presents a few examples of anion- and cation- selective ionophores used 

today.   

 

Figure 1.3: Examples of ionophores: hydrogen ionophore I, nitrite ionophore VI, potassium ionophore 
III, calcium ionophore IV, carbonate ionophore VII. 

The selectivity attributed to the presence of ion-exchangers or ionophores is described by the selectivity 

coefficient (KIJ
pot).  
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Figure 1.4: Separate solution method (SSM) and fixed interference method (FIM) for the calculation of 
selectivity coefficient 

There are two principal methods for its calculation, the separate solution method (SSM) and fixed 

interference method (FIM) that both require that the measured ions exhibit Nernstian slopes (Figure 

1.4). In SSM, the examined ions are measured in two separate solutions and the coefficients are 

calculated from the observed EMF value of each solution using eq. 1.3.  

     (1.3) 

In FIM, a single solution is used containing a fixed concentration of the interfering ion. The whole 

calibration curve is measured for the primary ion and the linear segment of the curve is extrapolated 

until it intersects with the potential of the interfering ion. The selectivity coefficient is then calculated 

with eq. 1.4.    

    (1.4) 

Both ionophores and ion-exchangers are incorporated within polymeric inert matrices, which were 

introduced in the membrane making process already from the 1970s. Among them, poly (vinyl chloride) 

(PVC) is still one of the principal polymeric matrices used. The main motivation for replacing the porous 

supports infused with ionophore solutions that were initially used, was the increased mechanical stability 

and resistance to pressure offered by these newly introduced polymeric materials. 74 Other important 

parameters are the immiscibility with water, minimal swelling, sufficient solubility of the membrane 

components as well as the possession of an amorphous structure and a glass transition temperature 

sufficiently low that will enable the free movement of ions in the membrane. 80 The accomplishment of 

the above requirements is often achieved with the addition of plasticizers, examples of which are shown 

in Figure 1.5 together with the typical polymeric matrices employed today.  
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Figure 1.5: Examples of plasticizers, 2-Nitrophenyl octyl ether (NPOE), bis(2-ethylhexyl) sebacate 
(DOS) and bis(2-Ethylhexyl)Phthalate (DEHP), and of polymeric membrane materials. 

 

1.3.3 Ion-to-electron transduction via solid-contact materials  

In solid-contact ISEs (sc-ISEs), the inner solution and reference element are replaced by a solid ion-to-

electron transducer and an electrically conducting material (Figure 1.6). The motivation for switching 

to solid-contact materials comes down to the inherent problems linked to the inner filling solution of the 

conventional ISEs. These include the constant need for maintenance to avoid the drying of solution, the 

careful orientation of the electrode, the insufficient resistance to pressure and the effect of temperature, 

to name a few. In addition, many agree that the biggest quality of sc-ISEs is found in their ability to be 

part of microfabrication technologies, which can lead to cost-effective mass production. 81  

 

Figure 1.6: Conventional liquid-contact ISE (a) and solid-contact ISE (b) (adapted from 79) 
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The very first attempts to develop such electrodes date back in the early 1920s, with the development of 

the first glass electrode with solid internal contact made from an alkali metal. 82 Despite successfully 

achieving the transition between the electronic and ionic conductivity, the electrode did not find wider 

use due to safety concerns linked to the explosive nature of the materials used. In the following decades, 

several other solid-based systems were developed, including electrodes with solid crystal membranes 

and PVC-based ones, among which, the “coated-wire electrodes” (CWE) found extensive use. In CWEs 

the polymeric ion-selective membrane is directly applied on a metal wire. One of the first attempts to 

eliminate the internal solution applying this approach came by Freiser and Cattrall, who coated a 

platinum wire with a PVC membrane cocktail containing calcium didecylphosphate in dioctylphthalate 

to develop a calcium-responsive electrode. 83 Although the potential stability was not great, with the 

instabilities attributed to the interface between wire and membrane, these and similar findings from 

earlier studies 84,85 stimulated the research and development for more efficient solid-contacts.  

Today, a wide range of materials has been tested in terms of their ability to act as ion-to-electron 

transducers, including several conducting polymers (e.g. poly(3-octylthiophene), poly(3,4-

ethylenedioxythiophene), polyaniline, polypyrrole), carbon-based nanomaterials (e.g. carbon 

nanotubes, graphene, fullerene) and more. 86 Solid-contact transducers should possess both redox and 

ion-exchange properties to successfully establish the electrical connection between the electron-

conducting solid support and a liquid-based ion selective membrane. This is a challenging task and many 

reported sensors suffer from potential drifts and poor reproducibility. One of the problems often 

encountered is the transport of small interfering molecules across the membrane (e.g. H2O, CO2, O2). 

For example, the introduction of a water layer between the membrane and the solid-contact has been 

well documented and constitutes one of the main factors contributing to potential drifts. Another issue 

is that many of the developed materials are sensitive to either temperature, light or oxygen, often leading 

to electrode malfunctions and important discrepancies between the reported E0 values. Lindner & 

Gyurcsányi describe in detail these issues in their thorough review on the quality standards and testing 

protocols for evaluating the performance of sc-ISEs, which also includes the discussion of common 

misconceptions and opposing viewpoints when reporting on the performance of sc-ISEs. 81  

Several aspects should be taken into consideration for the rational design of sc-ISEs. 87 Obtaining a 

reproducible E0 value and stable EMF response remain the two major goals. Among the strategies tested 

for achieving E0 reproducibility is the application of a potential or current and the short-circuiting of 

ISEs, 88,89 the use of well-defined redox buffers either alone or in combination with e.g. carbon-based 

materials, 90,91 and the careful selection of the electron-conducting substrate. 92 The stability of EMF 

response can be improved by preventing the uptake of water within the membrane choosing polymeric 

matrices that absorb only small amounts of water and solid-contact materials that are hydrophobic. This 

is particularly important for conducting polymers which often incorporate an excess of salt from the 

doping process that contributes to the formation of water layer. Conversely, carbon-based materials are 
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less affected by water uptake thanks to the hydrophobic nature of carbon. The choice of solid contacts 

with increased redox or double layer capacitance offering a large interfacial surface between the 

membrane and solid-contact is also crucial since materials with low redox capacity will be rapidly 

depleted even by the presence of very low measurement currents, resulting in undesired potential drifts. 
80,87 In addition, efforts to minimize the leaching and decomposition of membrane components have 

been realized through the covalent bonding of plasticizers to the PVC polymeric matrix offering a 

convenient solution to the problem of plasticizer migration. 93 Finally, mechanical failures stemming 

from the decreased size of sc-ISEs should not be overlooked. As the sensor decreases in size, the risk of 

delamination and the formation of pinholes across the thin sensing membrane increase, which can 

eventually lead to the complete breakdown of response. 81,94 

1.3.4 Other parameters affecting sc-ISEs performance 

In the above section we discussed the importance of reproducible E0 value and stable EMF response for 

the development of successful ISEs. Here we will extend the discussion to other important parameters 

affecting their performance and examine some strategies employed to improve the performance.   

To ensure a stable signal, ISEs need to be conditioned for a sufficient amount of time in order to hydrate 

and saturate the sensing membrane with the analyte ions of interest. When immersed in the conditioning 

solution, the sensor manifests a potential drift which is mainly attributed to the ion-exchange processes 

taking place between the sample and membrane and the resulting water uptake within the membrane 

and transuding material. Longer conditioning times have shown to improve the detection limit of ISEs, 
95 which is another important consideration that will be examined next. As expected, the time of 

conditioning will be also affected by the properties of the membrane, with thicker membranes needing 

more time than thinner ones. 96 As will be discussed in Chapter 3: Unconditioned Symmetric Solid-

Contact Electrodes for Potentiometric Sensing, avoiding the time-consuming conditioning step while 

maintaining the desired potential stability is possible by using a symmetric setup with identical indicator 

and reference solid-contact ISEs measured against each other. 97 By reducing the time of conditioning 

or even avoiding it completely, the risk of water layer formation between the sample and transducer is 

also decreased and the potentiometric measurement can take place in a faster time frame.  

The detection limit is another parameter determining the performance of ISEs. The lower and upper 

detection limits that characterize every ISE are found at those activity levels where the electrode loses 

sensitivity towards the primary ion and its response becomes non-Nernstian (Figure 1.7). Ideally, the 

low detection limit can be calculated from the selectivity coefficient as follows:  

    (1.5) 
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Figure 1.7: Definition of upper and lower detection limit 

At low primary ion activity, the deviation from Nernstian response can be attributed either (i) to 

interfering ions present in the sample, or (ii) to the alteration of the interfacial sample activity by the 

continuous release of small amounts of primary ions from the membrane to the sample, rendering the 

electrode insensitive to changes of primary ion activity in the bulk of the sample. 77 In conventional 

ISEs, transmembrane ionic fluxes from the inner solution to the sample can dictate (by deteriorating) 

the lower detection limits. Once the research community came to this realization in the mid-90s, 

strategies targeting the minimization of such fluxes were put in place, achieving a significant decrease 

of the lower detection limits from the millimolar to the picomolar level. 98 One would imagine that since 

sc-ISEs lack the internal solution, their detection limits would be superior to the ones from conventional 

ISEs. However, both types of ISEs give similar detection limits, which has been attributed to 

contaminations arising from the membrane itself. 99  

Successful approaches that have been employed for lowering the detection limits of ISEs include the 

incorporation of primary ion-complexing agents within the solid-contact material to minimize the 

migration of primary ions from the membrane to the sample 100,101 and the use of highly lipophilic 

conducting polymers (poly(octylthiophene)) as ion-to-electron transducers combined with polymeric 

membranes (poly(methyl methacrylate)/poly(decylmethacrylate)) of low diffusivity. 102 In cases where 

the use of the conventional PVC polymer matrix is preferred, the increase of PVC in the cocktail 

membrane from 33 % (typical concentration used) to 40-50 wt% is suggested for significantly improving 

the detection limit while maintaining the desired mechanical properties. 103 Elaborate pretreatment 

protocols have also successfully resulted in the desired low detection limits. A long conditioning step in 

a significantly low concentration of the primary ion has worked remarkably well for a broad range of 

cations achieving detection limits at the nanomolar level. 104,105 Another approach which involves a 

drastically shorter pretreatment time is the conditioning of ISEs in a solution containing an excess of the 

ionophore. During the short conditioning step, the lipophilic ionophore complexes with the primary ions 

found at the sample-membrane interface and migrates into the membrane due to its lipophilic nature. 

This results in a decrease of primary ions in the sample and the minimization of the undesired ion fluxes. 
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This approach was tested with carbonate-selective electrodes in artificial seawater matrix achieving 

detection levels at the picomolar level. 106 

1.4 Bioelectrochemical sensors 

The main function of a biosensor is to couple a biologically active compound to a transducer that can 

translate the physicochemical changes undergone at the compound to an output signal. Depending on 

the type of transducer used, biosensors are divided into optical, piezoelectric, calorimetric, and 

electrochemical ones. 107 In this work, we are examining the last category of biosensors which often 

constitute the most preferred choice for being fast, easy to manipulate and affordable. In addition, the 

discussion is limited to the use of enzymes acting as biologically active compounds, omitting references 

to bacteria or other redox-active proteins that do not have catalyzing properties. Finally, particular 

attention is given to the redox mediated systems, which have been introduced in Section 1.2 and 

employed in the studies presented in the following chapters.  

1.4.1 Enzymes and redox mediators 

Enzymes are nature’s catalysts and facilitate a wide range of intricate reactions in living organisms 

through their unique catalytic properties. Among them, oxidoreductases are probably the most 

frequently used enzymes in electrochemistry thanks to their high selectivity for their substrate and their 

ability to retain their activity under ambient temperature and close to neutral pH. The main goal of 

enzymes coupled with electrodes is to enable the electron transfer from the surface of electrode to their 

redox-active site (and vice versa) establishing a link between the two, which is also known as “electrical 

wiring”. 108 Redox enzymes typically used in biosensing applications consist of the apoenzyme, a 

proteinaceous component that is enzymatically inactive, and the cofactor, a small non-proteinaceous 

compound that is electroactive. The cofactor is responsible for establishing the electrical communication 

between the enzyme’s active site and the electrode and can stay bound to the enzyme or be liberated 

during the enzymatic reaction. Examples of cofactors are flavin adenine dinucleotide (FAD), 

pyrroloquinoline quinone (PQQ) and nicotinamide adenine dinucleotide (NAD). 109 The latter, NAD+ 

(NAD in its oxidized form), which is found in certain reductases or dehydrogenases is an example of a 

cofactor that is loosely bound, or completely unbound from the enzyme backbone. The active sites of 

enzymes can be found buried within the enzyme’s structure or at the edge of their scaffold. In the second 

case, a direct electron transfer (DET) between the enzyme and electrode can take place. As expected, 

the enzyme orientation is of crucial importance. Sensors based on enzymes that can perform DET belong 

to the third-generation biosensors. 110 The major downside of the convenient DET process is that few 

enzymes possess this ability and glucose oxidase, which is used in this work, is not one of them 111,112 

even though this has been a subject for debate since a long time.  The supporters of the idea that GOx 

can perform DET base their arguments on the presence of the reductive current typically found around 

the potential window of the FAD (cofactor of GOx) which transitions to the “less reductive” currents in 
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the presence of glucose, leading to increased current readings. However, it is increasingly accepted that 

the FAD redox response originates from its dissociation (from GOx) and adsorption on the electrode 

surface, while part of the active GOx remains attached to the electrode. In this case, the observed 

reductive current comes from the reduction of oxygen by the electrode, while upon addition of glucose 

in the system oxygen is consumed by the enzyme and thus, less it becomes reduced at the electrode. 113 

Despite its inability to perform DET, glucose oxidase presents some advantages compared to its 

counterparts, namely a good thermostability, a low redox potential (-420 mV vs Ag/AgCl at pH 7.4) and 

a high specificity for glucose. On the downside, the production of hydrogen peroxide can be harmful for 

the enzyme, while the competition for electrons between oxygen and redox mediators and the placement 

of active redox centre in the enzyme that are far from the electrode surface can affect the electron transfer 

rates. 114  

When the enzyme’s active site is not easily accessible for electron transfer, artificial electron transfer 

compounds, known as redox mediators, can be used as “electron relays” to electrically “wire” the 

enzyme and electrode surface. These are typically low molecular weight redox couples that are either 

immobilized or freely diffusing where the enzyme is located. Examples of such compounds include 

ferrocene, tetrathiafulvalene (TTF), conducting salts, quinones and the ferricyanide/ferrocyanide couple, 

among others. 107 As briefly discussed in Section 1.2, these redox compounds perform the mediated 

electron transfer (MET) between the enzyme and electrode usually within a redox polymer that is 

housing all the essential components for the enzymatic catalysis, bringing in proximity the enzyme, 

redox couple, and electrode. This typically results in increased current densities that are crucial for the 

successful development of enzyme biosensors. Another advantage of using redox polymers is the 

possibility to act as a protecting environment for e.g. enzymes that are sensitive to oxygen, a feature 

which has significantly increased the popularity of these polymers for their use in new directions. 115   

Despite the plethora of available redox couples, the compounds intended to be used as mediators have 

certain prerequisites that are not always easy to fulfil. Ideally, they should interact rapidly with the 

enzyme to minimize competition from oxygen. They should have chemically stable reduced and 

oxidized forms, be insoluble in the aqueous phase to minimize leaching, have good electrochemical 

characteristics and reversible heterogeneous kinetics and be non-toxic. Possessing the above properties 

altogether is not common among the existing mediators while the omnipresent oxygen may also 

participate in the oxidation of the enzyme’s sites despite the use of the mediator, thus reducing the 

accuracy of measurements. 42,107 Nevertheless, even if the perfect electron mediator were to be found, a 

successful electron transfer between enzyme and electrode is not always given. A key element in this 

regard is the positioning of the enzyme’s active sites and the attachment of the mediators and enzymes 

on the electrode surface.   
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1.4.2 Immobilization techniques 

For all practical purposes, the enzyme, as the main sensing component of the biosensor, should remain 

anchored at the proximity of the electrode surface. There are three main methods for enzyme 

immobilization: (i) adsorption, which relies heavily on the charge and polarity of the enzyme and 

typically results in a milder immobilization effect, (ii) cross-linking, which provides increased stability, 

but often to the detriment of decreased enzyme activity, and (iii) entrapment within a polymer, which is 

usually done by polymerizing the monomer or small polymer unit around the enzyme. Overall, before 

choosing the best immobilization strategy, factors that should be considered include the enzyme size, 

polarity and charge, the protein’s surface groups, and the enzyme’s ability to withstand the potentially 

harsh environment of immobilization that is particularly relevant in the case of cross-linking. 116,117  

1.4.3 Enzyme kinetics and key considerations 

The activity and kinetics of enzymes catalysing redox reactions can be measured electrochemically and 

described mathematically by expressing the relationship between the rate of reaction and concentration 

of reactants. Through the mathematical description of reaction kinetics one can qualitatively understand 

how the examined system works and quantitatively determine its rate constants. The earliest attempts of 

studying enzyme kinetics came by Victor Henri in 1903 who first reported that enzyme reactions begin 

with a bond formation between the enzyme and its substrate. 118 Work towards this direction was 

followed by Michaelis and Menten who were studying enzymes catalysing the hydrolysis of saccharose. 
119 These studies built the foundations of what we know today as the Michaelis-Menten equation:  

      (1.6) 

where v the initial velocity of the enzyme reaction, [S] the substrate concentration, Km the Michaelis 

constant (which is equal to the substrate concentration when the rate is half of the maximum velocity) 

and vmax the maximum velocity rate at saturating substrate concentration. 

 

 
Figure 1.8: Michaelis-Menten (a) and Lineweaver-Bruk (b) plots  
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The Michaelis-Menten method is the best-known kinetic model to predict enzyme activity when simple 

and straightforward kinetics can be assumed. In Figure 1.8a, a typical Michaelis-Menten plot is shown 

where the measured reaction velocity v is plotted against substrate concentration S. The reaction 

velocities are calculated from separate experiments where the product formation rate over time is 

measured for different substrate concentrations. The resulting v-S plot can then be fitted to the 

Michaelis-Menten model for obtaining the desired kinetic information.  For an easier interpretation of 

the results, the Lineweaver-Burk model is typically used to retrieve the vmax and Km parameters from the 

following equation:  

     (1.7) 

For the electrochemist, a more practical description of the model can be given by plotting the peak 

current Imax measured at different substrate concentrations, instead of the velocity. This analogy is 

generally accepted given that a proportional number of electrons is released per substrate molecule 

during the enzymatic reaction. 120 Ideally, the equation can then take the form:  

      (1.8) 

 

v Key considerations before applying the Michaelis-Menten model.  

Undoubtedly, the Michaelis-Menten model holds a historical significance and continues to be a very 

useful tool in the study of enzyme kinetics. However, it is important to bear in mind that not all enzymes 

follow this kinetic model. First and foremost, the experimental data should guide our conclusions on 

whether the model can be applied, paying attention to discrepancies from theory which can be due to 

substrate inhibition, for example. As with all scientific models, the Michaelis-Menten equation stems 

from certain assumptions and conditions made during its formulation which should hold for any system 

examined. Two of these conditions are that the kinetic data used are derived from initial velocities, and 

the total enzyme concentration is very small compared to the total substrate concentration. 

Another important consideration is the knowledge of the rate-limiting process controlling the response 

of the system. This is particularly relevant in the case of immobilized enzymes and other membrane 

components, which may introduce diffusion limits to the system and shift the electrochemistry from 

being enzyme-limited to diffusion-limited. A description of the rate-limiting steps controlling the 

conversion of substrate (glucose, in our case) is given in Chapter 4. Avoiding Potential Pitfalls in 

Designing Wired Glucose Biosensors. The use of diffusion limiting membranes is very common during 

the preparation of biosensors due to the advantages they offer, including increased stability of the 

membrane components, elimination of interferents, and more. In these electrodes, ideally the current is 

limited by the diffusion of substrate across the membrane. However, in special conditions, for example 
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when the enzyme is lost by denaturation, this condition may no longer hold and the enzyme kinetics 

may become the rate-limited step.  

An interesting discussion initiated by Silverstein and Goodney 121 pointed out these and similar issues 

when reporting the performance of enzyme based biosensors, commenting on the fairly common 

misconception that biosensors relying on enzymes should forcedly obey the Michaelis-Menten kinetics. 

Using as an example a tyrosinase-based phenol biosensor which was previously published to be used in 

the laboratory context, 122 they underline the importance of evaluating the origin of saturated response 

observed at high substrate concentrations. Notably, when the saturation is non-hyperbolic, the 

Michaelis-Menten model is not applicable and the response cannot be attributed to enzyme kinetics. In 

their example, in the linear response region the current is diffusion limited, influenced only by the 

substrate concentration in the bulk of solution. In this regime, all of the substrate arriving at the electrode 

surface is catalytically converted to product. Above this point, the enzyme cannot convert all of the 

incoming substrate to product, and as the substrate concentration increases approaching the one of the 

bulk solution, the system starts to become truly limited by enzyme kinetics. In this sense, the response 

is not solely limited by enzyme kinetics within the whole range of examined concentrations. The 

discussion emphasizes another interesting point mentioned above. The application of scientific models 

often comes with various simplifications and assumptions. In the above example where the enzyme is 

immobilized, factors such as the local environment, adsorption phenomena, physicochemical changes 

of the protein, thickness layer and more, make it difficult to accurately define the origin of the response 

and assess whether it is solely diffusion or enzyme limited. In these cases, the application of kinetic 

models may serve better for the qualitative description of the examined systems.   

1.4.4 Electrochemical methods for studying mediated biosensors 

In the case of mediated enzymatic biosensors, extracting information solely about the enzyme using 

electrochemical methods is challenging because its electrochemical response is often convoluted with 

the response of the redox mediator. 108 However, electroanalytical techniques are powerful tools to 

examine reactions involving electron transfer and can provide us with important insights on the 

electrochemical properties of the examined redox polymers, the efficiency of the charge transfer, the 

application of the appropriate potential for efficient catalytic conversion with the minimal interference 

from the external environment, and more. For both cyclic voltammetry and 

amperometry/chronoamperometry techniques that are presented below, a three-electrode system is 

required, composed of the working (WE), reference (RE), and counter (CE) electrodes. The applied 

potential of the working electrode against the reference electrode is controlled by a potentiostat. The 

electrochemical event of interest is taking place at the working electrode which is modified accordingly 

(physically, chemically, or electrochemically) to house the sensing components under examination. The 

counter electrode is completing the electrical circuit by recording the resulting current flowing in the 

cell.  
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Figure 1.9: Resistances in a three-electrode electrochemical cell (WE: working electrode, CE: counter 
electrode, RE: reference electrode) (adapted from 123) 

The electrochemical cell is characterized by an intrinsic resistance Rsol which is composed of the solution 

resistance Rc (typically compensated by the potentiostat) and a part of uncompensated resistance Ru 

between the working and reference electrodes (Figure 1.9). The latter term is linked to the appearance 

of the so-called ohmic drop that characterizes some systems where the potential recorded by the 

potentiostat differs from what the analyte experiences. By increasing the conductivity of the solution, 

we can decrease its resistance Rsol, and thereby decrease the uncompensated resistance Ru, which can 

also be decreased by decreasing the distance between the working and reference electrodes. 123  

Cyclic Voltammetry 

Cyclic voltammetry (CV) is a versatile method that is easy to use and can convey important information 

on the examined system. In CV, the potential is swept linearly across the desired potential range and the 

resulting current is measured. The starting potential is typically found in a region where no 

electrochemical process is taking place. As it is swept towards the positive or negative direction, it 

crosses over the formal potential of the investigated species (e.g. redox mediator or enzyme) which 

undergoes oxidation or reduction, and then swept back to the opposite direction. When it reaches the 

starting potential, the cycle is completed, and a new scan can be initiated. The change of potential over 

time is defined by the chosen scan rate (V s-1). An example of a typical voltammogram is given in Figure 

1.10.  

