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"I have walked that long road to freedom. I 

have tried not to falter; I have made missteps 

along the way. But I have discovered the secret 

that after climbing a great hill, one only finds 
that there are many more hills to climb. I have 

taken a moment here to rest, to steal a view of 

the glorious vista that surrounds me, to look 

back on the distance I have come. But I can 

rest only for a moment, for with freedom 
comes responsibilities, and I dare not linger, 

for my long walk is not yet ended."  

(Nelson Mandela) 
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 Resumen 

 

El principal objetivo de esta tesis es desarrollar electrodos potenciométricos de estado 

sólido basados en una capa transductora formada por materiales nanoestructurados de 

carbono como los nanotubos de carbono de capa simple (SWCNTs) y grafeno 

quimicamente modificado. 

Los electrodos potenciométricos pertenecen a una de las clases de sensores 

electroquímicos más interesantes. Son capaces de detectar con fiabilidad, de forma 

sencilla y en pocos segundos gran cantidad de iones, así como algunos gases, pequeñas 

moléculas orgánicas y hasta pequeñas formas de vida como bacterias. Su fácil 

utilización junto a la posibilidad de miniaturización, bajo consumo energético y su 

reducido coste hacen de este tipo de sensores unos candidatos idóneos para producir 

en masa dispositivos portátiles con una gran variedad de analitos a determinar 

La investigación en el campo de los materiales nanoestructurados de carbono se ha 

incrementado considerablemente en las dos últimas décadas con la introducción de los 

nanotubos de carbono (CNT) y recientemente del grafeno. Aprovechando estos 

avances, esta tesis pretende aportar al conocimiento científico la utilización de 

nanotubos de carbono en la construcción de sensores potenciométricos para la 

detección de iones en muestras reales complejas y la inserción de materiales basados 

en grafeno en sensores potenciométricos para la detección de bacterias.  

Esta tesis está estructurada en 7 capítulos. 

Capítulo I. Introducción y objetivos. Este capítulo ofrece una introducción a los 

electrodos potenciométricos de estado sólido, desde sus inicios hasta la actualidad, así 

como una breve introducción a la tesis y sus objetivos.  

Capítulo II. Principios. En este capítulo se describen los aspectos teóricos necesarios 

para comprender mejor la tesis y situarse en el contexto de los sensores 

potenciométricos. Se profundiza en las bases de los electrodos selectivos de iones 

(ISEs) y los aptasensores, en los componentes de éstos, así como su mecanismo de 

detección. 
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Capítulo III. Parte experimental. En este capítulo se describen los métodos y 

procedimientos experimentales utilizados a lo largo de la tesis para obtener los 

resultados que se proporcionan y discuten en los capítulos siguientes  

Capítulo IV. Electrodos selectivos de iones basados en nanotubos de carbono. 

Aplicación en muestras reales. Este capítulo explica la preparación de un electrodo 

selectivo de iones, utilizando SWCNTs como elemento transductor, para la detección 

de calcio en muestras reales complejas como la savia vegetal. Los resultados indican 

una muy buena sensibilidad y estabilidad del sensor con límites de detección bajos, 

capaces de detectar calcio a niveles muy inferiores a los encontrados en la savia, con lo 

que presenta un primer paso para su utilización en la industria agrícola en dispositivos 

miniaturizados para detección de analitos de interés in situ y de forma rápida.  

Capítulo V. Electrodos selectivos de iones basados en grafeno químicamente 

modificado. La introducción del grafeno como material transductor en electrodos 

selectivos de iones (ISEs) es un campo que no ha sido extensamente desarrollado. El 

grafeno, material de recién descubrimiento y por el que Andre Geim y Konstantin 

Novoselov han obtenido el premio Nobel en física de 2010, posee unas notables 

propiedades que lo hacen un excelente candidato como material transductor en ISEs. 