 

Figure 1.10: Example of a typical cyclic voltammogram  

The oxidation/reduction process of the redox active species is manifested by the appearance of distinct 

peaks in the voltammogram. In mediated biosensors, the redox reaction can take place either with the 

redox mediator (e.g. the ferrocene/ferrocenium couple) or the redox active part of the enzyme (e.g. the 

FAD/FADH2 cofactor). In this method the faradaic response will overlay an approximately constant 



30 
 

charging current, the magnitude of which is hard to estimate, making the measurement of peak currents 

relatively imprecise. Hence, CV is not an ideal technique for quantitatively assessing the system 

properties through the measurement of peak heights, e.g. for the concentration of the electroactive 

species, and should rather be used as a diagnostic tool by interpreting the qualitative or semi-quantitative 

information given by the positioning of the peaks, the shape of voltammogram, etc. 124  

A key information directly extracted by the cyclic voltammogram is the position of the oxidation and 

reduction peaks, which is used to define the redox potential of the examined redox polymer, the peak-

to-peak separation and the electrochemical reversibility of the system. The redox potential is typically 

defined by the type of electron mediator attached to the redox polymer. In the case of amperometric 

biosensors, where the enzymatic catalysis and current measurement take place at a defined potential, it 

should be low enough to avoid co-oxidation of potential interfering compounds. At the same time, if 

oxygen is a concern, it should be fine-tuned to avoid oxygen reduction at the electrode or through the 

mediator, as has been the case with certain osmium complexes. The standard apparent reduction 

potential of the oxygen/hydrogen peroxide couple is +60 mV vs Ag/AgCl (at pH 7.2 and 37 oC) so 

operating at a lower potential range is desired when the oxygen interference should be ruled out. 125,126  

Peak-to-peak separation is the difference between the anodic and cathodic current peak potential values. 

If a system is chemically and electrochemically reversible and the current is diffusion-limited, theory 

predicts a peak-to-peak separation of approximately 57 mV (at 25 oC). A chemically reversible species 

will remain stable during the oxidation and subsequent reduction process. Similarly, in an 

electrochemically reversible system the electron transfer kinetics to and from the electrode will be fast 

and the Nernstian equilibrium will be rapidly established upon the changing applied potential. 

Conversely, in an electrochemically quasi-reversible or irreversible system the electron transfer kinetics 

will be slow and more positive or negative potential will be needed for the oxidation or reduction 

reactions, which will result in a larger peak-to-peak separation. 123 In addition, by performing cyclic 

voltammetry at different scan rates and comparing the resulting peak currents with the square root of the 

scan rate, one can obtain information on the type of electron transfer and evaluate whether it is diffusion 

controlled, in which case the data should agree with the Randles-Sevcik equation: 124  

     (1.9) 

where ip the anodic or cathodic peak current (in A), n the electrons involved in the redox reaction, A the 

electrode surface area (in cm2), De the apparent electron diffusion coefficient of the redox polymer (in 

cm2 s-1), cR the concentration of the electroactive species (in mol mL-1) and v the scan rate (in V s-1).  

A linear dependence between ip and v1/2 is indicative of a diffusion-limited electron transfer process. The 

application of Randles-Sevcik equation is also useful for the calculation of the apparent electron 

diffusion coefficient when the concentration of electroactive species is known. Finally, the extent of the 

current decay at the extremes of the applied potential together with the peak positioning can provide 

5 3/2 1/2 1/2(2.69 10 )p e Ri n AD c v= ×
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insights on whether the electroactive species are surface bound on the electrode or extending on a three-

dimensional network within the redox polymer, which is often the case in the mediated biosensors with 

the enzyme and redox mediator immobilized within the polymeric network. A detailed discussion on 

these cases is found in Chapter 4. Avoiding Potential Pitfalls in Designing Wired Glucose Biosensors.  

Amperometry/Chronoamperometry 

Amperometry is one of the most frequently applied methods for assessing the performance of 

biosensors. It is not only widespread in glucose sensing (with the majority of commercially available 

glucose sensors being amperometric), but in environmental monitoring applications as well, targeting 

pesticides, peroxides, aromatic compounds and explosives, among others. 108 To perform amperometry, 

a potential is applied to the working electrode and the resulting current is recorded over the time. The 

choice of applied potential depends on the electrochemical properties of the system under examination, 

namely the redox potential of the polymer hosting the enzyme/redox mediator couple. As discussed 

above, the careful consideration of the applied potential is needed to ensure that the catalytic conversion 

of substrate by the enzyme will take place with minimal influence of interfering agents that may also be 

electroactive within the same potential window. 

In chronoamperometry the potential can be applied at various steps, which are followed by the current 

measurement. While both are step techniques that apply potentials and measure currents, the following 

distinction can be made: typically, an amperometric experiment involves the application of a single 

potential over an extended period of time during which the substrate concentration may change and the 

resulting current is measured in response. During a chronoamperometric experiment the interest is more 

on the decay of the resulting current over time at a constant substrate concentration.  

In the case of a planar electrode, the diffusion-controlled current id(t) resulting from the application of a 

constant potential can be estimated by the Cottrell equation 124 (which may be adapted for the case of 

redox-active species confined in polymers):  

     (1.10) 

As in the case of Randles-Sevcik equation, a Cottrell experiment can be used for the calculation of the 

apparent electron diffusion coefficient when the rest parameters (geometrical area, concentration of 

redox species) are known.  

Chronopotentiometry 

In chronopotentiometry, a constant current is applied between the working and counter electrode, and 

the potential of the former is monitored over time (against the reference electrode). In this controlled-

current experiment a redox reaction must take place at the electrode surface to support the applied 

current. In the simplest terms, if we consider the most basic electron transfer reaction where an oxidized 
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species O is reduced at the electrode surface to species R upon application of a constant reducing current, 

the potential of the electrochemical cell will depend on the Nernst equation (simplified version for 25oC):  

      (1.11) 

where cO
S and cR

S the concentrations of oxidized and reduced species at the electrode surface, which will 

vary with time resulting in the observed potential variations. The time needed for the O species to 

become depleted at the electrode surface (because of their reduction to R) is characterized by the time τ, 

the magnitude of which will be defined by the applied current i and is described by the Sand equation:  

     (1.12) 

where c the bulk concentration of the species and D its diffusion coefficient.  

An advantage of constant current methods is that they are characterized by a constant ohmic drop that 

can be easily corrected by setting a potential offset, as opposed to the above examined potentiostatic 

techniques where the current varies with the potential, which also leads to variations of the ohmic drop 

making its correction more challenging. 127 In the context of this thesis, an equivalent technique to 

chronopotentiometry will be used, which is the measurement of open circuit potential (OCP) over time 

after the application of an oxidation step, as discussed in Chapter 5. A novel time-dependent 

potentiometric glucose biosensor.    
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Chapter 2. Commercially Available Nitrate Ionophores in 

Potentiometric Sensors Are Not Superior to Common Ion-Exchangers 
 

(This chapter is based on the following paper: Damala, P.; Zdrachek, E.; Bakker, E. Commercially 

Available Nitrate Ionophores in Potentiometric Sensors Are Not Superior to Common Ion-Exchangers. 

Electroanalysis 2023, 35 (2), e202200247. https://doi.org/10.1002/elan.202200247) 

 

2.1 Introduction 

Anion recognition chemistry dates to the late 1960s but it was only after two decades that a considerable 

interest in the complex anion-binding phenomena started to develop. The selective detection of anions 

through the design of suitable receptors is more challenging compared to that of cations. Several reasons 

lie behind this inconvenient aspect. The larger size of anionic species gives them a smaller charge-to-

radius ratio which does not favor strong electrostatic interactions. Many anions are greatly influenced 

by pH perturbations as they become protonated at low pH to lose their negative charge. In addition, their 

geometry varies widely, including spherical, linear, trigonal planar and tetrahedral, making the design 

of receptors with sizes complementary to the anions a complex procedure. Solvation effects may also 

influence the anion-receptor interactions. As an example, anions may form strong hydrogen bonds with 

protic solvents with which the receptors have to compete for complexation. The choice of solvent in this 

case becomes particularly important. Hydrogen bonding is one type of noncovalent interaction between 

anions and receptors. Others include electrostatic interactions and coordination to metal ions, as well as 

combinations between them. Additional critical factors for the selectivity are the hydrophobicity of the 

anion, the receptor’s binding sites and the environment where complexation occurs.1  

Several strategies and recommendations are nowadays available for tailoring the anion-host interactions 

while designing new receptors. A general approach for designing molecules to coordinate with anions 

is favoring the hydrogen bonding by adding hydrogen bond donor groups to the backbone of the 

molecule. Interestingly, electrostatic potential surface studies have shown that nitrate possesses six 

positions for placing positive charges around the anion. Hence, the ideal nitrate host would provide six 

sites for hydrogen bonding. However, in practice only half of the sites are usually occupied, likely due 

to steric crowding. 2 In this context matching the size and shape of the guest ion is an important 

consideration. In the case of (thio)urea-based receptors (one of the simplest and most widely used neutral 

receptors for anions) this can be achieved by finding a suitable linker that can organize the urea units in 

the form of a cavity whose size and shape is complementary to the targeted anion. 3 (Thio)ureas have 

been suggested as suitable candidates for nitrate recognition, however, the association constant reported 

for nitrate was relatively small (K11 = 17.1 ± 0.4 M-1) and overall the lowest among acetate, cyanide, 

bromide and hydrogensulfate. 4 Also, the authors stated that small structural variations of the ionophore 
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can result in complete loss of binding affinity with nitrate. Indeed, an earlier study showed that bis-

thioureas selectively bind dihydrogenphosphate over acetate, chloride, sulfate and nitrate. 5 The 

enhanced selectivity was attributed to the complex geometry and basicity of the guest anions. 

Interestingly, the association constant for nitrate was remarkably smaller (K11 < 1 M-1) than the one 

reported in the previous work while in both studies the binding was examined by NMR titration. The 

fact that the binding affinity of an ion-receptor complex can be completely lost even by minor structural 

changes underlines how delicate the design process is. 3,4 Another strategy for enhancing complexation 

is to use the metal-ligand coordination chemistry for initiating conformational changes in the ligand so 

that its hydrogen-bond donor sites favor the anion binding. Alternatively, metal ions can be used to 

coordinate ligands and bring together their functional groups that can form hydrogen bonds with the 

target anion.6 

The majority of the studies reporting on binding affinities of different synthetic receptors for nitrate 

originate in the field of supramolecular chemistry. In those studies the complexation between the in-

house synthetized receptors and nitrate is usually examined in organic solvents such as dimethyl 

sulfoxide, dichloromethane, acetonitrile and chloroform. The choice of solvent is crucial and can 

significantly influence the binding interactions. As an example, in the case of a metal-based anion 

receptor changing the polarity of the solvent led to a shift in the orientation of its –CH and –NH groups 

and to a subsequent competition between the solvent and anion binding. 6 Receptors examined for nitrate 

recognition include tripodal thiophene- and urea-based structures, guanidinium- and acyclic amide-

based receptors, as well as bicyclic cyclophanes. 7–11 The investigated receptors typically contain a 

variety of hydrogen bond donor groups. The advantage of hydrogen bonds is that they are directional 

which, in principle, enables the design of structures including cavities that are complementary to the 

size and shape of the target ion. 2 The most common techniques for quantifying their binding interactions 

and stoichiometry of the complexes include 1H NMR titration, isothermal titration calorimetry and X-

Ray analysis.  

In this study we aim to assess the selectivity and complexation of nitrate ionophores and ion-exchangers 

in potentiometric ion-selective electrodes (ISEs). Such ISEs typically use a plasticized polymeric 

(typically PVC-based) membrane to encapsulate the ionophore or ion-exchanger that is responsible for 

the selective binding with nitrate. Hence, despite the abundance of studies reporting quantitative data on 

binding affinities and stoichiometries of several synthetized receptors with nitrate, the practical use of 

these data is often limited given the different nature of solvents used during the complexation studies. 

Indeed, complexation studies in solvents of high polarity (methanol, ethanol) have reported lower 

complex formation constants than those obtained in a typical membrane composition and the differences 

are attributed to the weak solvation properties of the typically apolar membranes of ISEs. 12 Besides, the 

methods to examine the complexation and selectivity of ionophores in the fields of organic and analytical 

chemistry are inherently different. In potentiometry, the selectivity of ISEs was initially described by 
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the Nicolsky equation. 13 Later on, this equation was proved inadequate for ions of different charges and 

subsequently a new formalism was described for the electrode response in the presence of analytes and 

interfering ions with different charges. 14 The selectivity coefficients are valid only if Nernstian slopes 

are observed for both primary and interfering ions. This prerequisite was not always met and efforts to 

eliminate the factors resulting in the non-Nernstian behavior were made. A procedure was then suggested 

by conditioning the membrane to the most discriminated ion before any contact with the preferred ion. 
15 This adapted protocol allowed the determination of improved and unbiased selectivity coefficients.  

Most of the studies on potentiometric nitrate selective electrodes examined in this paper use either the 

separate solution method (SSM) or the fixed interference method (FIM) for the determination of 

selectivity coefficients. In the first case, the potential of the ISE is recorded in separate solutions for 

each of the ions tested while in the second case, one solution contains both the primary and interfering 

ion and the selectivity coefficient is obtained by using separate sections of the calibration curve. 16 In 

the present study we used the modified separate solution method (mSSM), an extension of the classic 

SSM where entire calibration curves need to be recorded for each ion tested and use the potentials that 

fall in the Nernstian section of the curves. In order to avoid frequent biases made with this method, we 

applied the recommendations provided in the literature 17 and thus calculated the selectivity coefficients 

by using the highest concentration of interfering ions and avoiding the contact of membranes with the 

primary ion before measuring all the interfering ions.  

For the determination of the complex formation constant, a potentiometric technique referred as the 

segmented sandwich membrane method is typically employed. The method, originally proposed by 

Russian researchers, 18,19 requires the use of a two-layer membrane from which only one contains the 

ionophore. By recording the initial membrane potential of this sandwich membrane one may obtain 

information on the ion activity ratio in both aqueous-membrane phases and calculate the resulting 

complex formation constant. 20 Many studies using the sandwich method are available in the literature 

examining both cation- 21–26 and anion-selective 27–31 ionophores. Nevertheless, none of them addresses 

nitrate-selective receptors. With the classic segmented sandwich membrane method, two distinct cases 

are examined: one that considers strong ion-pairing in the membrane and one that neglects it. 

Experiments with plasticized PVC membranes have shown that ions are completely associated in the 

membrane. However, the ion-pairs formed are rather non-specific and their effect on the ion-extraction 

equilibria can be neglected considering that the respective ion-pair formation constants will have similar 

values. 20 In that case, the complex formation constants calculated are expected to be close to the true 

values. This assumption was made in many of the above mentioned studies where ion-pairing is 

neglected. 21,24,25,27,28,31 The sandwich method distinguishes the cases where ion-pairing is strong or weak 

but it does not allow for the estimation of ion-pair formation constants. Modified versions of the method 

were consequently suggested to address this issue enabling the successful quantification of ion-pairing 

formation constants in membranes of variant compositions. 32,33  
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Despite the considerable importance of nitrate measurements, especially in the environmental context, 

the existing research on nitrate ionophores (which has been ongoing since the 90s) has not found a wider 

application. Up until the end of the 1990s, the field of potentiometric nitrate sensing was dominated by 

the use of ion-exchangers, mainly nickel(II)-based ones. 34 This trend has not changed much until today 

with the main difference being the use of different ion-exchangers which are usually 

tetralkylammonium-based salts. 35,36 Ion-exchangers are used as the main components for ion-

recognition when selective ionophores are lacking. The resulting selectivity order is named the 

Hofmeister sequence based on the studies of Franz Hofmeister who originally studied the effect of salts 

on the coagulation of proteins. 37 Despite the plethora of studies examining nitrate-selective electrodes 

using tetralkylammonium-based ion-exchangers 38–46, there are a few exceptions. These include studies 

using ionophores that have been identified as nitrate-selective and are commercially available (Figure 

2.1) 47–50 as well as a few others that have been synthesized in-house 51–53 and whose selectivity has been 

examined with the same methods used in this study.   

 

Figure 2.1: Commercially available nitrate ionophores V and VI 

Here we aim to compare the performance of those nitrate ionophores and ion-exchangers in terms of 

their selectivity and complexation to nitrate. The interest for realizing this study was initially triggered 

by the roughly tenfold price difference between the commercially available nitrate ionophores (namely 

nitrate ionophores V and VI) and the commonly used ion-exchangers, and our desire to prioritize 

responsible spending of available resources. In addition, we aim to provide an overview of the 

potentiometric nitrate sensors developed during the last two decades focusing on the available selectivity 

and complexation data and highlight the improvements that can be made when reporting such 

information.  

2.2 Experimental  

2.2.1 Reagents  

Tridodecymethylammonium chloride (TDMAC) ≥ 97.0% was purchased from Fluka, 9,11,20,22-

tetrahydrotetrabenzo[1,3,8,10]tetraazacyclotetradecine-10,21-dithione (Nitrate Ionophore V, or else NI-

V) ≥ 98.0% was purchased from Santa Cruz Biotechnology Inc., 9-hexadecyl-1,7,11,17-tetraoxa-
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2,6,12,16-tetraazacycloeicosane (Nitrate Ionophore VI, or else NI-VI), tridodecymethylammonium 

nitrate (TDMAN) ≥ 99.0%, tetradodecylammonium tetrakis(4-chlorophenyl)borate (ETH500), 2-

nitrophenyl octyl ether ≥ 99.0%  (NPOE), bis(2-ethylhexyl)phthalate (DEHP), dibutyl phthalate (DBP), 

high molecular weight poly(vinyl chloride) (PVC) and tetrahydrofuran ≥ 99.5% (THF) were of 

Selectophore grade and purchased from Sigma Aldrich, tetradodecylammonium chloride (TDDAC) ≥ 

97.0%, sodium nitrate (≥99 %), sodium chloride (≥ 99.5%), sodium nitrite (≥97 %), sodium bromide 

(≥99 %), sodium iodide (≥99 %), sodium thiocyanate (≥98 %), and sodium perchlorate (≥98 %) were 

purchased from Sigma Aldrich. Aqueous solutions were prepared by dissolving the respective salts in 

Milli-Q water (18.2 MΩ cm). 

2.2.2 Preparation of Ion-Selective Electrodes 

For the selectivity study, six different nitrate-selective membranes were tested which are referred with 

the numerals (I) to (IV) and have the following compositions: (I) 4.1 mmol·kg-1 TDDAC, PVC:DBP 

(1:1), (II) 100.6 mmol·kg-1 NI-VI, 4.1 mmol·kg-1 (4.1 % mol) TDDAC, PVC:DBP (1:1) (composition 

similar to manufacturer’s recommendation), (III) 22 mmol·kg-1 NI-VI, 11 mmol·kg-1 (50 % mol) 

TDMAC, PVC:DEHP (1:2), (IV) 11 mmol·kg-1 TDMAC, PVC:NPOE (1:2), (V) 22 mmol·kg-1 NI-V, 11 

mmol·kg-1 (50 % mol) TDMAC, PVC:NPOE (1:2) (composition used in 50) and (VI) 11 mmol·kg-1 

TDMAC, 15 mmol·kg-1  ETH500, PVC:DEHP (1:2). The PVC:plasticizer ratios refer to membrane 

masses. For each composition 200 mg membrane solution was prepared and dissolved in 2 mL THF. 

The membrane solution was poured to a 22 mm glass ring attached on a glass plate and left to dry 

overnight in ambient air. Then, three circular pieces of 8 mm were cut from the dried membrane and 

mounted in three OSTEC electrode bodies manually. The same procedure was followed for all 

membrane compositions and the resulting electrodes were filled with their respective inner filling 

solutions and conditioned before use. For the complexation study, four of the above mentioned 

membranes were prepared afresh, namely membranes (I) and (II) (without and with nitrate ionophore 

VI), and membranes (IV) and (V) (without and with nitrate ionophore V). In addition, two new 

membrane compositions were prepared to determine whether the ion-exchangers TDMAC and TDDAC 

can be used interchangeably in the ion-selective membrane solutions. These had the following 

compositions: 10 mmol·kg-1 TDDAC, PVC:DEHP (1:2) and 10 mmol·kg-1 TDMAC, PVC:DEHP (1:2). 

More details on the concentrations of the solutions used for the selectivity and complexation studies are 

given in the respective sections below.   

2.2.3 Electrochemical equipment and corrections in potential  

A high impedance input 16-channel EMF monitor (Lawson Laboratories, Malvern, PA) was used for the 

potentiometric measurements. The potential values were corrected for the liquid junction potentials 

arising from the double junction reference electrode (Ag/AgCl/ 3 M KCl/1 M LiOAc, Metrohm, 
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Switzerland) used in the selectivity study based on the Henderson equation (detailed numbers provided 

in the Supporting Information).   

2.2.4 Selectivity coefficients and data processing  

The selectivity study was performed with the modified separate solution method (mSSM) as follows: a 

1 mM NaCl solution was used both as the inner filling and conditioning solution of the electrodes which 

were conditioned for 4 h prior to the study. Then, the electrodes were immersed sequentially in separate 

solutions of nitrate and interfering anions with the order of the Hofmeister series and their potentials 

were recorded for the concentrations tested (starting from 10-4 M up to 10-1 M). The selectivity 

coefficients were calculated using the following general equation adapted for nitrate:  

  

where  and  are the corrected potential values corresponding to 0.1 M solution of nitrate or 

interfering anion respectively,  and  are the activities of nitrate and interfering anions 

respectively corresponding to 0.1 M ion solutions (detailed numbers provided in the Supporting 

Information), and  is the average slope calculated for each membrane composition from the individual 

Nernstian slopes of the tested ions using the two highest activities tested (logα equal to -1.4 and -1.1.). 

The ions with slopes that were far from Nernstian even at these high activities (having values above -55 

mV/dec or below -64 mV/dec) were excluded from the averaging process and a relevant mention is 

made in the respective tables below. As a result, the values of the average slopes corresponding to the 

membranes (I) – (VI) were ranging between 56 mV·kg-1 and 60 mV·dec-1 (see Table 2.1 & Table 2.2). 

For each membrane composition the average slope was subsequently used to perform a linear fit of the 

experimental data (after being corrected for the junction potentials) which resulted in a new set of fitted 

equations, all having the same slope (see red lines in Figure 2.3 and Figure 2.5).  

2.2.5 Complex formation constants 

The complex formation constants of the commercially available nitrate ionophores V and VI were 

examined using the segmented sandwich membrane method. 20 In the case of nitrate ionophore V, the 

freshly prepared membranes (IV) and (V) were conditioned overnight in a solution of 10 mM NaNO3 

and 0.1 mM NaCl. The same composition was used for the inner filling solution and measuring solution. 

The membranes were firstly conditioned overnight. After conditioning, they were mounted in OSTEC 

bodies and immersed in the measuring solution to record the potentials corresponding to the single 

membranes under unstirred conditions. Subsequently, the electrodes were taken out of solution and were 

disassembled to re-obtain the single membranes which were gently dried and swiftly pressed together 

to obtain a fused two-layer membrane (one layer with the examined ionophore and one without). The 
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two-layer membrane, or else sandwich membrane, was then mounted back to the electrode making sure 

that the layer containing the ionophore was the one to face the measuring solution and not the inner 

filling solution. The re-assembled electrodes were again immersed in the measuring solution and 

potentials were recorded for approximately 2 h. The same procedure was followed for nitrate ionophore 

VI with the membranes (I) and (II). A similar experiment was performed with membranes containing 

the TDDAC and TDMAC ion-exchangers (see section with preparation of ISEs for their detailed 

composition) to examine the potential differences observed in the single and sandwich membranes and 

to determine whether they can be used interchangeably. The complex formation constant  was 

calculated combining the membrane potential that corresponds to the two-layer membrane and the 

charge balances at the individual segments. Detailed calculations are provided in the Supporting 

Information.  

2.3 Results and discussion 

The selectivity of nitrate ionophore VI (NI-VI) was evaluated based on the membrane composition 

recommended by the manufacturer 54 which in this study is denoted as membrane (II). This composition 

has an uncommonly low proportion of ion-exchanger with respect to the ionophore which is typically 

maintained at a molar percentage around 50 % as opposed to the 4 % recommended. For comparison 

purposes, a membrane with the same composition but without ionophore (denoted as membrane (I)) and 

one with the same ionophore in different concentration and with different plasticizer (denoted as 

membrane (III)) were also prepared and tested. As shown in Figure 2.2 and Table 2.1 the selectivity 

coefficients among the three membrane compositions do not show significant differences. More 

importantly, the composition which lacks the ionophore presents the best results in terms of selectivity 

towards chloride which is the most common interfering ion in most applications.  

 

Figure 2.2: Selectivity coefficients ( ) for plasticized PVC membranes with compositions (I) 

4.1 mmol·kg-1 TDDAC, PVC:DBP (1:1), (II) 100.6 mmol·kg-1 NI-VI, 4.1 mmol·kg-1 (4.1 % mol) 

ILb
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TDDAC, PVC:DBP (1:1) (same to manufacturer’s recommendation) and (III) 22 mmol·kg-1 NI-VI, 11 
mmol·kg-1 (50 % mol) TDMAC, PVC:DEHP (1:2).    

Table 2.1: Selectivity coefficients for nitrate-selective membranes with and without NI-VI. 

Ion j 

(a) 

(I) 

(slope -57.8 ± 1.6 

mV·dec-1) (b) 

(II) 

(slope = -56.2 ± 0.7 

mV·dec-1) (b) 

(III) 

(slope = -60.7 ± 1.2 

mV·dec-1) (b) 

Cl- -2.40 ± 0.10 -2.20 ± 0.15 (c) -2.03 ± 0.00 

NO2
- -1.35 ± 0.04 -1.36 ± 0.10 -1.27 ± 0.01 

Br- -0.87 ± 0.04 -0.92 ± 0.09 -0.70 ± 0.00 

NO3
- 0.00 0.00 (c) 0.00 

I- 1.25 ± 0.05 1.17 ± 0.01 1.36 ± 0.01 (c) 

SCN- 1.90 ± 0.03 1.78 ± 0.02 1.80 ± 0.01 

ClO4
- 3.12 ± 0.03 2.87 ± 0.02 (c) 2.97 ± 0.01 

(a) Average and standard deviations from three electrodes, (b) Slope: average value of the individual 
Nernstian slopes of the examined ions between logα -1.4 and -1, (c) The slopes for these ions were far 
from Nernstian and thus excluded from the calculation of the average slope (see section of “Selectivity 
coefficients and data processing” for more information)  

For membrane (II), chloride did not show a Nernstian behavior even at high concentrations (s = -42.4 

mV·dec-1) hence the reported selectivity coefficient should be regarded as an approximation of the actual 

value. With the exception of three other similar cases (Figure 2.3) all ions showed a potentiometric 

response that correlated well with the calculated average slope of each composition, as shown from their 

individual curves in Figure 2.3. Moreover, the calculated selectivity coefficients are close to the reported 

values provided by the manufacturer (logarithmic selectivity coefficients equal to -2.5, -1.2 and -1.1 for 

chloride, nitrite and bromide respectively) confirming the validity of the reported data 54 for which no 

reference is available.  
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Figure 2.3:  EMF responses of plasticized PVC membranes with compositions (I), (II) and (III) with 
the modified separate solutions method.  

Only one study was found in the literature reporting on NI-VI. 47 The separate solutions method was 

used for the calculation of selectivity coefficients which were shown significantly improved compared 

to the ones obtained here. More specifically, the logarithmic selectivity coefficients for chloride, nitrite, 

bromide and perchlorate were calculated as -3.6, -1.9, -2.9 and 2.8. The membrane composition used 

was 39 mmol·kg-1 NI-VI, 50 % mol TDMAC and PCV:NPOE at a ratio 1:2, which is similar to the 

composition of membrane (III) examined here with the exception of the plasticizer used. The goal of 

that study was to examine the performance of solid-contact electrodes using thiol-functionalized reduced 

graphene oxide as transducer but it is unclear whether these electrodes or the traditional liquid-based 

electrodes were used for the selectivity study. Nevertheless, even in the first case, the use of a solid-

contact electrode for the selectivity study should not significantly influence the results. This was 

demonstrated in two separate studies 43,45 where selectivity results based on solid-contact electrodes were 

compared with the ones from liquid-based electrodes confirming the absence of influence of the 

transducer on selectivity. Hence, the differences in selectivity are expected to be based on the membrane 

composition rather than the transducer.   

To further investigate the binding properties of NI-VI, the sandwich membrane method was employed 

for the determination of its complex formation constant. This is a potentiometric method used to examine 

the complexation of ionophores in solvent polymeric membranes 20 the details of which are presented 

in the Experimental section. Unfortunately, the results obtained did not allow for the calculation of the 

constant due to the increased potential observed after immersing the sandwich membrane in the 

measuring solution (Figure 2.6, curve (i)). In general, when the sandwich membrane is immersed in the 

solution of the measuring ion , the activity of  at the membrane-sample interface is expected to be 

lower than the one at the membrane-inner solution due to the ion-ionophore complexation. Based on the 

well-known membrane potential, in the case of anions this should result in a measured sandwich 

membrane potential lower than the measured potential of the single membrane segments. For nitrate 

ionophore VI the sandwich membrane potential was somewhat higher than the potentials of the 

individual segments which made the calculation of the complex formation constant meaningless. 

i i
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The selectivity of nitrate ionophore V (NI-V) was evaluated based on a membrane composition found 

in the literature showing significant selectivity over chloride ( ) reported in a study 

which is used here as a reference. 50 This composition is represented by membrane (V). Similarly, two 

other compositions were tested for comparison purposes, one with the same composition but without 

ionophore (denoted as membrane (IV)) and one with the composition we typically use in our group for 

nitrate sensing 55–58 (denoted as membrane (VI)) with the exception that TDMAC was used instead of 

TDMAN to avoid the presence of nitrate in the membrane. As shown in Table 2.2 the selectivity 

coefficient obtained here ( ) is worse than the one reported in the abovementioned 

reference study. In our case the slope for chloride response was equal to -53.0 mV·dec-1, which is close 

to Nernstian. In contrast, the slope for chloride presented in 50 was -47.8 mV·dec-1 which, despite the 

uncertainty on whether this slope was used for the calculation selectivity coefficient, raises concerns on 

the validity of the reported values. Also, the authors reported data for a membrane composition without 

ionophore which are close to our reported values (membrane (IV) in Table 2.2). One aspect that should 

be taken into consideration and could explain the observed differences is that the nitrate ionophore in 

the above study was synthetized in-house in contrast to our case where the ionophore was purchased by 

a manufacturer.  

 

Figure 2.4: Selectivity coefficients ( ) for plasticized PVC membranes with compositions 

(IV) 11 mmol·kg-1 TDMAC, PVC:NPOE (1:2), (V) 22 mmol·kg-1 NI-V, 11 mmol·kg-1 (50 % mol) 
TDMAC, PVC:NPOE (1:2) (same to reference 50) and (VI) 11 mmol·kg-1 TDMAC, 15 mmol·kg-1 
ETH500, PVC:DEHP (1:2).   
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Table 2.2: Selectivity coefficients for nitrate-selective membranes with and without NI-V. 

Ion j 

(a) 

(IV) 

(slope = -59.2 ± 1.0 

mV·dec-1) (b) 

(V) 

(slope = -58.2 ± 1.6 

mV·dec-1) (b) 

(VI) 

(slope = -59.9 ± 0.7 

mV·dec-1) (b) 

Cl- -2.29 ± 0.02 -2.39 ± 0.01 (c) -2.20 ± 0.01 

NO2
- -1.33 ± 0.03 -1.27 ± 0.00 (c) -1.34 ± 0.01 

Br- -0.81 ± 0.01 -0.81 ± 0.00 -0.77 ± 0.00 

NO3
- 0.00 0.00 0.00 

I- 1.29 ± 0.01 1.27 ± 0.01 1.32 ± 0.00 (c) 

SCN- 1.76 ± 0.02 1.84 ± 0.01 1.85 ± 0.00 

ClO4
- 3.04 ± 0.03 3.10 ± 0.02 3.06 ± 0.00 

(a) Average and standard deviations from three electrodes, (b) Slope: average value of the individual 
Nernstian slopes of the examined ions between logα -1.4 and -1, (c) The slopes for these ions were far 
from Nernstian and thus excluded from the calculation of the average slope (see section of “Selectivity 
coefficients and data processing” for more information) 

Two more studies (both from the same research group) were found in the literature that reported on the 

ionophore NI-V. 48,49 As in our case, the ionophore was purchased and according to the cited reference 
17 the modified separate solutions method was used for the determination of selectivity coefficients. 

Also, the same membrane compositions were used in both studies, including 24 mmol·kg-1 NI-V, 50 % 

mol TDMAC (with respect to ionophore) and PCV: o-NPOE at a ratio 1:2. This composition is very 

similar to the one of the abovementioned reference studies and the comparison of the all the reported 

results should be straightforward. In their more recent study 49 the selectivity coefficients for chloride 

and nitrite are somewhat better than the ones reported in Table 2.2 with approximate average values of

 and , respectively. These are approximate values estimated from 

the bar graph provided by the authors. The selectivity coefficients reported in their older study 48 for 

chloride and nitrite are even more improved with their logarithmic values ranging between -3.3 to -3.5 

and -3.0 to -3.4 respectively. The authors attribute the improved selectivity to the addition of an 

intermediate tetrathiafulvalene (TTF) layer which is oxidized in the presence of nitrate during the 

preparation of the electrodes. It is also stated that the selectivity is improved when increasing the number 
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of cycles performed during TTF oxidation. However, this protocol raises some concerns since the 

described procedure introduces nitrate in the layer which risks leaching to the sensing membrane and 

become potential determining, thereby introducing a bias in the measurements. According to the 

modified separate solutions method 17 the membrane should not come in contact with the primary ion 

before all of the interfering ions are examined. This condition is violated in case nitrate is present in the 

membrane beforehand, as it happens in the study above, where TTF is oxidized in a concentrated 

solution of nitrate that consequently introduces the primary ion in the transducing layer. In such 

circumstances, the knowledge of the slopes obtained for all ions during the selectivity study would be 

valuable.  

Overall, the three membrane compositions examined in this study exhibit similar values of selectivity 

coefficients for all ions tested. This indicates that NI-V does not offer significant advantages. As 

mentioned earlier, most studies on nitrate sensors found in the literature use the tetralkylammonium-

based ion-exchangers as the nitrate sensing component and rely on the selectivity governed by the 

Hofmeister sequence of ions. Narrowing the selection to the studies using the separate solution method, 

the following logarithmic values of selectivity against chloride ( ) were reported: -2.0 39, -2.5 

40, -2.2 41, -2.5 42, -1.7 (reported as minimum value) 43, -2.2 44 and -1.9 45. Again, these values are similar 

to the ones obtained here for membranes (IV) and (VI) where TDMAC is used as ion-exchanger for 

nitrate recognition.   

  

 

Figure 2.5: EMF responses of plasticized PVC membranes with compositions (IV), (V) and (VI) during 
the modified separate solutions method.  

Apart from the studies using either tetralkylammonium-based ion-exchangers or the nitrate ionophores 

V and VI examined here, there are three other cases where nitrate ionophores synthetized in-house were 

examined for their selectivity using potentiometric techniques. 51–53 Interestingly, two of them reported 

excellent selectivity over any anion tested, including the lipophilic perchlorate and thiocyanate ions. 

These were not included in the comparisons made above since they used either the fixed interference 

method (FIM) or the matched potential method (MPM) for the calculation of the selectivity coefficients 

and a direct comparison with the results obtained from the SSM cannot be made.  
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Next, the sandwich membrane method was employed for the determination of the complex formation 

constant of nitrate ionophore V.  The membranes used in the sandwich technique are schematically 

presented in Figure 2.6 where (A) shows one of the two single homogenous membranes and (B) shows 

the two membranes fused together to obtain the two-layer confirmation that is subsequently used to 

measure the membrane potential. The data suggest that a mere 31% of the nitrate ions in the membrane 

are complexed by the ionophore (see Supporting Information for details), giving a very small complex 

formation constant of just .  

The weak complexation is also evident in the graph of Figure 2.6 (curve (ii)) where the sandwich 

membrane potential is shown to be almost equal to the single membrane, in contrast to what is expected 

when the interaction between an ionophore and ion is strong. In the latter case, the potential difference 

is expected to be large owing to the large ratio in concentrations of the uncomplexed primary ion 

between the two segments. In that case, the concentration of uncomplexed ions in the layer with the 

ionophore is expected to be significantly lower than the one in the layer without due to their 

complexation with the ionophore. An example of a strong interaction is given by the valinomycin-

potassium complex. To make a direct comparison with the results obtained here, the membrane potential 

difference for this complex has been calculated to approximately 400 mV giving a value for the complex 

formation constant of . 20 Hence, as demonstrated, the complexation of nitrate ionophore 

V with nitrate is not superior to the one offered by the common ion-exchangers. Unfortunately, none of 

the studies mentioned above have investigated the formation constant of ionophores using the sandwich 

technique.  

 

 

Figure 2.6: Schematic generic representation of single membrane segment without ionophore (A) and 
combined sandwich membrane with both segments (without and with ionophore L) (B), and graph of 
recorded potentials for the single and sandwich membranes from experiments performed with (i) 
ionophore NI-VI (with composition similar to membrane (II)), (ii) ionophore NI-V (with composition 
similar to membrane (V)) and (iii) TDDAC / TDMAC (see section of “Preparation of ISEs” for 
information on the membrane composition).  
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Membranes (I) to (VI) included either TDDAC or TDMAC as ion-exchangers. To examine whether 

there were any differences in the electrostatic interaction between these two ion-exchangers and nitrate 

which could result in potential differences, a similar sandwich membrane technique was employed. 

Here, the single membrane contained either TDDAC or TDMAC alone and the sandwich membrane 

contained both membrane segments, the one with TDDAC pressed together with the one with TDMAC. 

As shown in Figure 2.6 (curve (iii)), the potential difference between the single and sandwich membrane 

segments was very small (6.3 ± 2.7 mV) which confirmed that both ion-exchangers can be used 

interchangeably without contributing to significant potential differences.      

2.4 Conclusions 

After a detailed examination of the studies reporting selectivity data on nitrate ionophores and ion-

exchangers, there are some observations worth to be discussed. The majority of the studies limit the 

information provided to the type of the method used and the values of the calculated coefficients. For 

the studies using SSM, there is often missing information on the conditioning protocol (duration, type 

of solution, etc.) and the type of electrodes used for the study (solid- or liquid-contact ones). More 

importantly, it is essential to report the experimental electrode slopes based on which the selectivity 

coefficients are calculated and to mention the activity range to which they correspond. When the slopes 

are not Nernstian, it should be clearly stated. With the exception of one study 43 this practice has not 

been followed for most of the investigated ISEs. Also, it should be mentioned whether the theoretical 

slope is used for the calculations and even in these cases, the experimental slopes should be provided. 

In order to provide selectivity coefficients which are not biased, emphasis should be given on ensuring 

that the response for all investigated ions is Nernstian, or else, potential determining. 17 One 

recommendation is to avoid exposing the membrane to the primary ion before bringing it in contact with 

the most discriminated ions. This prerequisite was not met in the cases where TDMAN was used as ion-

exchanger. Additionally, a more frequent use of the sandwich membrane method for the determination 

of complex formation constants is recommended. As a simple potentiometric technique, it does not 

require specialized equipment and can be used as a valuable tool for the determination of binding 

properties in solvent polymeric membranes.  

Overall, the selectivity of commercially available nitrate ionophores is not superior to the one provided 

by the common tetralkylammonium-based ion-exchangers, a finding that can hardly justify their tenfold 

price. The selectivity coefficients over chloride determined in this study are = -2.4 and -

2.2 for nitrate ionophore V and VI respectively, with the equivalent values found in the literature equal 

to = -3.5 and -2.5. It is unclear where the differences in the reported coefficients come 

from. Another study reports an equally low selectivity coefficient over chloride for nitrate ionophore VI 

with a value of = -3.6 which is more than an order of magnitude lower than the one obtained 
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in this study. For both nitrate ionophores examined here, the selectivity data for all investigated ions are 

similar to the ones obtained using just ion-exchangers. Finally, a complex formation constant of 

= 1.36 ± 0.14 is found for nitrate ionophore V underlying a weak complexation with nitrate 

that is also in agreement with the results from the selectivity study.  

2.5 Supporting Information 

2.5.1 Calculation of the complex formation constant 

The membrane potential of a two-layer sandwich membrane in contact with two aqueous solutions of 

equal concentrations is described as follows (for a monovalent anion):  

𝐸! = "#
$%
𝑙𝑛

&!	($%&)
((

&!	($%&)
(           (1) 

where 𝑎'	(*+,).  is the ion activity at the sample-membrane interface, 𝑎'	(*+,)..  is the ion activity at the 

membrane-inner electrolyte interface and 𝑅, 𝑇	and 𝐹 are the gas constant, the absolute temperature and 

the Faraday constant.  

We assume that ion pairing in the membrane is negligible, which means that all ions are either in their 

dissociated form or complexed to the ionophore.  

Layer without ionophore 

The ion activity in the layer without the ionophore (which faces the inner electrolyte) is given by the 

charge balance in that layer: 

 𝑐'	.. = 𝑅# → 𝑎'	.. = 𝛾/𝑅#          (2) 

where 𝑅# is the concentration of the ion-exchanger and 𝛾' the activity coefficient for ion I. We omit the 

notation (org) shown in (1) since we will only refer to the organic phase (membrane) from now on.  

Layer with ionophore 

The ion activity in the layer with the ionophore (which faces the sample) is given by the charge balance 

in that layer: 

𝑅# = 𝑐'	. + 𝑐/0 → 𝑐/0 = 𝑅# − 𝑐'	.          (3) 

where 𝑐'	. and 𝑐/0 are the concentrations of nitrate and complexed ionophore respectively. The 

concentration of the free ionophore is described as follows:  

𝑐0 = 𝐿# − 𝑐/0            (4) 

where 𝐿# is the total concentration of the ionophore in this layer. The ionophore may form complexes 

with the targeted ion with the stability constant 𝛽/0 which is described as follows, assuming a 1:1 

stoichiometry and an activity coefficient for the neutral ionophore equal to one:  

3
log

NO L
b -
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𝛽/0 =
&)*
&!	
( 1*

→ 𝑎'	. =
2)*1)*
3)*1*

         (5) 

From (3) and (4) we get:  

𝑐0 = 𝐿# − 𝑅# + 𝑐'	.           (6) 

From (3), (5) and (6) we get:  

𝑎'	. =
2)*4"+$1!	

( 5
3)*40+$"+61!	

( 5 → 𝑎'	. =
2)*7"+$

,!	
(

-)
8

3)*70+$"+6
,!	
(

-)
8
→  

(𝑎'	. )9𝛽/0 + 𝑎'	. (𝛾/𝛽/0𝐿# − 𝛾/𝛽/0𝑅# + 𝛾/0) − 𝛾/𝛾/0𝑅# = 0 →  

𝑎'	. =
($3)*2)(0+$"+)$2!*)±;(3)*2)(0+$"+)62!*).6<3)*2)2)*"+

93)*
     (7) 

Combining (1), (2) and (7) we get:  

−𝛽/0𝛾/(𝐿# − 𝑅#) − 𝛾/0 ± 6(𝛽/0𝛾/(𝐿# − 𝑅#) + 𝛾'0)9 + 4𝛽/0𝛾/𝛾/0𝑅# = 2𝛽/0𝛾/𝑅#𝑒
/01
2+   

If both layers have the same ionic strength we can assume that the activity coefficients for the complexed 

ions are approximately equal to the ones for the uncomplexed ions (𝛾/ = 𝛾/0). Solving the above 

equation using the WolframΑlpha engine (www.wolframalpha.com/) we get:  

𝛽/0 =
$=34(=4$>)
"+=460+$"+

  

where 𝑘 = ?0%
"#

 (𝐹 = 96500	𝐶	𝑚𝑜𝑙$>, 𝑅 = 8.31	𝐽	𝐾$>	𝑚𝑜𝑙$>, 𝑇 = 298	𝐾).  

For membrane (V), where 𝐿# = 22	𝑚𝑚𝑜𝑙 ∙ 𝑘𝑔$>, 𝑅# = 11	𝑚𝑚𝑜𝑙 ∙ 𝑘𝑔$> and 𝐸! (as the difference of 

potentials of the single and sandwich membranes) equal to −11.6	𝑚𝑉,−9.0	𝑚𝑉	and −7.2	𝑚𝑉 for the 

three repetitions performed, the logarithmic complex formation constant for nitrate ionophore V is equal 

to:   

 𝑙𝑜𝑔𝛽/0 = 1.36 ± 0.14  

2.5.2 Calculation of complexed and not complexed fraction of nitrate in the membrane 

Knowing the binding constant of nitrate ionophore V enables us to calculate the complexed and not 

complexed fraction of nitrate in the membrane, using the equations presented in the section above. 

Considering concentrations instead of activities, the complex formation constant for nitrate ionophore 

V is given as:  

𝛽/0 =
𝑐'0
𝑐'	. 𝑐0

→ 𝑐'0 = 𝛽/0𝑐'	. 𝑐0 

Using (3), we can now eliminate the concentration of complexed ionophore as follows:  

http://www.wolframalpha.com/
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𝑐'0 = 𝛽/0𝑐'	. 𝑐0 → 𝑅# − 𝑐'	. = 𝛽/0𝑐'	. 𝑐0        (9) 

From (6) and (9) we get:  

𝑅# − 𝑐'	. = 𝛽/0𝑐'	. (𝐿# − 𝑅# + 𝑐'	. ) → 

𝛽/0(𝑐'	. )9 + (𝛽/0𝐿# −	𝛽/0𝑅# + 1)𝑐'	. − 𝑅# = 0        (10) 

with the only unknown being the concentration of free nitrate (𝑐'	. ) in the membrane.  

Knowing the total concentration of ionophore and ion-exchanger added in the membrane and assuming 

that the density of the membrane is equal to the one of plasticizer used (dNPOE = 1.04 g/mL) we first 

calculate the respective concentrations in mol/L as follows:  

𝐿# = 22	𝑚𝑚𝑜𝑙	𝑘𝑔$> → 𝐿# = 0.0229	𝑀  

𝑅# = 11	𝑚𝑚𝑜𝑙	𝑘𝑔$> → 𝑅# = 0.0114	𝑀 

From the sandwich membrane experiment we calculate:  

 𝑙𝑜𝑔𝛽/0 = 1.36 → 𝛽/0 = 22.9	𝑀$>	 

Using the above values to solve (10) we get the concentration of free nitrate in the membrane:  

𝑐'	. = 7.9	𝑚𝑀	 

Finally, from (3) we calculate the concentration of complexed ionophore in the membrane equal to:  

𝑐'0 = 3.5 mM 

Hence, 31 % of the total nitrate is complexed to the ionophore and 69 % is in free form (not complexed).  

2.5.3 Correction for the liquid junction potentials and calculation of activities 

All the potentiometric measurements from the selectivity study were corrected for the liquid junction 

potentials originating from the double junction reference electrode (Ag/AgCl/ 3 M KCl/1 M LiOAc). 

Those were calculated with the Henderson equation using the ionic mobilities of the respective ions 59 

and they were subtracted from the measured potential values for each ion (	𝑢@&5 = 5.19 ∙ 10$<𝑐𝑚9 ∙

𝑠$> ∙ 𝑉$>, 𝑢@A63 = 7.40 ∙ 10$<𝑐𝑚9 ∙ 𝑠$> ∙ 𝑉$>, 𝑢BC3 = 7.91 ∙ 10$<𝑐𝑚9 ∙ 𝑠$> ∙ 𝑉$>, 𝑢D+3 = 8.13 ∙

10$<𝑐𝑚9 ∙ 𝑠$> ∙ 𝑉$>, 𝑢'3 = 7.96 ∙ 10$<𝑐𝑚9 ∙ 𝑠$> ∙ 𝑉$>, 𝑢BCA73 = 7.05 ∙ 10$<𝑐𝑚9 ∙ 𝑠$> ∙

𝑉$>, 𝑢AE13 = 4.24 ∙ 10$<𝑐𝑚9 ∙ 𝑠$> ∙ 𝑉$>, 𝑢0F5 = 4.01 ∙ 10$<𝑐𝑚9 ∙ 𝑠$> ∙ 𝑉$>). 

For the nitrite and thiocyanate solutions, the ionic mobilities were replaced by the respective diffusion 

coefficients 60 due to the lack of available data (𝑑@&5 = 1.33 ∙ 10$G𝑐𝑚9 ∙ 𝑠$>, 𝑑@A.3 = 1.91 ∙

10$G𝑐𝑚9 ∙ 𝑠$>, 𝑑AE13 = 1.09 ∙ 10$G𝑐𝑚9 ∙ 𝑠$>, 𝑑0F5 = 1.03 ∙ 10$G𝑐𝑚9 ∙ 𝑠$>, 𝑑HB@3 = 1.76 ∙

10$G𝑐𝑚9 ∙ 𝑠$>). 

The resulting junction potentials are summarized in Table S2.1 for the examined concentrations: 
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Table S2.1: Calculated junction potentials for the examined ions and concentrations. 

C (M) 
Ej (mV) 

NaCl NaNO2 NaBr NaNO3 NaI NaSCN NaClO4 

10-4 -6.26 -6.39 -6.25 -6.29 -6.26 -6.42 -6.31 

5·10-4 -5.09 -5.20 -5.07 -5.12 -5.08 -5.24 -5.14 

10-3 -4.57 -4.68 -4.55 -4.61 -4.57 -4.73 -4.63 

5·10-3 -3.28 -3.40 -3.26 -3.35 -3.28 -3.48 -3.40 

10-2 -2.66 -2.79 -2.62 -2.75 -2.65 -2.90 -2.81 

5·10-2 -0.81 -1.05 -0.71 -1.04 -0.78 -1.33 -1.20 

10-1 0.29 -0.06 0.43 -0.06 0.32 -0.48 -0.31 

 

The following semi-empirical equation which is based on the extended Debye-Hückel theory was used 

for the calculation of the activity coefficients for each ion:   

 

where  is the ionic strength,  is the absolute product of valencies, and , ,  parameters given 

by Meier 61. The logarithms of the resulting activities for each ion are summarized in Table S2.2 for the 

examined concentrations. 

Table S2.2: Calculated activities for the examined ions and concentrations. 

C (M) 
logα 

Cl- NO2
- Br- NO3

- I- SCN- ClO4
- 

10-4 -4.005 -4.005 -4.005 -4.005 -4.005 -4.005 -4.005 

5·10-4 -3.312 -3.312 -3.312 -3.312 -3.312 -3.312 -3.312 

10-3 -3.015 -3.016 -3.015 -3.016 -3.015 -3.015 -3.015 

5·10-3 -2.334 -2.334 -2.334 -2.334 -2.333 -2.333 -2.334 

10-2 -2.044 -2.045 -2.044 -2.046 -2.044 -2.044 -2.044 

5·10-2 -1.386 -1.390 -1.385 -1.392 -1.383 -1.383 -1.387 

10-1 -1.109 -1.114 -1.106 -1.119 -1.103 -1.103 -1.110 
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Chapter 3: Unconditioned Symmetric Solid-Contact Electrodes for 

Potentiometric Sensing 
 

(This chapter is based on the following paper: Damala, P.; Zdrachek, E.; Forrest, T.; Bakker, E. 

Unconditioned Symmetric Solid-Contact Electrodes for Potentiometric Sensing. Anal. Chem. 2022, 94 

(33), 11549–11556. https://doi.org/10.1021/acs.analchem.2c01728) 

 

3.1 Introduction 

Ever since potentiometry was established as an analytical method, a certain number of standard 

procedures for the preparation of the ion-selective electrodes (ISEs) has been adopted by the 

electroanalytical community. Among them, the “conditioning” step has the vital role of equilibrating the 

electrodes’ response by hydrating and saturating the sensing membrane with the desired analyte ions. 

During conditioning, a potential drift is typically observed owing to processes that fall into three main 

categories1: i) ion-exchange between the sensing membrane and aqueous solution, ii) water uptake into 

the membrane and underlying transducing layer and iii) other factors including temperature changes and 

leaching of membrane components. Ion-exchange and water uptake occur at different time-scales as 

water diffuses faster than ions in membranes, with the diffusion coefficients ranging between 10-6 – 10-

7 cm2 s-1 2,3 for water and approximately 10-8 cm2 s-1 4,5 for ions. The importance of water uptake on the 

potential was studied by measuring the drift of unconditioned electrodes based on silicone rubber 

membranes and POT as transducer. A drift of just 4 mV over 24 h was observed for the electrodes 

containing both silicone rubber and POT (compared to a 29 mV drift of electrodes without POT).  The 

authors attributed the excellent potential stability on the hydrophobic nature of these materials that 

prevented the formation of an internal water layer. A follow-up study6 from the same research group 

examined the water uptake of the same sensors fabricated with plasticized PVC instead of silicone 

rubber without prior conditioning. An increased water uptake was reported, possibly originating from 

the intermixing of the underlying transducer and the overlaid membrane. The electrode potentials drifted 

by approximately 30-40 mV during the first 9 h while the drift slowed for the next 9-24 h. Interestingly, 

even though the diffusion coefficients of silicone rubber and plasticized PVC membranes are almost the 

same, the silicone rubber resulted in the lowest rate of water uptake. 7 The ion-exchange in the membrane 

takes place at a slower rate, but it can also contribute to the potential drift. A distinction should be made 

between membranes that contain or do not contain the primary ion in the form of ion-exchanger. The 

effect of the presence or absence of the primary ion on the potential drift was examined with sodium-

selective electrodes that contained either potassium or sodium-based ion exchangers. 8 It was shown that 

electrodes (Au and GC) with membranes containing potassium-based ion-exchangers needed 

approximately 5 more minutes to equilibrate compared to their sodium-based counterparts, 
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demonstrating the effect of the ion-exchange process on the drift. Moreover, the effect of temperature 

was recently examined in our group where a drift of 25 mV was measured for a change of 20 degrees 

Celsius for solid-contact nitrate-selective electrodes based on PEDOT-C14. 9 These experiments were 

performed with conditioned electrodes, but such drifts are also expected with unconditioned electrodes. 

The leaching of membrane components can also lead to potential drifts and researchers have examined 

the leaching of ionophores10, ion-exchangers11 and plasticizers12 using various techniques. As an 

example, in the latter study the authors observed a slow drift of the measured streaming current during 

the 2 first hours of conditioning which they partly attributed to the leaching of plasticizer.  

Despite the resulting potential drift, performing an adequate conditioning step can have a decisive role 

on the performance of the electrodes. Yet, it is also one of the most time-consuming procedures during 

the electrode preparation and use. Depending on the application, it can last from a few hours up to 

several days. An outcome of a long-term conditioning procedure often reported is the formation of an 

internal water layer between the membrane and the transducing material, which can introduce potential 

instabilities. This phenomenon has been known for decades and the gradual shift to the use of more 

lipophilic membrane materials and transducers is indicative of the problem. 8,13–16 This water layer, once 

formed, can contain an accumulated amount of primary ions that risk to leach out when dilute samples 

are analyzed, posing an additional limitation for measurements at low sample concentration. 17 A method 

to lower the detection limit is to use a conditioning solution that contains only interfering ions, but the 

non-stationary processes prevailing in the membrane limit the universal use of this approach. 18 

Performing measurements in an optimized time window during which the sensors function in a non-

equilibrated state is another strategy to achieve even lower detection limits, which also drastically 

reduces the conditioning time. 19 To ensure the Nernstian behavior of the membrane, however, and avoid 

the prevalence of non-steady state conditions and transient calibration curves, it is important to include 

the primary ion in the conditioning solution. In addition, using a solution that contains both primary and 

interfering ions can offer the combined advantage of achieving low detection limits and Nernstian 

responses. Despite the obvious advantages of this method, the potentiometric response may be strongly 

influenced by the composition of the conditioning solution owing to the various equilibria established 

in the transducer and membrane phases. 20 Other factors related to the physicochemical properties of the 

membranes can also influence the conditioning requirements. For example, increasing the thickness of 

the sensing membrane increases the conditioning time21 while a 1000-fold decrease of the membrane 

(from 200 um to 200 nm) can significantly shorten the conditioning period due to the faster diffusion 

processes taking place. 22 

The need for fast and reliable potentiometric measurements has driven the researchers in the quest of 

new methods to decrease or eliminate the conditioning requirement without the cost of decreased 

performance. Pretreating the membrane cocktail with the necessary quantity of primary ions21,23,24 or 

both primary and interfering ions25, storing the electrodes with a drop of pure water on top of the sensing 
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membrane or inside the membrane cocktail26, as well as storing them in humid containers15,27 have been 

used as methods to reduce the need for conditioning immediately before measurement. However, in the 

last three cases, an initial preconditioning step of at least 24 h is required. In addition, the inclusion of 

the analyte ions in the membrane might not always eliminate the potential drifts arising from the water 

uptake in the membrane. An alternative strategy to avoid extensive conditioning is to optimize the 

thickness of the transducing layer as demonstrated with PEDOT(PSS). 28 In that study, an increase of 

the transducing layer thickness resulted in an increased hydrophobicity and decreased the influence of 

the electrode-transducer interface on the membrane equilibration rate. Research on unconditioned ion-

selective sensors was also extended to paper-based devices for the detection of chloride, potassium and 

sodium in biological media without prior conditioning. 29,30 In both cases, Nernstian behavior was 

reported with a linear response range that covered the physiologically relevant concentrations of the 

analytes in biological samples. However, the detection limits were higher than the ones observed in the 

conventional ISEs and the authors attributed this phenomenon to the anionic groups of the paper 

cellulose used as a substrate for the sensors. Apart from the clinically relevant ions, paper-based ion-

sensing platforms have been fabricated and used without pretreatment for the detection of enzyme 

activities and ogranophosphate pesticides. 31 Using a sensing platform resembling an origami structure, 

the authors reported detection limits for the methyl parathion pesticide that are comparable or lower to 

the ones already reported in literature.     

As shown from the examples above, the planar sensing platforms that have been used succesfully 

without prior conditioning target either clinically relevant ions in physiological media (e.g. whole blood) 

or enzymes and small molecule analytes. There is still a lack of progress on a solid-state potentiometric 

sensing system that can detect environmentally relevant ions (such as nitrate) using sensors that can be 

used without prior conditioning while maintaining long-term stability and detection limits of 

conventional ISEs.  
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Figure 3.1: Symmetric setup consisting of a nitrate (or potassium)-selective electrode used as a (solid-
contact) reference electrode (a), a bridge of two identical Ag/AgCl reference electrodes (b), a nitrate (or 
potassium)-selective electrode used as an indicator electrode (c) and an Ag/AgCl reference electrode 
used as the main reference electrode of the system to decouple potentials of solid-contact reference and 
indicator electrodes for characterization purpose (d). Any number of electrodes (a) and (c) can be added 
to the reference and sample cells respectively.  

We examine here the performance of a setup using the principle of symmetry reported in a recent study 

by our group.9 The novelty of the current work is to demonstrate stable potentiometric measurements 

using solid contact electrodes “out-of-the-box” without the need of conditioning. Moreover, with the 

suggested setup there is no need to fulfill any requirements for a bridge electrolyte mixture as with our 

earlier work, which facilitates the determination of a broader set of analytes. The principle is 

demonstrated with the measurement of nitrate of river water. Here, symmetry is established using two 

cells with identical solid-contact ISEs that serve as the reference and sample cells (Figure 3.1). By 

performing differential potential measurements between the two sides it is possible to cancel out all 

potential drifts unrelated to the analyte activity levels that may originate from (i) changes in the 

environment (temperature, light, pressure, air composition), (ii) changes in the quality of the electrode 

components, and (iii) changes related to the conditioning of the dry membranes upon initial contact with 

a solution. With this symmetric setup we demonstrate the successful use of unconditioned electrodes for 

the detection of nitrate and potassium ions.  

3.2 Experimental 

3.2.1 Reagents  

Tridodecylmethylammonium nitrate (TDMAN), bis(2-ethylhexyl) phthalate (DEHP), 

tetradodecylammonium tetrakis(4-chlorophenyl)borate (ETH 500), bis(2-ethylhexyl)sebacate (DOS), 

potassium tetrakis[(3,5-bis(trifluoromethyl)phenyl]borate (KTFPB) and tetrahydrofuran (THF) were of 

Selectophore grade (Sigma-Aldrich, Switzerland). Octadecyl amine-functionalized single-walled 

carbon nanotubes (80-90 % carbon basis, D x L: 2-10 nm x 0.5-2 μm) were purchased from Sigma-

Aldrich. Valinomycin (90+ %) was purchased from Alfa Aesar. Potassium nitrate (99+ %) and sodium 

nitrate (≥99 %) were purchased from Sigma-Aldrich. Aqueous solutions were prepared by dissolving 

the respective salts in Milli-Q water (18.2 MΩ cm). 

3.2.2 Preparation of Ion-Selective Electrodes 

Commercial glassy carbon macroelectrodes (Ø 3 mm) were used for the preparation of the nitrate and 

potassium-selective electrodes. The electrodes were polished with diamond spray (Kemet International, 

UK) of 6, 3, 1 and 0.25 μm size before use. The drop-casting protocol for the deposition of the transducer 

and the sensing membrane that followed was the same for both types of ISEs. Commercial octadecyl 

amine-functionalized single-walled carbon nanotubes (f-SWCNTs) were used as a transducer material. 

The respective solution was prepared by dispersing 1 mg f-SWCNTs in 1 mL THF. Eight layers (20 μL 
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each) of this solution were drop-cast on top of the electrodes, keeping 10 min of drying time before 

depositing the next layer. After the last coating, the electrodes were left to dry for at least 30 min before 

continuing with the deposition of the membrane layers. The sensing membrane of the nitrate-selective 

electrodes was prepared by dissolving 0.6 mg TDMAN (10 mmol·kg-1), 1.7 mg ETH500 (14.8 mmol·kg-

1), 33.3 mg PVC and 64.4 mg DEHP in 1 mL THF. The membrane of the potassium-selective electrodes 

was prepared by dissolving 1.11 mg valinomycin (10 mmol·kg-1), 0.45 mg KTFPB (5 mmol·kg-1), 33.3 

mg PVC and 65.5 mg DOS in 1 mL THF. Both membrane cocktails contained the primary ion in the 

form of ion-exchangers (TDMAN for nitrate-selective and KTFPB for potassium-selective membranes) 

to facilitate and shorten the equilibration process. Three layers (50 μL each) of the membrane solution 

were drop-cast on top of the transducer deposited earlier, keeping 20 minutes of drying time before the 

deposition of the next layer. The drop-cast electrodes were left to dry overnight in ambient air and 

temperature before use. 

3.2.3 Electrochemical equipment 

The potentiometric measurements were performed with a high impedance input 16-channel EMF 

monitor (Lawson Laboratories, Malvern, PA). Three identical double-junction reference electrodes 

(Ag/AgCl/ 3 M KCl/1 M LiOAc, Metrohm, Switzerland) were used in the symmetric setup; one was 

used as the main reference electrode connected to the Lawson and two were used as a bridge that 

connected the two cells (Figure 3.1). The liquid-junction reference electrodes used as a bridge were 

frequently cleaned and refilled with their respective electrolytes to minimize any additional potential 

drifts.   

3.2.4 Symmetric setup and corrections in potential 

The symmetric setup presented in Figure 3.1 was used for all types of experiments performed in this 

study. The two liquid junction reference electrodes used as a bridge connecting the reference and sample 

cells contributed with their junction potentials to the final potential readings. During the calibration 

experiments, the reference cell was kept at a constant and relatively low concentration of the analyte 

ion, while the concentration in the sample cell varied between 10-6 M and 10-2 M. This discrepancy in 

concentration levels resulted in the rise of an additional potential that needed to be corrected. A detailed 

description of the potential corrections made is given in the Supporting Information.  

3.2.5 Long-term and 5-day potential drift experiments 

The 5-day drift was examined by calibrating the electrodes for five consecutive days. When not 

calibrated, the electrodes were kept in their conditioning solution (0.1 mM NaNO3 for nitrate and 1 mM 

KNO3 for potassium). For these experiments, the same set of electrodes was used for the five 

measurement days: six electrodes for nitrate (three in each cell) and four electrodes for potassium (two 

in each cell). Since the electrodes were used unconditioned, the first day of calibration (Day 1) can be 

considered as the conditioning day. During the measurements, stirring was performed for a short time 
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only after the addition of standard solutions; otherwise, the solutions were kept unstirred. The long-term 

drift of the ISEs was tested by keeping a constant concentration in the reference cell (0.1 mM NaNO3 

for nitrate and 1 mM KNO3 for potassium-selective electrodes) while varying the analyte ion 

concentration in the sample cell (0.1/0.5/1 mM NaNO3 for nitrate and 1/5/10 mM KNO3 for potassium-

selective electrodes). For each experiment, a new set of dry (unconditioned) electrodes was used. The 

potential was monitored for 20 h (except one case where the total duration was 15 h) in unstirred 

conditions and the drift was calculated on a minute-by-minute (or hour-by-hour) basis (as shown in 

Figure 3.2). All electrodes used in the long-term experiments were calibrated immediately after the 20-

h monitoring period with standard nitrate solutions in Milli-Q water to ensure their proper functioning.  

3.2.6 Data processing and statistics 

The symmetric setup may include any number of reference and indicator electrodes in the reference and 

sample cells respectively (electrodes (a) and (c) in Figure 3.1). To apply the principle of symmetry, the 

potential readouts corresponding to the reference electrodes were subtracted from the ones of the 

indicator electrodes. For the 5-day drift experiments, the following data treatment took place. In the case 

of nitrate, six identical nitrate-selective electrodes were used; three electrodes placed in the reference 

cell (Ref1, Ref2, Ref3) and three in the sample cell (Ind1, Ind2, Ind3). The subtractions of the EMF readings 

between the reference and indicator electrodes (Ind1-Ref1, Ind1-Ref2, Ind1-Ref3, Ind2-Ref1, Ind2-Re2, 

Ind2-Ref3, Ind3-Ref1, Ind3-Re2, Ind3-Ref3) gave a dataset of nine deducted potential values, which were 

subsequently used for the statistics (the average and standard deviations came from these nine potential 

values). Hence, for all the results presented below that refer to the nitrate-selective electrodes, n=9 for 

the symmetric system and n=3 for the asymmetric system. In the case of potassium, four potassium-

selective electrodes were used; two of them placed in the reference cell and two in the sample cell. The 

same statistical analysis presented above was also followed in the case of potassium. The average and 

standard deviations shown come from the four deducted potential values (Ind1-Ref1, Ind1-Ref2, Ind2-

Ref1, Ind2-Re2). As before, for all the results presented below that refer to the potassium-selective 

electrodes, n=4 for the symmetric system and n=2 for the asymmetric system. For the long-term 

experiments, similar subtractions between the potential readouts of the indicator and reference 

electrodes were performed, resulting in four and nine potential traces, for potassium and nitrate 

respectively. For the calibrations performed during the 5-day drift experiments, the EMF readings were 

recorded every second and the average value of the last 60 readings was used every time as the final 

potential value corresponding to each nitrate activity.   

For clarity purposes, the “symmetric system” mentioned below refers to the potentiometric response of 

the indicator electrode(s) (electrode (c) in Figure 3.1) measured against identical electrode(s) placed in 

the reference cell (electrode (a) in Figure 3.1), while the “asymmetric system” refers to the 

potentiometric response of the indicator electrode(s) (electrode (c) in Figure 3.1) measured against an 
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Ag/AgCl reference electrode (electrode (d) in Figure 3.1) without any data treatment between the EMF 

readings of the reference and sample cells.  

3.2.7 Instrumentation and Protocols 

Spectrophotometric Kit. The Spectroquant Nitrate Test from Merck was used as a reference method for 

the determination of the nitrate concentration in the river water sample. In this method, the nitrate ions 

reacted in sulfuric and phosphoric solution with 2,6-dimethylphenol to form 4-nitro-2,6-dimethylphenol, 

which is subsequently detected photometrically. The measuring range of the kit was 0.1 – 25 mg NO3
-

/L and the wavelength used for the photometric detection was 357 nm. The river water samples were 

filtered prior their measurement (0.45 μm). 

Analysis of river water sample. To simulate the conditions in a real environment, the nitrate 

concentration of a river water sample (Arve river, Switzerland) was determined. The sample was tested 

without prior filtration or other treatment. Four nitrate-selective electrodes were used (two in the 

reference cell and two in the sample cell). The standard addition method was used for the determination 

of nitrate, using the following equation to linearize obtained data and calculate the concentration of the 

sample: 

    (1) 

Where Vinit is the initial volume of the river sample, Vst the volume of a standard nitrate solution added 

to the sample, E2 is the potential value after the addition of the standard, E1 is the initial potential value 

of the river sample, s is the response slope of the nitrate-selective electrodes determined during the 

calibration experiments, cst  is the concentration of the standard nitrate solution and csample,init the unknown 

nitrate concentration of the river sample.  

The initial potential reading corresponding to the untreated river sample was recorded. Then, a small 

aliquot of a known nitrate standard was added to the sample and the potential was recorded again. In 

total, nine sequential additions of standard nitrate solution were performed, and the nitrate concentration 

of the river sample was calculated using the slope of eq. 1. The EMF values were recorded every s and 

for each nitrate addition the last 60 potential readings (before the next addition) were averaged. This 

averaged potential value was used as the final EMF recording of each addition step (corresponding to 

E2 from eq. 1). The detailed steps of the calculations related to the standard addition method are given 

in the Supporting Information.  

The long-term drift of the nitrate-selective electrodes in the river water sample was examined by two 

additional experiments. In the first experiment, both reference and sample cells contained untreated 

sample while in the second experiment, the sample cell was spiked with a known quantity of nitrate 
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standard solution. In both cases, six nitrate-selective electrodes were used (three in the reference cell 

and three in the sample cell).  

3.3 Results and Discussion 

Typically, when a conditioning protocol is applied, the equilibration time is synonymous with the 

required conditioning time. The respective time period changes depending on the application; short 

conditioning times are preferred when rapid sensing with single-use sensors is desired while longer 

conditioning is acceptable when time is not of concern. 32 In addition, it is evident that any system may 

reach an equilibrated state after a certain time at constant environmental conditions. Taking this into 

account, the knowledge of the time required for the system to reach a certain potential drift becomes 

more important than merely the information on whether the system has reached equilibrium or not. This 

knowledge should be one of the characteristics used to evaluate the quality of a given ISE. 33 However, 

it is important to note that the threshold for defining what is considered as an acceptable drift is not 

universal. When the conditioning step is omitted, researchers choose their own threshold values to judge 

whether their system is equilibrated. For example, in an earlier study 8 the arbitrary value of 0.3 mV/min 

was used as threshold to enable the comparison between different potentiometric systems. Electrodes 

with a drift value lower than the threshold were considered sufficiently conditioned.   

The advantage of using the principle of symmetry is here quite evident. In a conventional solid-contact 

potentiometric system, the potential reading corresponds to the indicator electrode measured against a 

reference electrode of different nature, as for example in the case of Ag/AgCl reference electrodes. 

Differences in the environment will affect differently the potential developed at the reference and 

indicator electrodes, as demonstrated in a recent study from our group. 9 In the symmetric system, the 

reference electrode is now an exact copy of the indicator electrode: both electrodes are influenced in the 

same way by the environment (e.g. from differences in temperature) and demonstrate very similar 

potential values. When one is measured against the other, any influence from the environment on the 

potential reading is cancelled, and what is remaining is the influence of the different analyte activities 

between the reference and sample cells. In this study the application of symmetry resulted in a potential 

drift that rapidly approached a zero value as opposed to the asymmetric system where the drift decreased 

at a slower rate. In the latter case, the contribution of ion-exchange to the potential drift observed during 

conditioning is expected to be minimal due to the presence of primary ions in the sensing membrane 

(use of TDMAN for nitrate-selective electrodes and KTFPB for potassium-selective electrodes). Instead, 

we expect that the water uptake -and maybe other factors like leaching of membrane components- are 

responsible for the potential drift (see Figure 3.2, orange trace). The influence of water penetration in 

the membrane has also been examined in other studies 26,28 that use membranes including the primary 

ion (as in our case) with the potential drifts observed ranging between 40 – 200 mV. The equilibration 

times in these studies were shorter compared to our case due to the highly concentrated conditioning 

solutions used.  
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The long-term potential drift of the unconditioned nitrate-selective electrodes upon first solution contact 

is shown in Figure 3.2. When both reference and sample cells were kept at the same concentration (0.1 

mM NaNO3), the potential in the symmetric system fluctuated around the value of 0 mV until the end 

of the 20-h period, reaching a drift of 0.3 mV/min in less than 10 minutes. The drift continued to decrease 

and approached a value close to zero (0.003 ± 0.002 mV/min) after 20 h. In the asymmetric system using 

a conventional Ag/AgCl outer reference element, the potential was continuously drifting until the end 

of the monitoring period. In total, it decreased by 20 mV with a drift of 0.98 ± 0.09 mV/h (at t = 20 h) 

compared to the drift for the symmetric system of 0.15 ± 0.09 mV/h. After the experiment, the electrodes 

were calibrated to give a slope close to 56 mV/dec, confirming their Nernstian behavior (Figure S3.1).  

   

Figure 3.2: a) Observed potential change and b) corresponding potential drift in mV/h for 20-h 
following initial contact to a solution containing 0.1 mM NO3

-. Inset: potential drift for the first 100 min 
shown for clarity. 

The 5-day drift of nitrate-selective electrodes was examined using another set of unconditioned 

electrodes. The calibrations performed daily showing a clear difference between the symmetric and 

asymmetric system, mainly in relation to the first day of measurement, which corresponds to the actual 

conditioning of the electrodes (Figure 3.3a,b). The influence of the absence of conditioning disappears 

in the symmetric system where the electrodes used as reference are experiencing the same potential drift 

with the indicator electrodes. The average E0 value of the five days was -231.4 ± 2.9 mV in the 

symmetric system and the zero potential value was measured at a nitrate activity of 0.073 ± 0.007 mM 

which is close to the nitrate activity in the reference cell (0.1 mM NO3
-). In the asymmetric system, the 

average E0 value of the five days was 121.7 ± 19.0 mV, showing a larger standard deviation, as expected. 

The slope remained stable in both cases, with an average value of 55.9 ± 0.3 mV/dec. To visualize the 

evolution of the electrodes response over time, Figure 3.3c shows the results from a single pair of 

electrodes, where the logarithmic activity that corresponds to the zero point (E = 0 mV) is plotted against 

the 5 days. The error bars presented here are standard deviations for the same electrode (n = 3). In the 

other two experiments of long-term potential monitoring (when the sample cell was kept at 0.5 mM and 

1 mM NaNO3) the drift for the symmetric system dropped below 0.1 mV/min in less than 10 minutes, 
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while the asymmetric system reached the same level of drift after more than an hour of monitoring. 

Detailed graphs are presented in the supporting information (Figure S3.2). 

All results obtained from the long-term drift experiments correlated well with the actual response of the 

nitrate-selective electrodes when calibrated on a day-by-day basis. For example, in the long-term drift 

experiment where the sample and reference cells differed by one order of magnitude (in concentration 

terms), the potential in the symmetric system was -55.2 ± 3.4 mV at t = 0, remaining stable during the 

whole monitoring period (Et=20h = -54.6 ± 1.6 mV). These values were close to the electrodes slope 

measured during the 5-day experiments (55.9 ± 0.3 mV/dec, average value), confirming the excellent 

performance for both types of experiments.   

  

 

Figure 3.3: a) Calibration for days 1-5 in the asymmetric and b) symmetric system for nitrate and c) 
reproducibility of the zero point (the logarithmic nitrate sample activity giving a cell potential of zero) 
over 5 days for both systems. 

By using the symmetric system presented in this study unconditioned ISEs may be used directly for 

potentiometric measurements while exhibiting the expected Nernstian response of conventional 

systems. The principle was initially tested with nitrate-selective electrodes, since nitrate is one of the 

target analytes for environmental studies and similar research on the use of unconditioned electrodes is 

missing.   

Based on literature reports, potassium-selective electrodes are expected to give a low potential drift 

when used without prior conditioning.8 To examine whether we would obtain a similar potential stability 

with our symmetric/asymmetric principle, we performed the same set of experiments as above, but by 

using potassium-selective electrodes. Indeed, during the 5-day drift experiments the electrodes remained 

relatively stable between the first and fifth day of measurements, even in the asymmetric system (Figure 

3.4). The 5-day average E0 value in the latter system was 281.7 ± 3.8 mV, compared to 164.2 ± 1.8 mV 

measured in the symmetric system. The slope in both cases remained stable, with an average value of 

56.7 ± 0.5 mV. This result may explain the success of literature reports for the detection of potassium 

with unconditioned membranes, 29,30 although the reasons for this are as yet unclear. 



72 
 

  

Figure 3.4: Calibration for days 1-5 in the asymmetric (a) and symmetric system (b) for measuring 
potassium. 

Similarly, the long-term drift ranged between 0.10 – 0.13 mV/h (at t = 20 h) for both the symmetric and 

asymmetric systems when the activity in the reference/sample cells was 1 mM / 10 mM KNO3 (1st 

experiment) and 1 mM / 5 mM (2nd experiment). In the third experiment (when both the reference and 

sample cells were kept in 1 mM KNO3) the respective potential drift varied between 0.32 – 0.87 mV/h, 

however, it should be noted that the total duration here was 15 h instead of 20 h as in the previous two 

cases. Detailed graphs on the performance of the potassium-selective electrodes are given in the 

Supporting Information (Figure S3.3). Interestingly, the evolution of the drift over time showed the 

same trend as in the case of nitrate electrodes. In all three experiments, the drift minimized at a faster 

rate in the symmetric system. In the aforementioned literature study8 where the threshold drift of 0.3 

mV/min was used to determine the minimum equilibration time, the unconditioned K+-ISEs stabilised 

after approximately 10 minutes. These results are surprising considering that the transducer used was 

the highly hydrophilic PEDOT(PSS), a conducting material that is prone to the formation of an internal 

aqueous layer between the membrane and the solid contact. 34 This water layer can induce an important 

potential instability, which is not expected to be present to that extent with the hydrophobic carbon 

nanotubes used in this study. Despite the differences in hydrophobicity between those two transducers, 

the average time to reach the same threshold of potential drift in the asymmetric system presented here 

was somewhat higher, but still comparable (30.6 ± 3.8 min instead of 10 min). Conversely, the 0.3 

mV/min threshold was met in less than 10 minutes (5.3 ± 4.2 min) when symmetry was applied. 

The applicability of the symmetric setup was examined by measuring the nitrate concentration of a river 

water sample using the standard addition method (Figure S3.4a,b). The slope used in the equation of 

the standard addition method was the average slope of the symmetric system from the 5-day drift 

experiment discussed above (-55.9 mV/dec) which did not change significantly in those five days (SD 

= 0.3 for the five days). The concentration of nitrate in the river sample was measured as 102.5 ± 0.5 

μM NO3
- (n = 4) which correlated well with the results from photometry (102.2 ± 1.4 μM NO3

-, n = 3) 

used as a reference technique, with an error of just 0.3 %. After the determination of nitrate in the river 
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sample, the electrodes were calibrated with standard nitrate solutions in Milli-Q environment, showing 

a Nernstian response (Figure S3.4c).   

The long-term potential drift was examined by keeping both reference and sample cells in the same 

untreated river sample. In the asymmetric system, the difference between the maximum and minimum 

potential value recorded for the 20-h monitoring period was 22 mV and the drift at t = 20 h was 0.60 ± 

0.11 mV/h. The respective values for the symmetric system were 5 mV and 0.20 ± 0.10 mV/h. After just 

10 min after initial solution contact the drift dropped to below 0.07 mV/min and remained at this level 

for the entire duration of the experiment (see blue trace in inset of Figure 3.5).  

  
 

Figure 3.5: a) Observed potential change and b) corresponding potential drift in mV/h over a period of 
20-h upon initial contact with an untreated river sample. Inset: potential drift for the first 100 min shown 
for clarity. 

In a separate experiment, unconditioned nitrate-selective electrodes were immersed in river water. The 

reference cell contained untreated river sample while the sample cell was in contact with the same river 

water with an added quantity of nitrate standard solution, increasing its concentration from 102.2 μM 

NO3
- to 372 μM NO3

-. In the symmetric system, the average value of the potential reading for the entire 

20 h duration of the monitoring period was ‑31.1 ± 2.1 mV (n = 18) (Figure S3.5a). Using the Nernstian 

equation, the slope corresponding to this potential value was calculated as -55.4 mV/dec, confirming the 

Nerstian behavior of the electrodes in the river water sample and the absence of a matrix effect. The drift 

at the end of the monitoring period was 0.76 ± 0.04 mV/h and 0.09 ± 0.07 mV/h for the asymmetric and 

symmetric system, respectively, with the latter maintaining a drift lower than 0.1 mV/min already from 

the third minute of exposure to the river sample (Figure S3.5b).  

The above findings demonstrate that with the symmetric setup suggested here one may measure the 

nitrate concentration of a freshwater sample with unconditioned electrodes by using the slope from the 

calibration of unconditioned electrodes. We showed that the slope calculated in the laboratory setting 

(electrolyte in pure water) is almost identical to the one obtained in the real water sample (with a 0.9 % 

error), confirming that the knowldege of the latter is not required for the calculations of the nitrate 

concentration in the unknown freshwater sample. The application of the proposed system for the 
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detection of analytes in more complex media (e.g. biological samples) is also feasible. In this case, one 

may consider the potentials that can arise from the adsorption of sample components onto the membrane, 

which have been shown that are insignificant. The asymmetry potential that arises when sodium-

selective membranes are brought in contact with diluted solution of bovine serum albumin (BSA) has 

been studied35, demonstrating that the potential change after the protein contact with the membrane is 

in the order of few milivolts (< 3 mV). Another study 36 examining the influence of the adsorption of 

BSA and polyethylenimine on calcium-selective membranes showed that there is practically no effect 

in the response when the electrodes are used in the potentiometric mode, with the highest potential 

diffrence observed being approximately 3 mV. As stated, the potentiometric response is governed by 

local extraction equilibria and if the adsorbed components are not influencing these equilibria there will 

be no effect on the electrodes response. Overall, the small intereference observed by the adsorption of 

sample components in the membrane cannot be eliminated, but it is not expected to influence the 

function of the sensors. Nevertheless, the study of similar and other adsorption phenomena onto the 

surface of polymeric membranes is not the scope of the current study.  

3.4 Conclusions 

A symmetric setup with unconditioned solid-contact ISEs shows comparable long-term potential 

stability as well as detection ranges and Nernstian responses to conditioned membranes, and is clearly 

superior compared to asymmetric approaches with unconditioned electrodes. Identical electrodes in both 

compartments of the symmetric setup make it possible to achieve an effective differential potential 

measurement between reference and indicator electrodes.  This allows for the near-complete elimination 

of potential drifts originating from environmental changes as well as those related to the water uptake 

of the membrane during the conditioning procedure. The nitrate- and potassium-selective electrodes 

tested here were based on plasticized PVC sensing membranes deposited on top of functionalized carbon 

nanotubes, but the principle can be applied to ion-selective electrodes of different membrane materials 

and transducers. The nitrate concentration of a river water sample was measured using the proposed 

system with an error of just 0.3 % compared to the reference technique. In addition, the potential drift 

reported during the long-term monitoring in the untreated river water sample dropped below 0.1 mV/min 

after a few minutes of initial contact with the sample. These promising results open the way for more 

applications based on the presented symmetric approach, enabling the use of solid contact electrodes 

"out-of-the-box" without the need of a lengthy conditioning step that limits the practical application of 

potentiometric measurements.  

3.5 Supporting Information  

3.5.1 Corrections in the potential values for the symmetric setup 

All electrodes in the reference and sample cells were subject to the same junction potential, 𝐸I, that arose 

from the main liquid double junction reference electrode. This is the principal reference electrode 
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connected to the Lawson potentiostat, together with the electrodes of both the reference and sample 

cells. Moreover, an additional junction potential emerged from the two liquid junction reference 

electrodes used as a bridge between the cells. Although these electrodes were identical, they each 

manifested a different junction potential, since they were subject to different concentrations of the 

principal ion: the reference cell was kept at a constant concentration, while the sample cell was subject 

to varying concentrations (during the calibration experiments). This additional contribution is denoted 

as 𝑑𝐸 and corresponded to the difference of the junction potential between the reference cell (𝐸I
+=J) and 

the sample cell (𝐸I
K&LMC=). For the correction of this contribution, dE was added to the potential readout 

of the reference cell:  

𝐸K&LMC= = 𝐸L=&K
K&LMC= − 𝐸I  (1) 

𝐸+=J = 𝐸L=&K
+=J − 𝐸I + 𝑑𝐸  (2) 

𝑑𝐸 = 𝐸I
K&LMC= − 𝐸I

+=J   (3) 

where 𝐸L=&K
K&LMC=and 𝐸L=&K

+=J  refer to the raw EMF readouts from Lawson.  

For applying the principle of symmetry between the two cells, the corrected potential of the reference 

cell was subtracted from the one of the indicator cell, resulting in the final potential value for the 

symmetric system, 𝐸KNL: 

𝐸KNL = 𝐸K&LMC= − 𝐸+=J
(>),(9)
O⎯⎯⎯Q 

𝐸KNL = 𝐸L=&K
K&LMC= −	𝐸L=&K

+=J − 𝑑𝐸     

And the potential value for the asymmetric system, 𝐸&KNL:  

𝐸&KNL = 𝐸L=&K
K&LMC= − 𝐸I 

The liquid junction potentials were calculated using the Henderson equation (𝑢@A63 = 7.58 ∙ 10$<𝑐𝑚9 ∙

𝑠$> ∙ 𝑉$>, 𝑢@&5 = 5.47 ∙ 10$<𝑐𝑚9 ∙ 𝑠$> ∙ 𝑉$>, 𝑢AE13 = 4.38 ∙ 10$<𝑐𝑚9 ∙ 𝑠$> ∙ 𝑉$>, 𝑢0F5 = 4.24 ∙

10$<𝑐𝑚9 ∙ 𝑠$> ∙ 𝑉$>, 𝑢P5 = 8.00 ∙ 10$<𝑐𝑚9 ∙ 𝑠$> ∙ 𝑉$>). 
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Figure S3.1: Calibration (symmetric system) after the long-term exposure of nitrate-selective electrodes 
in 0.1 mM NaNO3 (both reference and sample cell).  

 
 

Figure S3.2: a) Observed potential change, b) corresponding potential drift in mV/h for 20-h following 
initial contact to a solution containing 1 mM NO3

-, and c) calibration after the long-term exposure; d) 
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Observed potential change, e) corresponding potential drift in mV/h for 20-h following initial contact to 
a solution containing 0.5 mM NO3

-, and f) calibration after the long-term exposure. The calibrations 
presented above refer to the symmetric system. Insets: potential drift for the first 100 min shown for 
clarity. 

 

 
Figure S3.3: a) Observed potential change, b) corresponding potential drift in mV/h for 15-h following 
initial contact to a solution containing 1 mM K+, and c) calibration after the long-term exposure; d) 
Observed potential change, e) corresponding potential drift in mV/h for 20-h following initial contact to 
a solution containing 5 mM K+, and f) calibration after the long-term exposure; g) Observed potential 
change, h) corresponding potential drift in mV/h for 20-h following initial contact to a solution 
containing 10 mM K+, and i) calibration after the long-term exposure; The calibrations presented above 
refer to the symmetric system. Insets: potential drift for the first 100 min shown for clarity. 

3.5.2 Calculations for the application of the Standard Addition Method 

The potentiometric response of the nitrate-selective electrode in the river water sample -before any 

standard addition- can be described by the following equation:  



78 
 

𝐸> = 𝐸Q + 𝑠 ∙ 𝑙𝑜𝑔𝑎K&LMC=,FRFS →	𝑎@A63 = 𝛾K&LMC= ∙ 𝑐K&LMC=,FRFS = 10
/83/9

: → 𝑐K&LMC=,FRFS = 𝛾K&LMC=$> ∙

10
/83/9

:             (1) 

where 𝑐K&LMC=,FRFS is the nitrate concentration in the river water sample, 𝐸> the corresponding EMF 

readout, 𝐸Q all the stable potential contributions present in the cell, 𝛾K&LMC= the activity of nitrate and 𝑠 

the potentiometric response slope of the nitrate-selective electrodes.  

Similarly, after the addition of standard, the concentration of the sample can be described as following: 

𝑐K&LMC= = 𝛾K&LMC=$> ∙ 10
/.3/9

:          (2) 

where 𝐸9 is the corresponding EMF readout after the standard addition.  

 

When an aliquot of standard nitrate solution, 𝑉KS , is added to the sample, the following equilibrium is 

established:  

𝑛K&LMC= = 𝑛K&LMC=,FRFS + 𝑛KS → 

𝑐K&LMC= ∙ 𝑉K&LMC= = 𝑐K&LMC=,FRFS ∙ 𝑉FRFS + 𝑐KS ∙ 𝑉KS → 

𝑐K&LMC= ∙ (𝑉FRFS + 𝑉KS) = 𝑐K&LMC=,FRFS ∙ 𝑉FRFS + 𝑐KS ∙ 𝑉KS
(9)
OQ	 

𝛾K&LMC=$> ∙ 10
?.$?9
K ∙ (𝑉FRFS + 𝑉KS) = 𝑐K&LMC=,FRFS ∙ 𝑉FRFS + 𝑐KS ∙ 𝑉KS

÷	1:,;<=>,@A@B
O⎯⎯⎯⎯⎯⎯⎯⎯Q 

10
?.$?9
K ∙ (𝑉FRFS + 𝑉KS)

𝛾K&LMC= ∙ 𝑐K&LMC=,FRFS
=
𝑐K&LMC=,FRFS ∙ 𝑉FRFS + 𝑐KS ∙ 𝑉KS

𝑐K&LMC=,FRFS
(>)
OQ	 

10
?.$?9
K ∙ (𝑉FRFS + 𝑉KS)

𝛾K&LMC= ∙ 𝛾K&LMC=$> ∙ 10
?8$?9
K

=
𝑐K&LMC=,FRFS ∙ 𝑉FRFS + 𝑐KS ∙ 𝑉KS

𝑐K&LMC=,FRFS
→	 

(𝑉FRFS + 𝑉KS) ∙ 10
/.3/8

: = 𝑉FRFS +
>

1:,;<=>,@A@B
∙ 𝑐KS ∙ 𝑉KS        (3) 

By plotting the potential readouts and concentrations from the nine standard additions performed to the 

above equation (which has the form 𝑦 = 𝑏 + 𝑎 ∙ 𝑥), we found the initial nitrate concentration of the river 

water sample, which was equal to the reverse of the slope. 
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Figure S3.4: a) EMF readouts during the nine additions of standard nitrate aliquots for the symmetric 
and asymmetric system, b) plot of the equation of Standard Addition method (eq. 3) for the calculation 
of the initial nitrate concentration in the river water sample, and c) calibration (n = 4) of the nitrate-
selective electrodes in Milli-Q after the 9-point determination of unknown river water sample.  

 

 
Figure S3.5: a) Observed potential change and b) corresponding potential drift in mV/h for 20-h 
following initial contact to a solution containing untreated river sample spiked with nitrate standard to 
a final concentration of 372 μM NΟ3

- (with the reference cell containing untreated river water sample), 
and c) calibration (n=9) after the long-term exposure using nitrate standard solutions in Milli-Q. Inset: 
potential drift for the first 100 min shown for clarity. 
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Chapter 4. Avoiding Potential Pitfalls in Designing Wired Glucose 

Biosensors 
 

(This chapter is based on the following paper: Damala, P.; Tiuftiakov, Yu. N.; Bakker, E. Avoiding 

Potential Pitfalls in Designing Wired Glucose Biosensors, ACS Sens. 2024, 9 (1), 2–8. 

https://doi.org/10.1021/acssensors.3c01960) 

 

4.1 Introduction   
Glucose biosensors are today ubiquitous in diabetes management, with many commercialized blood 

tests exhibiting adequate sensitivity and reliability for single home use. 1 Today, one strives to perform 

glucose detection in situ and continuously, with minimally invasive sensors that are reliable, sensitive, 

low cost and often wearable. Many recent studies target alternative biofluids including tears, saliva, 

sweat and urine in the hopes of correlating the resulting glucose levels with those in blood. 2,3 Many 

newly developed biosensors focus more on the engineering side than on the understanding of the 

underlying chemistry. The same sensor preparation procedure is often repeated study after study, 

focusing more on form factor than on the principles governing their response. Principal limiting factors 

of the sensors are therefore often not studied or discussed, which hampers important progress. In this 

perspectives article, we focus on so-called “wired” glucose electrodes and aim to remind the reader of 

key aspects that govern and limit their response. 

Enzyme “wiring” refers to the establishment of electrical communication between the enzyme and the 

electrode, made possible with the introduction of bound electron mediators that reduce or oxidize the 

active site of the enzyme and shuttle the electrons to and from the electrode surface. An important 

example of sensors employing such mediated electron transfer is found in Cass et al. who developed a 

second-generation glucose electrode based on ferrocene deposited on a graphite electrode with a top 

layer of covalently immobilized glucose oxidase. 4 In the late 80s, mediated amperometric glucose 

biosensors were brought to the market as single use home tests. 5 Meanwhile, it became clear that 

enzymes often cannot exchange electrons with the electrode on which they are adsorbed because their 

active sites are electrically inaccessible. This is typically caused by the protective glycosylation shell 

surrounding the enzyme, which protects against spontaneous electron transfer in living systems. 6 For a 

wired enzyme to be realized, part of the shell should be either stripped or modified with redox active 

compounds (known as “electron relays”) to make it electrically conductive. 7 Electron mediators 

covalently attached to the enzyme were realized by the seminal work of Heller et al. and others and were 

the first attempts at wired enzyme biosensors.6–9 This was followed by studies on the stability, kinetics 

and enzyme activity of glucose oxidase modified with ferrocene 11–13 while other redox mediators were 

also examined.14,15 To improve long-term stability and minimize toxicity from leaching, redox polymers 

https://doi.org/10.1021/acssensors.3c01960
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containing groups that can be reversibly reduced or oxidized were introduced. 16 These redox reactions 

may occur either within the main polymeric chain, as in the case of the conductive polymer polyaniline, 

or in electron mediators immobilized within the polymer. 

In amperometry, the observed current reflects the slowest kinetic step in the overall process of bringing 

the substrate glucose into the sensing film, transforming it enzymatically and generating a measurable 

electron flux at the electrode. A robust, continuously operating glucose sensor should always give a 

current reading proportional to glucose concentration. Imposing the appropriate rate limiting step is of 

utmost importance to achieve this. We may typically distinguish four potentially rate-limiting steps 

controlling the overall conversion of glucose (see Scheme 1): (1) mass transport of substrate from the 

sample bulk solution to the outer sensor surface; (2) diffusion of substrate across a diffusion limiting 

membrane separating the sample from the enzyme layer; (3) rate of enzyme turnover and (4) rate of 

electron transfer from the enzyme to the electrode. Figure 4.1 shows a typical example of a wired 

enzyme biosensor that includes a layer of the redox mediator, enzyme and cross-linking agent 

immobilized in a polymeric matrix 17 overcoated with a diffusion limiting membrane, indicating the key 

kinetic process mentioned above. 

Driven by the desire to understand the mechanisms of electron transfer in biological systems and 

translate the rate of enzymatic reactions to current measurements, Albery et al. 18 and later Bartlett and 

Pratt 19 published theoretical treatments for enzyme electrodes based on mediated electron transfer 

processes. The latter work explored the different rate-limiting processes involved in mediated enzyme 

biosensors and provided analytical solutions and numerical simulations for each case. According to their 

classification, the abovementioned system shown in Figure 4.1 is case III in which the kinetics become 

substrate-limited and the enzyme-substrate kinetics remain unsaturated, resulting in a response that is 

independent of Michaelis-Menten kinetics.  
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Figure 4.1: Potentially rate-limiting processes in a mediated wired enzyme biosensor: diffusion of 
substrate (glucose) from the sample bulk (cG*) to the sensor surface (cG(m)) shown as J1; diffusion of 
substrate across the diffusion limiting membrane of thickness 𝛿m, shown as J2; Enzyme turnover kinetics 
in the wired enzyme layer of thickness 𝛿e; Electron relay and transfer by the reduced mediator M(RED) 
to the electrode to produce an anodic current. If the rate limiting step is glucose diffusion across the 
membrane, glucose is assumed to be rapidly turned over in the enzyme layer, which explains why a 
glucose gradient is not drawn there. Note that current can also be produced in the absence of enzyme 
activity (bottom left), see also Figure 4.4. 

The outer diffusion limiting membrane allows the diffusion of substrate to become the rate-limiting 

process instead of the enzyme turnover rate. In this way a partially denatured enzyme will not change 

the turnover rate because it does not define the rate limiting step. The membrane also shields the active 

electrode area against fouling and undesired interfering sample components and may help to achieve a 

reading independent of oxygen fluctuations.20  

Mathematically, this is best understood by considering that there is only a single overall 

diffusional/reaction rate. Therefore, at steady-state the flux across each diffusional step must be the 

same. From Fick's law the flux J1 across the sample diffusion layer δaq must be equal to that of J2 across 

the diffusion limiting membrane of thickness δm (see Figure 4.1): 

𝐽> = 𝐷&U
1C∗$1C(L)

V,E
= 𝐽9 = 𝐷L𝑝W

1C(L)$1C(=)
V;

 (1) 

where pG is the partition coefficient for glucose between the sample solution and the diffusion limiting 

membrane and Daq and Dm are the diffusion coefficients of glucose in the indicated phase. The glucose 

concentration in the sample bulk is shown as cG* while cG(m) and cG(e) are the glucose concentrations 

at the outer and inner side of the diffusion limiting membrane, respectively. For a continuous biosensor 

it seems important to suppress the influence of sample convection on the signal, which may be achieved 
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by imposing a sufficiently small flux J2 across the membrane. One may further assume that cG(e) 

decreases substantially at the inner side of the membrane relative to cG(m) because of its turnover by the 

enzyme. So, if the concentration change across the sample diffusion layer should be just 1%, one obtains: 

𝐷&U
Q.Q>1C∗

V,E
= 𝐷L𝑝W

Q.YY1C∗

V;
   (2) 

which gives the following condition: 

V,EZ;MC
V;Z,E

< 10$9    (3) 

Consequently, membranes of sufficient thickness exhibiting small partitioning coefficients and small 

diffusion coefficients for glucose may be suitable to achieve this goal.  

A correctly formulated continuous glucose sensor should not exhibit concentration polarization at the 

sample side and one may substitute cG(m) with cG* for this case. Moreover, enzyme turnover kinetics 

may be approximated by the established Michaelis-Menten equation and the rate should be multiplied 

by the enzyme layer thickness to obtain the flux J3 in the correct units. As above, all fluxes are equal 

and we may write: 

𝐽9 = 𝐷L𝑝W
1C∗

V;
= 𝐽[ = 𝛿=

\;,F1C(=)
P;,F61C(=)

  (4) 

where the maximum turnover is vmax = kcat ce (catalytic constant multiplied by the enzyme concentration) 

and Kmax is the Michaelis constant. Because the glucose concentration is greatly decreased thanks to the 

diffusion limiting membrane, cG(e) < Kmax, and the enzyme turnover rate is proportional to substrate 

concentration. The relationship expressed as a function of current I for an electrode of area A is given as 

follows: 

'
9%E

= 𝐷L𝑝W
1C∗

V;
= 𝛿=

]G,B	1>	
P;,F

𝑐W(𝑒)  (5) 

Ideally, the current is strictly limited by the second term. As the enzyme is lost by denaturization the 

glucose concentration in the enzyme layer, cG(e), will start to increase, and eventually the enzyme 

turnover process becomes the rate limiting step. This is demonstrated in Figure S4.1 where gradual loss 

of enzyme activity results in a deterioration of the observed current, but only after most of the enzyme 

is lost. Experimental work supporting this has been beautifully demonstrated by Heller using well 

defined polyelectrolyte layers of variable thickness. 21 

Unfortunately, the challenges do not end here. One must make sure that the observed current 

quantitatively reflects enzyme turnover kinetics as shown in eq 5 to avoid background currents that may 

change in unpredictable ways. Two possible contributions are mentioned here. The first is the occurrence 

of non-faradaic charging currents which are always observed when a potential is imposed on an 

electrode surface because a transient current must flow to form the electrical double layer between the 

electrode and aqueous electrolyte solution. Depending on the solution resistance and the double layer 
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capacitance this charging process may be completed in a matter of milliseconds. Still, this effect has 

been shown to be problematic in recent work by Schuhmann with enzyme layers that are activated 

electrochemically after an equilibration step. 22 In continuous amperometric glucose sensors, however, 

charging currents are normally of no concern because the potential is not varied with time during 

measurement. More serious is faradaic current flow not connected to enzyme turnover.  

4.2 Results & Discussion  
Typical wired enzyme glucose biosensors often use relatively dense polymers containing covalently 

linked redox moieties that encapsulate the enzyme by cross-linking. A popular material is branched 

poly(ethyleneimine) (PEI) containing ferrocene (Fc), 23–26 reproduced in this work with an estimated 

ferrocene substitution degree of 10.7% or 1.49 M (see Supporting Information for details). PEI has 

characteristics that favor its use as a redox polymer. One of them is the low glass transition temperature 

(compared to e.g. poly(vinylpyrrolidone) or poly(vinylimidazole)) that gives it a high degree of 

flexibility and segmental mobility at room temperature, enhancing its electron transport capability. Its 

high amine density makes it chemically modifiable. By varying the degree of redox site substitution and 

controlling the density of cross-linking one obtains polymer structures with varying electrochemical 

characteristics and electrocatalytic performances. Increased cross-linking results in decreased segmental 

mobility, hence proper adjustment of cross-linking quantity is essential. The swelling properties of 

ferrocene-modified PEI films have also been studied with various electrolytes. Experiments at low and 

high pH have shown that modification with ferrocene moieties is not affecting the conformational 

changes undergone in the PEI backbone owing to protonation/deprotonation. Monobasic phosphate and 

perchlorate-based electrolytes have shown to cause deswelling of the films, but this does affect the 

confinement of ferrocene within the polymer since neither electrolyte has been shown to form hydrogen 

or nitrogen bonds with the PEI backbone. 25 In addition, studies with linear PEI modified with ferrocene 

moieties of different lengths have shown that apart from an increased electrochemical stability, ferrocene 

groups that are further distanced from the PEI backbone result in more stable enzymatic responses. 27 

Interestingly, the same study showed that there is no correlation between mediator spacing and electron 

transport within the film, contrary to what has been demonstrated in previous studies. 28,29 

After cross-linking and enzyme encapsulation the thickness of the film was here estimated as 22.5 ± 3.0 

µm by scanning electron microscopy. From the geometric electrode area one estimates a ferrocene 

quantity of 101 nmol with a corresponding charge of 9.7 mC required to convert all ferrocene in the 

polymer. In an ideal biosensor, the applied anodic potential should rapidly oxidize all addressable 

ferrocene moieties, after which time the steady-state current originating from the constant diffusional 

transport and transformation of glucose should dominate the signal. Unfortunately, this is often not the 

case. In the absence of glucose, a bell-shaped response curve should be observed in a linear potential 

sweep, returning the current to baseline after passing over the formal potential. As shown in Figure 4.2, 

however, one observes a diffusion limiting process, which is puzzling given the limited thickness of the 
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film and the immobilized nature of the redox probe. The anodic charge under the curve, calculated as 

0.02 mC, represents just 0.2 % of the available ferrocene, clearly indicating that the charging process is 

not complete during the scan. In mediated glucose oxidase-based biosensors, oxygen acts as an 

additional electron acceptor competing with the mediator for the electrons from the reduced form of the 

enzyme, thus decreasing the current. This effect has been studied extensively with various mediators 30–

33 as well as with the branched Fc-PEI 23 used in this study. Hence, since experiments were performed 

in normal (non O2-deprived) conditions, the effect of oxygen should also be taken into consideration 

when interpreting the resulting voltammograms. 

 

Figure 4.2: Cyclic voltammograms (vs. Ag/AgCl, 50 mV s-1) for the Fc-C6-bPEI/GOx/cross-linker 
biosensor in PBS (0.17 M, pH 7.49, blue trace) and 10 mM glucose (same PBS background, red trace). 
The last scan from a total of 10 cycles is shown. 

Interdigitated array (IDA) electrodes may offer a convenient way of measuring diffusion coefficients. 

Both transient 34 and steady state 35,36 methods have been employed for such measurements using IDA. 

Here, a chronoamperometric experiment was performed to estimate the apparent diffusion coefficient 

(see SI for details) and found the value (9.7 ± 1.7) x	10-12 cm2 s-1. This suggests from δ = 2(Dt)1/2 that 

the diffusion layer thickness δ will approach the film thickness only after about 36 h. Unfortunately, this 

is a major problem for the realization of continuous enzyme biosensors because it means that one 

observes two major contributions to the current, one stemming from the desired enzyme turnover and 

the other from slowly turning over the remaining ferrocene not wired to an enzyme. The latter process 

approximately decays with the square root of time according to the Cottrell equation:  

𝐼 = R%EZ>
8/.12

^8/.S8/.
      (6) 

where De is the apparent electron diffusion coefficient of the redox polymer and cR the effective 

electroactive site concentration.   

Hence, one does not easily observe a current that adequately traces glucose concentration with time. 

This is experimentally demonstrated here by using the same electrode when alternating between 5 mM 

and 6 mM glucose concentration (Figure 4.3, black trace). The signal is indeed drifting monotonically 
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and signal reproducibility is too limited for practical work. The green trace shows the current response 

with time in the absence of glucose when applying the same potential. The non-specific charging process 

(green trace) is subtracted from the raw data (black trace) to give corrected glucose readings (orange 

trace). While the correction is not perfect, the data look much better and suggest that the principal reason 

for the signal drift is the charging of the ferrocene on the polymer.  

But why is a ferrocene moiety so slow to charge when deposited directly onto an electrode surface? At 

such high density one would expect the electrons to easily hop between redox probes and result in rapid 

turnover. The reason is likely found in the need to maintain electroneutrality in this dense PEI film. As 

electrons are pulled from the polymeric film the resulting positive charge must be compensated, most 

likely by the incorporation of anionic solute from the outer side of the film. This process, which is often 

overlooked in the electrochemical community, may kinetically hinder redox turnover for dense films. 37 

A second factor is the cationic nature of the polymer itself, which behaves differently depending on the 

electrolyte used. In the absence of covalent bonding between enzyme and redox polymer, electrolytes 

with increased ionic strength will result in screening of the charges by counterions and coiling of the 

polymer, hindering the complexation between the two and leading to a decreased glucose-dependent 

current. 38,39 The effect is reversed when ionic strength is low where the polymer is stretched due to 

internal interactions of the charges bound to the polymer backbone as demonstrated with poly(4-

vinylpyridine) polymer not covalently bound to glucose oxidase. Note that a different result was 

observed in a later study with a ferrocene-poly(allylamine) polymer where the shrinking of the polymer 

with increased ionic strength led to shortening the distance between the redox centers, eventually 

resulting in an increased concentration of the redox sites available for mediation. 40 

 

Figure 4.3: Chronoamperometric experiment (+0.6 V vs. Ag/AgCl) in PBS (0.17 M, pH 7.49, green 
trace) followed by amperometry (+0.6 V vs. Ag/AgCl) with alternating 5 mM and 6 mM glucose 
solutions (black trace), “corrected” (subtracted) trace (orange trace). A reduction potential (0 V vs. 
Ag/AgCl) preceded both experiments to reduce the ferrocene groups and avoid current contributions 
arising from their potentially mixed redox state. 
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Figure 4.4: Redox moieties contributing to the enzyme turnover (black arrows) and those contributing 
to the charging of the film without being linked to the enzyme (red arrows) 

Recent examples in the existing literature have reported glucose response currents for short 

chronoamperometric experiments on the order of 60 s after starting the enzyme reaction. 41–46 The 

amperometric curves in buffer solution (whenever available) show a similarly decaying current as the 

one presented above that, to the best of our knowledge, has not been accounted for during the reporting 

of the respective calibration curves. Available cyclic voltammograms in buffer solution show similar 

non-exhaustive behavior with large peak-to-peak separation and a current that does not decay to zero. 

In a recently published study, 47 Diaz-Gonzalez et al. reported the performance of wired enzyme glucose 

electrodes based on ferrocene moieties immobilized via cross-linking in PEI films. By performing short 

chronoamperometric experiments they demonstrated the current decay in the absence and presence of 

glucose. In the former case, the contribution of the “diffusion-like” electron transport within the film 

and the charging currents were underlined. In the latter, the initial current decay was attributed to the 

electron hopping in the film which was followed by the establishment of a glucose-dependent steady-

state current. It was also argued that in the presence of glucose more complicated processes arise when 

the substrate and mediator availability vary across the film. The above examples are for when a large 

amount of mediator is deposited on the electrode, forming a three-dimensional network that extends 

beyond the surface of the electrode. If a much-reduced number of electroactive species are surface bound 

on the electrode, the application of a constant potential in the absence of substrate should more easily 

result in a complete depletion of the redox species in the time scale of the experiment. Examples of such 

behavior with osmium-based cross-linked enzyme electrodes may indeed be found in the literature and 

should be taken as guidance.30,48,49   

As evidenced from the examples above, there is a direct link between the type and efficacy of “wiring” 

the enzyme to the electrode and the time-dependent signal observed in biosensors relying on mediated 

electron transfer processes. This article focused on this relationship and highlighted that the rate-limiting 
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steps that govern the response of a given sensor must be correctly understood. Detailed investigations 

on the rate-limiting processes should be part of the discussion when reporting the performance of new 

glucose biosensors. The “wired” enzymes play a key role in this respect, especially in the context of 

wearable sensors that are gaining in popularity. Choosing the right mediator is equally important. In this 

study we employed ferrocene, which in its oxidized form exhibits some instability that has been 

attributed to nucleophilic attack, causing its decomposition. 25,50 Earlier work has also confirmed the 

poor stability of ferrocenium ions through studies on the electrochemical stability of covalently bound 

ferrocene mediators to glucose oxidase 12 and on the half-lives of ferrocenium ion forms of carboxylic 

and acetic acid derivatives in aqueous buffered solutions. 51 The latter study attributed the instability of 

ferrocenium ions in hydrolysis reactions that gave rise to the formation of hydrous ferric oxides. To 

overcome the inherent drawbacks of the ferrocenium ion, alternate redox couples should be preferred. 

Surface bound redox moieties based on osmium derivatives are particularly promising, and combined 

with research on new materials and electroactive species, can provide a good base for the development 

of more reliable biosensors. Additionally, the importance of establishing a diffusion limited response 

cannot be overstated because a suitable membrane coating increases operational stability by overcoming 

limitations from loss of enzyme activity. Even if one may consider the field of glucose sensing mature, 

essential design characteristics should accompany contemporary work for the realization of reliable 

continuous glucose sensors. 

 

4.3 Supporting Information  

4.3.1 Calculations for the diffusion limiting case 

We consider here the case of an enzyme-based glucose biosensor, where the sample is separated from 

the electrode by a diffusion limiting membrane and a layer containing the enzyme, redox mediator, and 

cross-linker. We assume that oxygen is not a rate limiting factor, and so the turnover rate of the enzyme 

is approximated by the Michaelis-Menten equation:  

      (1)  

where  the concentration of glucose at the surface of the electrode,  is the maximum rate of 

conversion proportional to the enzyme concentration (  where  is the turnover 

number) and  is the Michaelis constant.  

The flux of glucose across the aqueous diffusion layer is given by:  

      (2)  
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where  the concentration of glucose in the sample,  the diffusion coefficient of glucose in the 

sample,  the concentration of glucose at the membrane (at the sample side) and  the 

thickness of the aqueous diffusion layer.  

The flux of glucose across the membrane is given by:  

     (3)  

where  the diffusion coefficient of glucose in the membrane,  the thickness of the membrane 

layer and  the partition coefficient, equal to .  

At steady state, the two fluxes are equal, so:  

  (4)  

In addition, at steady state the rate of replenishment of the enzyme layer (of thickness ) by diffusion 

across the membrane is equal to the turnover rate of the enzyme:  

      (5)  

The diffusional concentration change in the enzyme layer is given by the flux divided by the enzyme 

layer thickness:  

     (6)  

By combining eq. 5 and 6 we obtain:  

    (7)  

 

Using eqs 3, 4 and 7 and the parameters presented below, we may now calculate the expected current 

density with respect to the glucose concentration in the sample. Parameters:  
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Figure S4.1: Steady state amperometric calibration curves for varying concentrations of enzyme 

4.3.2 Reagents and solutions 

Glucose oxidase from Aspergillus niger (type VII, lyophilized powder, ≥ 100000 units/g solid), (6-

bromohexyl) ferrocene, poly(ethylene glycol) diglycidyl ether (PEGDE) (average Mn: 500),  

polyethylenimine (water-free, typical Mn: 10000, typical Mw: 25000), Nafion perfluorinated resin 

solution (5 wt. % in lower aliphatic alcohols and water, 15-20 % water), D-(+)-glucose (≥ 95 %), 

potassium chloride, sodium phosphate dibasic (ACS reagent, ≥ 99 %), sodium chloride (puriss, ≥ 99.5 

%) were purchased from Sigma Aldrich, potassium phosphate monobasic (99+ %, extra pure) was 

purchased from Acros Organics and hydrochloric acid (1 M, NIST Standard Solution) was purchased 

by Fisher Chemical.   

Phosphate buffered saline solution (PBS) of composition 137 mM sodium chloride, 2.7 mM potassium 

chloride, 10 mM sodium phosphate dibasic and 1.8 mM potassium phosphate monobasic with a pH 7.49 

was prepared from stock solutions of the respective salts. Diluted Nafion solutions were prepared from 

the Nafion 5 wt. % stock solution with dilution in PBS. All other aqueous solutions were prepared in 

Milli-Q water (18.2 MΩ cm). 

4.3.3 Electrochemical equipment & methods 

The electrochemical measurements were performed with a PGSTAT204 (Metrohm Autolab) controlled 

by the Nova 2.1 software. A three-electrode configuration was used consisting of a glassy carbon rod (Ø 

2 mm) used as working (WE), a Pt wire as counter (CE) and an Ag/AgCl wire as reference (RE) 

electrode. A flow cell built in-house accommodated the three-electrode setup with the electrodes placed 

in proximity to each other. The flow was controlled by an IPC pump (high precision multichannel 

dispenser, ISMATEC) and kept at a flowrate of ca. 255 uL/min during all the electrochemical 

experiments.  

Cyclic voltammetry was performed from -0.1 V to +0.6 V at a 50 mV/s scan rate. The 

chronoamperometric and amperometric experiments were performed at +0.6 V. For both experiments 
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(in PBS and glucose solutions), the application of a reduction potential at 0 V preceded the 

measurements, to electrochemically reduce the ferrocene groups in the films and avoid potential current 

contributions that may arise from a mixed redox state. In the amperometric experiment with glucose, 

the solutions were switched in a continuous mode using the in-house flow cell system described above.  

4.3.4 Preparation of glucose biosensor 

First a 20 mg/mL redox polymer solution was prepared by dissolving 8 mg of the synthesized Fc-C6-

bPEI in 400 μL of MilliQ and 0.1 M HCl, with the pH adjusted to 5 (solution 1). The Fc-C6-

bPEI/GOx/cross-linker solution was then prepared by mixing 28 uL of solution 1, 12 uL of 50 mg/mL 

glucose oxidase solution (dissolved in MilliQ) and 1.5 uL of cross-linker solution (1:10 diluted solution 

of poly(ethylene glycol) diglycidyl ether in MilliQ). 2uL of this membrane cocktail were drop cast on a 

glassy carbon electrode (Ø 2 mm) which was previously polished with 0.3 um alumina and left to cure 

overnight in ambient atmosphere. Next, three layers (2 uL each) of 0.5 % diluted Nafion solution were 

drop cast on top, with a 30-minute waiting period before each deposition. The 0.5 % Nafion solution 

was prepared by dilution of the 5 % Nafion stock solution in the PBS buffer (pH 7.49).  

4.3.5 Synthesis of hexylferrocene-modified branched poly(ethyleneimine) (Fc-C6-bPEI) 

 
Figure S4.2: Synthetic reaction scheme of Fc-C6-bPEI redox polymer 

Fc-C6-bPEI was obtained according to a modified procedure based on a previously reported protocol. 52  

0.2 g of branched poly(ethyleneimine) (bPEI) and 14 mL of MeCN were placed in a round bottom flask. 

The resulting suspension was heated to 80 oC and a small quantity of MeOH (approx. 1 mL) was added 

in order to achieve the full dissolution of the polymer. A solution of (6-bromohexyl)ferrocene (0.3 g) in 

MeCN (4mL) was added dropwise. The resulting mixture was stirred for 24 h at 100 oC. Subsequently, 

the reaction mixture was cooled down to room temperature and the solvent was removed in vacuo. The 

remaining solid was then washed with Et2O (40 mL, soaked for 1h prior to decantation) and the product 

was dried in vacuo providing an orange oily residue. 
1H NMR (400 MHz, CDCl3): 4.15-3.95 (m, Cp-Fe-Cp-H), 3.80-2.20 (m, broad, -CH2-CH2-NH-, Fc-

CH2-(CH2)5-, Fc-(CH2)5-CH2-), 1.55-0.95 (m, Fc-(CH2)n-CH2-(CH2)m), 0.92-0.75 (m, Fc-(CH2)n-CH2-

(CH2)m). 
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4.3.6 Characterization of Fc-C6-bPEI   

Nuclear Magnetic Resonance (NMR) 

To calculate the PEI backbone substitution degree, the integral ratio of the peaks of the ferrocene moiety 

and the polymer backbone was investigated. Each monomer unit of the polymer chain contains the four 

non-exchanging methylene protons (-CH2-CH2-NH-) and the exchangeable hydrogen atoms of the 

amino groups (-NH-/-NH2). While the peaks for the latter are absent from the spectrum due to their 

dynamic nature, the signal of the former is in the range 2.20 – 3.00 ppm in the spectrum of unsubstituted 

bPEI (Figure S4.3-A). This signal broadens significantly (2.20 – 3.80 ppm) with the introduction of 

hexylferrocene into the structure and overlaps with the signals of two methylene groups of the 

substituent (triplets at 2.45 and 3.43 ppm), while the ferrocene ring (Cp) hydrogens’ signal is found 

outside (ca. 3.90 - 4.20 ppm) the region of interest and remains unperturbed (Figure S4.3-C). Setting 

the integral of the area under the peaks belonging to the ferrocene ring to nine and integrating other 

peaks relatively would allow one to obtain the number of backbone protons per one ferrocene moiety. 

This value, however, has to be lowered by 4 to account for the overlap of the signals of the polymer 

backbone and the ferrocene side-chain. Dividing the resulting value by 4 gives the number of monomer 

units per one ferrocene moiety, which is the reciprocal of the substitution degree (S), that can be 

calculated according to the following final equation: 

      (1) 

Concentration of ferrocene functional groups per unit of mass of the substituted polymer (concentration 

“in the polymer”) was calculated according to the following formula: 

    (2) 

where the mass of the polymer, the molar quantity of the hexylferrocene functional groups, 

 and  the molar mass of a monomer unit and hexylferrocene functional group respectively. 

To convert the concentration in mol/L, a density of 1 g/mL is used, giving a concentration of 1.49 M.  
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Figure S4.3: 1H NMR spectra of bPEI (A), (6-bromohexyl)ferrocene (B) and Fc-C6-bPEI product (C)  



97 
 

Scanning Electron Microscopy (SEM) 

Cross-section 

  
  

  
Overview 

  
Figure S4.4: SEM images of the cross-section and overview of Fc-C6-bPEI/GOx/cross-linker 2 uL drop 
cast films. 

An average thickness of 22.5 ± 3.0 um was estimated by manually measuring the thicknesses at different 

parts of the films from the SEM images shown above.  

4.3.7 Electrochemical properties of the biosensor  

The electrochemical properties of the biosensor were evaluated through cyclic voltammetry in buffer 

solution (PBS, 0.17 M, pH 7.49) at a 50 mV s-1 scan rate. The redox potential of the Fc-C6-bPEI film 

was estimated at 215 mV (vs. Ag/AgCl) with a peak-to-peak separation (ΔEp) at 95 mV indicating a 
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quasi-reversible reaction (Figure 4.2). The oxidation and reduction peaks were located at +0.260 V and 

+0.165 V respectively, with similar values reported in the literature for other ferrocene-based redox 

polymers. 25,41,53,54 

The diffusion coefficient was calculated from the data of the chronoamperometric experiment (4500 s) 

carried out in PBS solution combined with the linearized version of the Cottrell equation:  

 (with ) 

where  the Faraday constant (96485 C mol-1),  the average area of electrode (3·10-6 m2),  the 

concentration of electroactive sites (1.49 M) and  the apparent electron diffusion coefficient of the 

redox polymer. 

 
Figure S4.5: Current versus inverse of square root of time using data from the chronoamperometric 
experiment.  

An average value of 9.70 ± 1.71·10-12 cm2 s-1 was estimated considering the uncertainty of the electrode’s 

surface area (3.00 ± 0.27·10-6 m2).  

4.3.8 Calculation of ferrocene quantity and respective charge 

Combining the average thickness (22.5 um) and electrode’s surface area (3·10-6 m2), the volume of the 

drop cast layer is estimated at 6.75·10-11 m3, which, combined with the ferrocene concentration (1.49 

M) gives the following total quantity of ferrocene: n = CV = 101 nmol. 

And the corresponding charge is (F= 96485 C mol-1): . 
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Chapter 5. A novel time-dependent potentiometric glucose biosensor 
 

5.1 Introduction 

The development of rapid, low-cost, and reliable sensors has been a long-standing goal. Glucose sensing 

is a common application of such sensors, with the majority of them being enzyme-based and working 

in amperometric mode. Here, the substrate is converted during an enzymatically catalyzed reaction, 

leading to changes in the redox state of either itself or another species participating in the reaction. With 

the application of a constant potential the initial redox state is regenerated, giving rise to a current that 

provides the signal of the sensor, which is ultimately correlated to the substrate concentration in the 

sample solution. 1 Amperometry is one of the most extensively used methods, but not the only one. 

Potentiometry has also found applications in the field of glucose sensing, where a potential difference 

is measured under zero-current conditions and serves as the signal of the sensor. Here there is no net 

consumption of material, which makes mass transport phenomena less important. In addition, specific 

control of the electrode dimensions and volumes of the electrochemical cell are not essential, as in the 

case of amperometric or coulometric sensors, while the system is free from undesired ohmic 

contributions. These advantages come with an important downside, which is the logarithmic dependence 

between the analyte concentration and the electrode signal. This makes it harder to track small variations 

in concentration. 2 In contrast, with amperometric sensors there is a linear dependance between the signal 

and the analyte concentration.  

Over the decades, several efforts were made to overcome this limitation. Already in the late 50s, the 

development of precision null-point potentiometry 3 pointed out the benefits of potentiometry and 

inspired Malmstadt & Purdue 4 to develop a method demonstrating that glucose concentration was 

proportional to the reciprocal of the time required to produce a constant amount of iodine. The latter was 

produced at a rate proportional to the glucose concentration by a reaction that involved the hydrogen 

peroxide generated by the enzyme. These are the earliest attempts of applying potentiometry to 

demonstrate a linear dependence between sensor readout and glucose concentration. Several other 

potentiometric methods were developed a few decades later. Specifically, Nagy et al. developed a 

modified carbon electrode with a redox mediator adsorbed at the surface and employed a 

chronopotentiometric method consisting of an oxidation step followed by the measurement of open 

circuit potential (OCP) over time. The OCP followed a relaxation curve, the slope of which was then 

correlated with the concentration of nicotinamide adenine dinucleotide (NADH) coenzyme, which was 

used as an analyte. 5 Another potentiometry-based study incorporating the latest advances in redox 

mediators and wired enzymes was published by Yarnitzky et al. In this study, glucose oxidase enzyme 

was immobilized and wired to the electrode with the aid of an osmium-based redox polymer. 6  Their 

method included the application of a potential pulse to oxidize the redox centers in the film, followed 
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by the monitoring of the potential at the end of a fixed OCP period which was then correlated to the 

glucose concentration in the sample.  

In the present study we report a novel method for monitoring glucose at zero current based on a time-

dependent response. The principle of measurement is based on a two-step process that involves the 

oxidation of a mediator and the subsequent monitoring of the open-circuit potential over time. This 

process enables one to record a time-dependent response that is a function of the glucose in the sample. 

The readout is similar to that of chronopotentiometry where a transition time, rather than an 

electrochemical signal such as a current is monitored. The sensing membrane employed is based on 

ferrocene-modified poly(ethylenimine) used as mediator and the enzyme glucose oxidase. A diffusion 

limiting membrane enables the steady-state diffusion of glucose towards the electrode and can be used 

to fine tune the selectivity.  

5.2 Experimental Section  

5.2.1 Materials, Instruments & Electrochemical Methods 

Glucose oxidase from Aspergillus niger (type VII, lyophilized powder, ≥ 100000 units/g solid), (6-

bromohexyl) ferrocene, poly(ethylene glycol) diglycidyl ether (average Mn: 500),  polyethylenimine 

(PEI) (water-free, typical Mn: 10000, typical Mw: 25000), Nafion perfluorinated resin solution (5 wt. 

% in lower aliphatic alcohols and water, 15-20 % water), D-(+)-glucose (≥ 95 %), potassium chloride, 

sodium phosphate dibasic (ACS reagent, ≥ 99 %), sodium chloride (puriss, ≥ 99.5 %), L-ascorbic acid 

(BioXtra,  ≥ 99 %, crystalline) were purchased from Sigma Aldrich, potassium phosphate monobasic 

(99+ %, extra pure) from Acros Organics, hydrochloric acid (1 M, NIST Standard Solution) from Fisher 

Chemical and urea (≥ 99.5 %) from Fluka. Phosphate buffered saline solution (PBS) at a composition 

of 137 mM sodium chloride, 2.7 mM potassium chloride, 10 mM sodium phosphate dibasic and 1.8 mM 

potassium phosphate monobasic with a pH 7.49 was prepared from stock solutions of the respective 

salts. The glucose standard solutions used for all experiments were prepared (2–20 mM) in a PBS 

background. All other aqueous solutions were prepared in Milli-Q water (18.2 MΩ cm). 

The electrochemical measurements were performed with a PGSTAT204 (Metrohm Autolab) controlled 

by the Nova 2.1 software. A three-electrode configuration was used, consisting of a glassy carbon 

electrode used as working (WE), a Pt wire as counter (CE) and an Ag/AgCl wire as reference (RE) 

electrode. The glassy carbon (GC) electrode used as WE was fabricated in-house by encasing a GC rod 

(Ø 2 mm) in a polyether ether ketone (PEEK) tube. The RE and CE electrodes were prepared similarly 

by encasing the Ag/AgCl and Pt wires respectively in PEEK tubes. An flow cell built in-house 

accommodated the three-electrode setup with the electrodes placed in proximity to each other (Figure 

S5.1). The flow was controlled by an IPC pump (high precision multichannel dispenser, ISMATEC) and 

kept at a flowrate of either 255 uL min-1 or 510 uL min-1 depending on the experiment.  
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Cyclic voltammetry was performed from -0.1 V to +0.6 V with a 50 mV s-1 scan rate in all cases except 

for the scan rate study. Amperometry was performed at +0.4 V keeping a 510 uL min-1 flowrate. Three 

repetitions were performed in total, washing with PBS in between. For the chronopotentiometric 

experiments, a two-step method was employed. First, an oxidation potential of +0.4 V was applied for 

45 s, followed by monitoring of the OCP until the time needed for the potential to reach the cut-off value 

of +0.04 V. This period varied according to the concentration of glucose tested, with higher 

concentrations resulting in shorter time scales. For each glucose concentration, the above two-step 

protocol was repeated five times in total by sequentially applying the oxidation/OCP monitoring steps 

under constant flow of the glucose solutions (510 uL min-1 flow rate). The average and standard 

deviations were calculated from the results obtained during the last three repetitions. All electrochemical 

experiments (except for the ones of varying enzyme concentration and O2 dependence) were performed 

in a flow cell built in-house (Figure S5.1) under constant flow in ambient temperature. All solutions 

were used without removing oxygen beforehand.  

5.2.2 Synthesis of Fc-C6-bPEI 

The Fc-C6-bPEI redox polymer used in this study was synthesized according to the procedure described 

in Chapter 4. Avoiding Potential Pitfalls in Designing Wired Glucose Biosensors.  

5.2.3 Preparation of Glucose Biosensor 

The glucose biosensor was prepared by drop casting two solutions on a glassy carbon electrode: a Fc- 

C6-bPEI/GOx/cross-linker solution which formed the main sensing layer and an aqueous-based Nafion 

solution added on top as a diffusion limiting membrane. For the preparation of the Fc-C6-

bPEI/GOx/cross-linker solution, a 20 mg/mL redox polymer solution was first prepared by dissolving 8 

mg of the synthesized Fc-C6-bPEI in 400 μL of MilliQ and 0.1 M HCl (solution 1). The volume of HCl 

was adjusted to bring the pH of the final solution to 5. 28 uL of solution 1 were then mixed rapidly with 

12 uL of 50 mg/mL glucose oxidase solution (dissolved in MilliQ) and 1.5 uL of cross-linker solution 

(1:10 diluted solution of poly(ethylene glycol) diglycidyl ether in MilliQ) using a vortex. 2 uL of this 

membrane cocktail were drop cast on the glassy carbon electrode (Ø 2 mm) which was previously 

polished with 0.3 um alumina and left to cure overnight in ambient atmosphere. Next, three layers (2 uL 

each) of 0.5 % diluted Nafion solution were drop cast on top, with a 30-minute waiting period before 

each deposition. The 0.5 % Nafion solution was prepared by diluting the 5 % Nafion stock solution in 

MilliQ. The sensors were ready for use after 3-4 h (kept in ambient T) following the last addition of 

Nafion layer to ensure that the film was completely dry.   
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5.2.4 Principle of the method 

 

Figure 5.1: Schematic representation of the chronopotentiometric method. Oxidation of mediator (step 
1), OCP monitoring (step 2), plotting of reciprocal transition time against glucose concentration (step 
3).  

The function of the sensor relies on the presence of glucose oxidase, the enzyme providing high 

specificity for glucose, and a ferrocene derivative that acts as an electron mediator establishing the 

electrical communication between enzyme and electrode. Both enzyme and mediator are immobilized 

on the surface of the glassy carbon electrode with a cross-linking agent. The electrode is placed in the 

flow cell where the glucose-containing sample is kept at constant solution flow. The 

chronopotentiometric method is initiated with an oxidation step in which the potential is kept at +0.4 V 

(step 1, Figure 5.1) for 45 s, resulting in the oxidation of the mediator and the production of ferrocenium 

ions. These ions act as an oxidant for glucose oxidase which is found in its reduced form due to the 

presence of glucose. Hence, the ferrocenium ions are reduced to ferrocene while the enzyme catalyses 

the oxidation of glucose to form gluconolactone. This turns the oxidized enzyme back to its reduced 

state (Figure 5.2). The application of the oxidation potential at +0.4 V is followed by the measurement 

of the OCP (step 2, Figure 5.1). When OCP monitoring initiates, a gradual decrease of the potential is 

observed owing to the reduction of the ferrocenium ions from the incoming electrons that are liberated 

during the oxidation of glucose. This process results in a distinct potential jump at a characteristic 

transition time that is a function of glucose concentration in the sample. When a certain potential cut-

off value is reached (+0.04 V) the OCP monitoring step ends and a new cycle of step 1 and 2 begins, 

with the mediator being oxidized during step 1 and subsequently reduced during step 2 as described 

above. During the experiment, the incoming glucose flux is controlled by the diffusion limiting 

membrane (Nafion) placed on top of the sensing layer, ensuring that the conversion of glucose is not 

controlled by the enzyme kinetics but rather by the diffusion of substrate across the membrane and 

sensing layer (Figure 5.2). For the calibration curve, the reciprocal transition time is plotted against 

glucose concentration in some similarity to the Sand equation. 



107 
 

 

Figure 5.2: Sequence of events during the enzymatic oxidation of glucose in the examined mediated 
biosensor (S: substrate (glucose), P: product (gluconolactone), Ered: reduced form of enzyme (GOx-
FADH2), Eox: oxidized form of enzyme (GOx-FAD), Mred: reduced form of mediator (Fc), Mox: oxidized 
form of mediator (Fc+)  

5.3 Results and Discussion  

5.3.1 Optimization of electrode components and characterization of the sensing film 

Preliminary experiments to determine the optimal concentration of the enzyme in the Fc-C6-

bPEI/GOx/cross-linker film were performed by examining the chronopotentiometric response with 

varying GOx concentrations (40, 50 or 100 mg/mL). The solutions were deposited either by spin coating 

or drop casting on the GC electrodes. The effect of enzyme concentration on the response was similar 

for both depositions, with less enzyme amount resulting in longer transition times and the effect being 

more prominent in the drop cast films (Figure S5.2). Because the films containing 50 mg/mL GOx gave 

smaller standard deviations while maintaining reasonably fast transition times, this concentration was 

chosen as the final one. The Fc-C6-bPEI concentration in the Fc-C6-bPEI/GOx/cross-linker solution was 

kept at 20 mg/mL since earlier experiments with a lower amount of 10 mg/mL as suggested by the 

original protocol 7 did not always result in the expected OCP drop during the chronopotentiometric 

method. This is possibly because the amount of ferrocene was insufficient for completing the reaction 

cascade for the glucose conversion (Figure 5.2).  

The two deposition methods used here (spin coating and drop casting) were characterized with 

microscopy techniques. Atomic force microscopy (AFM) on spin coated C6-bPEI/GOx/cross-linker 

solutions (in the absence of Nafion layers) showed a dispersion of the solution components (Figure 

S5.3), which was confirmed by scanning electron microscopy (SEM) (Figure S5.4). The estimation of 

film thickness on spin coated films was difficult since ferrocene formed agglomerates dispersed on the 
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surface and not a homogeneous film. Conversely, SEM on the drop cast films revealed a uniform layer 

of 22.5 ± 3.0 um thickness, estimated by several cross-section points on the deposited films (Figure 

5.3). Since the knowledge of thickness was necessary for the subsequent charge calculations, drop 

casting was selected as the preferred deposition method for the rest of the study. Next, nuclear magnetic 

resonance (NMR) was performed to determine the substitution degree of the ferrocene groups on the 

PEI backbone and the concentration of ferrocene in the redox polymer, which were estimated at 10.7 % 

and 1.49 M respectively (detailed calculations in Chapter 4. Avoiding Potential Pitfalls in Designing 

Wired Glucose Biosensors).  

 

Figure 5.3: SEM on drop cast Fc-C6-bPEI/GOx/cross-linker films (2 uL deposition). 

The optimal amount of Nafion layers on top of the Fc-C6-bPEI/GOx/cross-linker film, as well as various 

electrochemical properties of the biosensor, were determined by cyclic voltammetry. Comparison 

between no layer and 1, 3 and 5 Nafion layers (0.5 % w/v) with voltammograms taken both in PBS 

(absence of glucose) and 10 mM glucose (in PBS background) solutions showed that 5 layers were not 

optimal since glucose could not diffuse through the film (Figure S5.5). The results from one and three 

Nafion layers were comparable and given that more coverage with Nafion should theoretically result in 

better shielding against interfering compounds, the preferred amount of Nafion was chosen to be three 

layers. The electrocatalytic behavior of the films in the absence of a diffusion limiting membrane 

examined in the presence of 10 mM glucose showed an (almost) steady state catalytic current in the 

anodic region and a decreased cathodic peak. The addition of Nafion layers enhanced the effect of 

diffusion in the charge transfer process which was manifested by the appearance of the characteristic 

shoulders in both anodic and cathodic regions of the cyclic voltammogram. In all cases, the anodic peak 

of CVs in buffer solution was sharper compared to the cathodic one, with the latter often presenting 

signs of a second peak that tended to disappear over time. This could be the source of impurities of the 

film that leach out over time. Despite the existence of the diffusion limiting membrane which adds an 
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additional shield against leaching of the film components, a gradual loss of mediator was observed 

during a series of CV scans upon first contact with the PBS solution, before the peak current obtained a 

relatively stable value towards the end of 50 cycles (Figure S5.6). The same trend in decreasing peak 

current was also observed in the electrodes with varying Nafion coatings. Similar behavior has been 

reported in the literature for ferrocene-based redox polymers with the decrease attributed to either the 

loss of unbound polymer strands or to nucleophilic attacks that tend to destabilize the ferrocenium ion. 
8,9  

The redox potential of the Fc-C6-bPEI/GOx/cross-linker film was estimated at 204.5 mV (vs. Ag/AgCl) 

and the peak-to-peak separation at 102.5 mV by cyclic voltammetry (50 mV s-1). A linear dependence 

between the anodic and cathodic peak currents and the square root of scan rate (Figure 5.4ii) is indicative 

of the diffusion-controlled electron transfer properties of the film, in agreement with previously reported 

mediated glucose biosensors based on redox polymers. 8–13   

 

Figure 5.4: i) Cyclic voltammetry (50 mV s-1) in PBS (0.17M, pH 7.49) upon first contact with solution. 
The last scan from a total of 15 cycles is presented. ii) Dependence of peak current on the square root 
of scan rate (10-600 mV s-1). Experiments performed in PBS (0.17M, pH 7.49) with the same electrode 
used for the chronopotentiometric and amperometric experiments that followed (2 uL Fc-C6-
bPEI/GOx/cross-linker and 3 Nafion layers (2 uL each, 0.5% w/v) drop cast on the GC electrode). 

As already discussed in Chapter 1: Introduction and Chapter 4. Avoiding Potential Pitfalls in Designing 

Wired Glucose Biosensors, CV is not an ideal method for quantitatively assessing the sensor film 

properties since a charging current is always overlaying the faradaic response, making the measurement 

of faradaic peak currents quite imprecise. However, we can still use the information under the oxidation 

and reduction peaks for a semi-quantitative assessment. By measuring the area under the oxidation and 

reduction peaks (Figure 5.4i), the number of electroactive species available for electrochemical 

oxidation or reduction was calculated at 0.18 nmol and 0.13 nmol respectively, which represents just 

0.15 % of the total amount immobilized on the electrode as calculated from the thickness of the film and 

the ferrocene concentration. It is thus clearly demonstrated that the majority of deposited ferrocene is 

located far from the electrode surface and is difficult to convert electrochemically in the time scale of a 

voltammetric sweep. Because of this the current during cycling never reaches zero after attaining its 

maximum value. Biosensors relying on redox species that are exclusively surface-confined should 
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display such an exhaustive behavior. 14–16 These are typically characterized by well-defined and 

symmetrical cyclic voltammograms, where the peak currents are proportional to the scan rate, with the 

charge transfer and counter ion movement in the film not limited by diffusion, as in our case presented 

above.   

The apparent electron diffusion coefficient was estimated at 1.53 ± 0.05 ·10-12 cm2 s-1 using the Randles-

Sevcik equation and the results from the scan rate study (Figure S5.8, detailed calculations in 5.5.4). 

Factors that influence the diffusion coefficient include the mobility of the anchored redox group, the 

diffusion of counter-ions in and out of the film during the oxidation and reduction of the polymer and 

the cross-linking level (higher cross-linking results in lower mobility). 17 Other studies 18,19 on similar 

ferrocene-containing bPEI polymers with immobilized GOx have reported diffusion coefficients ranging 

from 10-7 cm2 s-1 to 10-11 cm2 s-1. Given the wide range of methods employed for the calculation of these 

coefficients 15 and the different experimental conditions used (different chain length of ferrocene 

derivatives, cross-linking agents, etc.), a direct comparison between the reported diffusion coefficients 

is unfortunately meaningless.    

5.3.2 Chronopotentiometric method 

The influence of oxygen on the chronopotentiometric response was examined. Preliminary experiments 

on a spin coated electrode in the absence of Nafion coating were performed by comparing the transition 

time obtained in N2-purged solutions with non-purged ones. A 3.5 kDa dialysis membrane was placed 

on top of the Fc-C6-bPEI/GOx/cross-linker film to minimize leaching of membrane components. 

Although it is known that trace amounts of oxygen may still be present in a N2-purged solution that 

could give rise to a pseudo-glucose response, 20 a qualitative interpretation of the results is still possible. 

As shown in Figure S5.7, in an oxygen depleted environment the transition time is found to decrease 

for the same glucose concentration. To understand the reason behind this we need to consider the role 

of oxygen during the enzymatic catalysis of the substrate. In a mediated glucose oxidase-based 

biosensor, GOx catalyses the two-electron glucose oxidation through its redox cofactor FAD/FADH2 

(eq. 1). 21 In an oxygen-containing solution, the oxidation of glucose to gluconolactone via the reductive 

half-reaction shown in eq. 1 is followed by two parallel oxidative half-reactions, with the oxidised 

mediator (eq. 2) and oxygen (eq. 3) acting both as electron acceptors, competing for the electrons 

arriving from the substrate-reduced enzyme.  

  (1) 

   (2) 

    (3) 

In a classic amperometric glucose biosensor, an increased current density (compared to the case where 

oxygen is present) will be observed when the only electron acceptor is the redox mediator. 14 This is 

because in the N2-purged solution, the mediator receives more electrons from the reduced enzyme (since 

2Glucose + GOx-FAD Gluconolactone + GOx-FADH   ®

+ +
2GOx-FADH + 2Fc GOx-FAD + 2Fc + 2H    ®

2 2 2 2GOx-FADH + O GOx-FAD + H O   ®



111 
 

there is no oxygen to compete with) and more of it is reduced. This gives higher current densities when 

the biosensor is poised at a given oxidation potential to generate the oxidized mediator and trigger a new 

cycle of enzymatic catalytic reaction. Here, the transition time reflects how fast the mediator is reduced, 

with smaller transition times translating to faster reduction. Without competition by oxygen, the 

available (oxidized) mediator is the only electron acceptor, receiving all electrons from the reduced 

enzyme. Hence, a faster transition time is observed compared to the case where oxygen would also 

compete in this process. Even	 if	 GOx	 does	 not	 require	 oxygen	 for	 the	 glucose	 turnover	 in	 the	

presence	of	a	suitable	electron	mediator,	 20	 the	biosensor	 is	expected	 to	show	minimal	oxygen	

dependence	with	the	application of the diffusion limiting membrane (Nafion) employed in the final 

system. Hence, all subsequent experiments were performed in oxygen-containing solutions.  

Next, the optimal time for oxidation (step 1 in Figure 5.1) was determined. The amount of available 

oxidized redox mediator driving the potential inflection (characterized by a distinct transition time) 

varies with the duration of the oxidation step applied. The longer the oxidation time, the more ferrocene 

groups are oxidized. The more ferrocene groups are present, the more time needed for them to become 

reduced by the incoming electrons, eventually leading to longer transition times. To determine the 

optimal duration of the oxidation step, chronopotentiometric measurements in fixed glucose background 

were performed (4 mM glucose, PBS, pH 7.49) varying the oxidation time between 2 s and 60 s. At 45 

s the maximum transition time was attained, followed by a slightly decreased value at 60 s (Figure 5.5i). 

Hence, an oxidation time of 45 s was kept for all subsequent experiments.  

 

Figure 5.5: i) Varying oxidation time (+0.4 V) during chronopotentiometric measurements at 4 mM 
glucose (in PBS background) and ii) current density over time during the oxidation step (+0.4 V for 45 
s) for varying glucose concentrations (3–20 mM). Five cycles of oxidation/OCP monitoring were 
performed for each concentration with the oxidation step during the 3rd cycle presented here. Same 
electrode as in Figure 5.4.  

After determining the optimal duration of oxidation, the chronopotentiometric method was applied for 

glucose concentrations 3–20 mM, which is the range of interest for clinical applications. Figure 5.5ii 

shows the current response over time upon application of the oxidation potential at +0.4 V which 

transforms the mediator back to its oxidised form. This step is the equivalent of a chronoamperometric 

experiment with a Cottrell-like current decay. Comparing the charges from the oxidation step to the 
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charge calculated from the deposited ferrocene (Table S5.1) only a very small part of the deposited 

ferrocene (<1 %) is required for establishing the chronopotentiometric response. Figure 5.6 shows the 

evolution of OCP over time after the application of the oxidation step and the resulting transition time 

for each glucose concentration (given by the time derivative of the OCP). As expected, higher glucose 

concentrations result in a faster depletion of the available oxidised ferrocene and give a shorter transition 

time. For each concentration tested, a series of five repetitions (cycles) of oxidation/OCP monitoring 

were performed (as described in 5.2.4), with the average and standard deviations calculated from the 

last three repetitions.   

 

Figure 5.6: i) Evolution of OCP over time for all concentrations tested and ii) reversibility of response 
at 6mM (last 3 repetitions shown), iii) derivative of OCP over time for all concentrations tested and iv) 
reversibility of response at 6mM (last 3 repetitions shown). Same electrode as in Figure 5.4.  

Plotting the reciprocal transition time as a function of glucose concentration, a linear response with a 

slope of 0.0117 ± 0.0002 is established for the concentration range of interest (3-12 mM) which serves 

as a calibration plot (Figure 5.7).  
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Figure 5.7: Calibration curve for glucose. Glucose concentration over i) the transition time and ii) the 
reciprocal transition time. Same electrode as in Figure 5.4.  

5.3.3 Comparison with traditional amperometry and interference study 

To evaluate the chronopotentiometric response, a comparison with traditional amperometry was 

performed by testing the same electrode in amperometry at + 0.4 V in the same concentration range for 

three sequential repetitions. Figure 5.8 shows the resulting calibration curve and the evolution of current 

over time. The amperometric response was inferior to the chronopotentiometric one, with bigger 

standard deviations and a particularly decreased precision in the lower concentration range. From the 

evolution of current density over time, one can observe a degradation of response over time, possibly 

due to the prolonged exposure of the electrode (~3 h) to the flowing solution under the application of 

the constant anodic potential. With amperometry, an average response time of ~5 min is needed for the 

stabilization of the current for a single concentration tested, as opposed to the few seconds required for 

the establishment of the chronopotentiometric response. Five cycles of oxidation/OCP monitoring 

require approximately 5 min, resulting in a 3-fold shorter duration of measurement than the time needed 

to perform 3 amperometric repetitions at 5 min each. Another advantage of the former method is that 

the short duration of the oxidation step and subsequent OCP monitoring under zero current conditions 

prevent the long-term degradation of the sensor, which is a pronounced limitation with amperometric 

detection. In addition to this, the inherent drawbacks of amperometry, including the high charging 

currents and ohmic drop, are avoided with the zero current readout.  

 

Figure 5.8: Amperometry in various glucose concentrations under constant flowrate (510 uL/min): i) 
calibration curve and ii) current density over time. Same electrode as in Figure 5.4.  

Figure 5.9 shows the fluxes calculated from the charges involved during the oxidation step 

(chronopotentiometry) and the observed current values in amperometry. The fluxes are similar for both 

methods, with the slightly decreased curve of amperometry attributed to the prolonged use of the same 

electrode and the possible degradation of the sensing film that can occur under constant flow conditions.    
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Figure 5.9: Comparison of fluxes with the chronopotentiometric and amperometric methods. Same 
electrode as in Figure 5.4.  

Next, the interference of ascorbic acid and urea on the chronopotentiometric and amperometric 

responses was examined. Surprisingly, ascorbic acid interfered with both methods, despite the presence 

of the Nafion coating that should protect the sensing film. The study was performed in continuous flow 

by exchanging solutions of 5 mM glucose (in PBS) with solutions containing the interferents in the same 

glucose background. For the chronopotentiometric method, the transition time was recorded for four 

solutions tested sequentially containing glucose, glucose with ascorbic acid, glucose, glucose with urea 

(Figure S5.10). In the presence of ascorbic acid, the transition time decreased by 14% compared to the 

initial measurement. To evaluate whether the decreased response originated from the degradation of the 

film (in which case it would be unrelated to the presence of ascorbic acid), the same glucose solution 

without interferent was tested immediately afterwards, resulting again in an increased transition time, 

which however did not attain fully the initial level. The interference from ascorbic acid was therefore 

confirmed. Given that ascorbic acid is not interfering with the oxidase activity, 22 further investigations 

are needed to examine the reasons behind this behavior. In contrast, urea did not pose a problem as the 

transition time increased by only 3 % compared to glucose alone when the glucose/urea solution was 

examined. The same interfering patterns for both compounds were observed with amperometry (data 

not shown). A possible degradation of the Nafion coating, intensified from the constant flow applied 

during the measurements, may be responsible for this behavior. Similar experiments at less intense flow 

rates combined with the application of a protective membrane (e.g. dialysis membrane) should give a 

clearer view on the reasons behind the observed interferences. 

5.4 Conclusions 

A novel time-dependent potentiometric biosensor based on immobilized ferrocene on a PEI matrix 

containing glucose oxidase enzyme was developed. A two-step measurement with the application of a 

short-duration oxidation potential followed by the measurement of OCP is used to establish the 

chronopotentiometric response under zero-current conditions. This simple monitoring protocol requires 

low-power consumption, is less time-consuming and results in better reproducibility compared to the 

classic amperometric approach used for glucose sensing. The additional advantage of the specific 
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approach lies in its universality, which makes it possible to develop similar time-dependent sensors for 

other analytes. Further investigations on the effect of the diffusion limiting membrane on the interfering 

compounds typically present in biological fluids (e.g. serum, blood, etc) should be examined to allow 

the application of this principle to real sample measurements.  

5.5 Supporting Information  

5.5.1 Flow cell  

An in-house built flow cell housing the working (glassy carbon, Ø 2mm), counter (Pt wire) and reference 

(Ag/AgCl wire) electrodes were used for the study. All three electrodes were kept in proximity to each 

other with the inlet placed opposite to the working electrode, see Figure S5.1.  

 

 

Figure S5.1: Flow cell used for all experiments (cyclic voltammetry, amperometry and 
chronopotentiometry) except for the ones of varying enzyme concentration (Figure S5.2) and O2 
dependence (Figure S5.7) (left), reference (Ag/AgCl wire) and counter (Pt wire) electrodes (right) 

5.5.2 Optimization of electrode components and characterization of sensing film 

 

 
Figure S5.2: Influence of enzyme concentration on the transition time in i) spin coated and ii) drop cast 
C6-bPEI/GOx/cross-linker films during the chronopotentiometric method. Electrodes (Ø 3 mm) were 
drop cast with 0.5% wt. Nafion solution, followed by the placement of a 3.5 kDa dialysis membrane. 
Experiments performed in beaker under stirring with sequential additions of standard glucose solution 
to reach the desired concentration. Oxidation step parameters: 30 s at +0.6 V. 
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Figure S5.3: Atomic force microscopy (AFM) images in 3D (left) and 2D (right) of a spin coated film. 
For this, 3 uL of Fc-C6-bPEI/GOx/cross-linker solution were drop cast on a silicon wafer followed by 
immediate spin coating. Spin coating parameters: 3000 rpm, 120 s duration.  

 

  
Figure S5.4: Scanning electron microscopy (SEM) of a spin coated film. Here, 3 uL of Fc-C6-
bPEI/GOx/cross-linker solution were drop cast on a Au-coated quartz crystal followed by immediate 
spin coating at 3000 rpm for 120 s.  
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Figure S5.5: Cyclic voltammograms (50 mV s-1) on electrodes with (A) absence of Nafion layer, (B) 1 
Nafion layer (0.5% w/v), (C) 3 Nafion layers (0.5% w/v) and (D) 5 Nafion layers (0.5% w/v) upon first 
contact with the sample (i), after 3 hrs conditioning in PBS (ii) and after 24 hrs conditioning in PBS (iii). 
CVs taken in PBS (blue) and 10 mM glucose (red) under constant flowrate (510 uL/min). The last scan 
from a total of 10 cycles is presented. Electrodes were drop cast with 2 uL Fc-C6-bPEI/GOx/cross-linker 
solution and left to dry overnight before testing the next day.    
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Figure S5.6: Cyclic voltammograms to examine stability over 50 scans (50 mV s-1) in PBS at constant 
flowrate (510 uL/min). The electrode was drop cast with 2 uL Fc-C6-bPEI/GOx/cross-linker and 3 
Nafion layers (0.5% w/v).  

  
Figure S5.7: O2 influence in the absence of Nafion membrane. The electrode was spin coated with Fc-
C6-bPEI/GOx/cross-linker covered by a 3.5kDa dialysis membrane for stability purposes. Oxidation step 
parameters: 30 s at +0.6V. 

5.5.3 Calculation of charges during oxidation step and comparison with “recipe” 

As calculated in Chapter 4. Avoiding Potential Pitfalls in Designing Wired Glucose Biosensors 

(Calculation of ferrocene quantity and respective charge), the total quantity of ferrocene in the drop cast 

Fc-C6-bPEI/GOx/cross-linker film (2 uL) is 101 nmol. Comparing this amount (defined as “mols from 

recipe”) with the mols derived from the charge of the oxidation step (Figure 5.5ii), it is evident that only 

a very small part of the existing ferrocene is oxidised (<1 % for concentrations up to 20 mM) during the 

oxidation step (+0.4 V for 45 s) of the chronopotentiometric method.  

Table S5.1: Charges during the oxidation step of the chronopotentiometric method (3-20 mM glucose) 

mM Average Q 
(uC) n (=Q/F, in nmol) Comparison with mols 

from “recipe” (%) 
3 22.2 0.23 0.23 
4 25.0 0.26 0.26 
5 27.2 0.28 0.28 
6 30.6 0.32 0.31 
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mM Average Q 
(uC) n (=Q/F, in nmol) Comparison with mols 

from “recipe” (%) 
7 32.8 0.34 0.34 
8 34.8 0.36 0.36 
9 36.8 0.38 0.38 
10 38.2 0.40 0.39 
12 41.1 0.43 0.42 
15 45.2 0.47 0.46 
20 50.7 0.53 0.52 

 

5.5.4 Calculation of apparent electron diffusion coefficient (De) of the redox polymer  

The apparent electron diffusion coefficient was estimated through cyclic voltammetry at varying scan 

rates and the application of Randles-Sevcik equation. The standard error was calculated from an analysis 

of variance (ANOVA) test using the data from the scan rate study (Figure 5.4ii and Figure S5.8).  

 

Figure S5.8: Scan rate study (50 mV s-1) in PBS (0.17 M, pH 7.49) under constant flowrate (255 
uL/min). The electrode was drop cast with 2 uL Fc-C6-bPEI/GOx/cross-linker and 3 Nafion layers (0.5% 
w/v). 

The slopes for the anodic and cathodic peak currents were 1.47·10-5 and 1.51·10-5 A(V/s)-1/2, 

respectively, with standard errors of 1.50·10-7 and 3.13·10-7 A(V/s)-1/2 respectively. The standard error 

for the diffusion coefficient was calculated with propagation of the error given for the slope (ip v-1/2) as 

follows (A= 0.030 cm2, cR=0.00149 mol cm-3, n=1):  

First, the Randles-Sevcik equation is solved to De:  

 

where ip the peak current (A), De the diffusion coefficient (cm2 s-1), v the scan rate (V s-1), n the number 

of electrons linked to the redox reaction, A the electrode area (cm2) and cR the concentration of 

electroactive species.  

The slope is then replaced with K and the error is propagated to find the ΔDe: 
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where ΔK the standard error of the slope.   

Using the above equation, an average diffusion coefficient value of 1.53 ± 0.05 ·10-12 cm2 s-1 was 

estimated from the respective values corresponding to the anodic and cathodic peak currents. 

Note that a value of 4.66 ± 0.82·10-13 cm2 s-1 was obtained with chronoamperometry (at +0.4 V for 45 

s) performed in PBS solution before the application of the chronopotentiometric experiment. The current 

was plotted against time (i=f(t-1/2), Figure S5.9) for fitting the data to Cottrell equation and calculate the 

De. Standard deviation was calculated from the standard error of the regression slope (given by ANOVA 

test) and the uncertainty of the electrode area (3.00 ± 0.27·10-6 m2). 

  

 

Figure S5.9: Cottrell experiment for the calculation of diffusion coefficient (+0.4 V for 45 s) in PBS 
(0.17 M, pH 7.49). The chronoamperometric experiment was performed before the application of 
chronopotentiometry in the absence of glucose.  

5.5.5 Interference study 
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Figure S5.10: Interference study with the chronopotentiometric protocol. Solutions of glucose, ascorbic 
acid and urea were flowing sequentially through the cell under constant flowrate (510 uL/min). The 
electrode was drop cast with 2 uL Fc-C6-bPEI/GOx/cross-linker and 3 Nafion layers (0.5% w/v). 
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Conclusions and Outlook 

Monitoring the level of essential analytes in the environmental and clinical context is crucial for 

sustaining society’s well-being. Electrochemistry serves a key role in this respect, providing us with 

sensors that can yield real-time information on the examined analytes. Yet, achieving optimal sensor 

performance is a complex endeavour given the diverse parameters influencing their function. The goal 

of this thesis was to propose novel electrochemical methods that could form the basis of sensors with 

improved functionality.  

First, an examination of the commercially available nitrate ionophores was made to evaluate their 

performance in comparison to the currently used ion-exchangers employed in nitrate-selective 

electrodes (Chapter 2. Commercially Available Nitrate Ionophores in Potentiometric Sensors Are Not 

Superior to Common Ion-Exchangers). Six different membrane compositions were tested, incorporating 

either the ionophores under investigation combined with ion-exchangers, or just ion-exchangers. Using 

the modified separate solution method, selectivity coefficients over chloride of -2.4 and -2.2 were 

calculated for nitrate ionophores V and VI respectively, which contradict the improved selectivity values 

reported in existing literature studies. The poor selectivity of both ionophores was later confirmed with 

the sandwich membrane method employed for determining the complex formation constants, 

highlighting a notably weak complexation with nitrate. The origin of the discrepancies in the reported 

coefficients with the ones from this work remains uncertain, but it could be linked to different 

approaches adopted in the execution of the studies. Considering these inconsistencies, several 

recommendations for improving the reporting of similar data were provided. The inclusion of 

experimental slopes used for the calculation of coefficients and the activity range to which they 

correspond is often lacking, but it is nonetheless essential. In addition, membranes should not be exposed 

to the primary ion before encountering the most discriminated ions, and the more frequent use of 

sandwich membrane method for calculating complex formation constants is strongly advocated.  

Next, a novel yet simple method to eliminate the need for conditioning preceding the potentiometric 

measurements was proposed (Chapter 3: Unconditioned Symmetric Solid-Contact Electrodes for 

Potentiometric Sensing). The method is based on a symmetric setup incorporating identical indicator 

and reference electrodes. The application of differential potential measurements between the two permits 

the suppression of potential drifts originating from environmental fluctuations and those linked to the 

membrane’s water uptake during conditioning. Using the proposed symmetric system, the nitrate 

concentration of a river water sample was determined with a marginal error of just 0.3% compared to 

the reference technique. In addition, the potential drift over long-term monitoring dropped below 0.1 

mV min-1 after only few minutes of initial contact with the sample. The symmetric method was tested 

with nitrate- and potassium-selective electrodes using plasticized PVC for the sensing layer and carbon 

nanotubes for the transducer layer. However, the concept is adaptable to ISEs with different membrane 
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materials and transducers. Beyond its universal applicability, the suggested approach offers the benefit 

of substantially accelerating the preparation procedure preceding the potentiometric measurements, 

given that conditioning is typically the most time-consuming step.  

The following topic shifted the discussion to the development of wired glucose biosensors (Chapter 4. 

Avoiding Potential Pitfalls in Designing Wired Glucose Biosensors). The motivation for this study 

originated from the realization that many of the newly developed sensors prioritize the engineering 

facets, neglecting the understanding of the fundamental working principles inherent in glucose sensing. 

A mediated glucose biosensor based on glucose oxidase and ferrocene immobilized in 

poly(ethylenimine) was used as a widespread example to investigate the intricate relationship between 

the observed amperometric signal and the type of mediated electron transfer process taking place. It was 

demonstrated that the observed signal is significantly influenced by the charging of the redox mediator 

that is not directly linked to the enzyme’s active sites, resulting in a monotonically drifting signal. This 

factor is often overlooked when reporting the performance of similar sensors in literature and insights 

into the rate limiting steps governing the response are often insufficient. The negative implications of 

the undesired charging inducing a drifting response can be circumvented using surface bound redox 

moieties that facilitate rapid electron transfer between the enzyme and electrode. In addition, the use of 

diffusion limiting membranes is highly recommended to prevent complications arising from a potential 

loss of enzyme activity and enhance the sensors’ operational stability. These aspects should be 

thoroughly addressed in the design phase of new glucose biosensors aiming to be reliable, affordable 

and minimally invasive.  

To address some of the constraints imposed by amperometry, a time-dependent potentiometric glucose 

biosensor was proposed in the following chapter (Chapter 5. A novel time-dependent potentiometric 

glucose biosensor). The biosensor uses the same membrane composition as in chapter 4 and follows a 

two-step measurement protocol, including a short oxidation step succeeded by the monitoring of open 

circuit potential (OCP). During the OCP monitoring a shift in potential is observed due to the changing 

redox state of the mediator. This shift is marked by a characteristic transition time that is a direct function 

of the glucose concentration and serves as the sensor readout. The proposed chronopotentiometric 

method is shown to outperform traditional amperometry, offering better reproducibility and a 3-fold 

shorter measurement time. In addition, since the readout is based on zero current measurements, 

charging currents and ohmic drop contributions are eliminated. By adjusting the composition of the 

sensing membrane, the method may be customized for detecting different analytes. As with the 

symmetric system presented in Chapter 3 it should be broadly applicable.  

In view of the impending technological advancements, the future of sensing applications looks bright. 

Within the environmental scope, advanced sensing technologies are anticipated to provide 

measurements of higher precision and temporal resolution in monitoring air, water, and soil quality. As 

an example, a notable outcome from this would be the improvement of agricultural practices, leading to 
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increased crop yields while mitigating the use of resources. In a clinical setting, wearable sensors and 

non-invasive devices are expected to attract considerable interest by facilitating continuous health 

monitoring, detecting abnormalities, and providing real-time data to healthcare providers while 

enhancing patient comfort and awareness. Biosensors, in particular, will play a key role in the area of 

non-invasive diagnostics and personalized medicine, enabling the realization of customized therapeutic 

interventions. Nevertheless, the promising future of sensing technologies brings with it certain 

challenges. Addressing the necessity for improved sensitivity and selectivity will remain one of the 

priorities, while enhancing the durability and lifespan of the newly developed sensors under various 

environmental conditions are essential. Scaling the production of sensing materials while ensuring the 

developed sensors remain both affordable and high-performing presents another challenge. Several 

environmental and sustainability concerns also come into play, including the necessity of fabricating 

and disposing sensors in an eco-friendly way and regulating the use of scarce materials, such as rare-

earth elements, during sensor design. In addition, the mitigation of energy consumption in sensors, 

particularly in remote or wearable applications, along with the development and application of energy 

harvesting technologies for autonomous sensor operation will become essential.  

Chemistry serves a critical role in tackling these challenges, functioning as the basis upon which 

advancements in sensing technology will be developed and refined. Nanomaterials and polymer science 

emerge as the sectors that will yield the most substantial progress. Fabricating electronic devices from 

materials that are both biodegradable and environmentally friendly is vital in addressing the persistent 

problem of electronic waste. Various polymers and carbon-based materials stand out as promising 

candidates thanks to their innate biodegradability or ability to be modified to biodegradable forms. Self-

powered sensors which eliminate the need for external power sources relying on the energy harvested 

during their operation are gaining ground, particularly in the biosensing field. Wearable devices will 

particularly benefit from breakthroughs in this area, incorporating materials that combine flexibility, 

biocompatibility, and functionality. Moving forward, the field of printed electronics will progressively 

adopt the use of more sustainable, economically viable and widely accessible materials for inks and 

substrates and promote techniques with extensive production capabilities. Significant advancements in 

sensing applications will be driven by the development of advanced materials with enhanced sensitivity 

and selectivity, which exploit their distinctive properties to overcome the shortcomings of conventional 

materials. Among them, scaffold materials that combine the advantages of increased electroactivity, 

favorable spectroscopic characteristics and a porous 3D structure are expected to find extensive use in 

biomedical applications for the detection and quantification of various biomolecules. Other types of 

advanced materials that combine the facets of multifunctionality (e.g. light-responsive and shape-

memory polymers, piezoelectric materials, metal-organic frameworks), enhanced durability (e.g. robust 

polymer composites, ceramic materials) and miniaturization (e.g. quantum dots, graphene) will also give 
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rise to innovative sensing solutions that are not only more efficient and precise, but are also adaptable 

to diverse and challenging application environments.  
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