Con la publicación del artículo “Reduced Graphene Oxide Films as Solid Transducers in 

Potentiometric All-Solid-State Ion-Selective Electrodes”, se ha comprobado en este 

tipo de electrodos una mejora en la estabilidad de la respuesta respecto al sensor 

estudiado en el artículo previo basado en SWCNTs. 

Capítulo VI. Aptasensores basados en grafeno químicamente modificado. Este 

último capítulo experimental se centra en el estudio de la aplicación del óxido de 

grafeno (GO) y del óxido de grafeno reducido (RGO) en la detección de bacterias 

basándonos en aptámeros específicos para la detección de Stahylococcus aureus. Los 

excelentes resultados muestran límites de detección de tan solo una unidad formadora 

de colonias (CFU) de forma selectiva, haciendo posible la detección de la presencia de la 

bacteria en pocos segundos. Además, se lleva a cabo una comparación entre dos tipos 

diferentes de unión del aptámero a la capa transductora razonando las ventajas y 

desventajas de cada una. Esta investigación podría suponer un gran avance en la 

detección de agentes patógenos y una considerable reducción de costes en este 

campo. 
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Capítulo VII. Conclusiones generales. Finalmente se aportan en este apartado las 

conclusiones generales de la tesis y se ofrece una visión del futuro que los materiales 

nanoestructurados de carbono pueden ofrecer dentro del campo de la potenciometría. 
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 Summary 

 
The main objective of this thesis is to develop solid-state potentiometric electrodes 

based on a transducer layer formed by nanostructured carbon materials such as carbon 

nanotubes single layer (SWCNTs) and chemically modified graphene. 

The potentiometric electrodes belong to a very interesting class of electrochemical 

sensors. They are able to detect reliably, easily and in a few seconds large amount of 

ions, as well as certain gases, small organic molecules and small life forms such as 

bacteria. Its ease of use, with the possibility of miniaturization, low power consumption 

and low cost make this type of sensors a suitable candidates to mass produce portable 

devices with a variety of analytes to be determined. 

Research in the field of nanostructured carbon materials has increased considerably in 

the past two decades with the introduction of carbon nanotubes (CNT) and recently the 

graphene. Building on these advances, this thesis seeks to contribute to scientific 

knowledge the use of carbon nanotubes in the construction of potentiometric sensors 

for the detection of ions in real complex samples and the introduction of graphene 

based on potentiometric detection of bacteria sensor materials. 

This thesis is structured in 7 chapters. 

Chapter I. Introduction and objectives. This chapter provides an introduction to solid-

state potentiometric electrodes, from its beginnings to the present, as well as a brief 

introduction to the thesis and its objectives. 

Chapter II. The principles. Theoretical aspects needed to better understand the thesis 

and placed in the context of potentiometric sensors are described in this chapter. It 

delves into the basics of ion-selective electrodes (ISEs) and aptasensores in these 

components, as well as its detection mechanism. 

Chapter III. Experimental part. Experimental methods and procedures used 

throughout the thesis are described to obtain the results that are provided in this 

chapter and discussed in the following chapters 
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Chapter IV. Carbon nanotubes-based ion-selective electrodes. Application to real 

samples. This chapter explains the preparation of an ion selective electrode using 

SWCNTs as transducer for the detection of calcium in real complex samples such as 

plant sap. The results indicate a very good sensitivity and stability of the sensor with 

low limits of detection, which can detect calcium at much lower levels than those found 

in the sap, which presents a first step for use in agricultural industry in miniaturized 

devices for detection of analytes of interest in situ and quickly . 

Chapter V. Chemically modified graphene-based ion-selective electrodes. The 

introduction of the transducer material chemically modified graphene as ion-selective 

electrodes (ISEs) is a field that has not been extensively developed. Graphene, 

discovery and new material by Andre Geim and Konstantin Novoselov were awarded 

the Nobel Prize in Physics 2010, has some remarkable properties that make it an 

excellent candidate as a transducer material ISEs. With the publication of the article 

"Reduced Graphene Oxide Films as Solid Potentiometric Transducers in All- Solid -

State Ion -Selective Electrodes", have been found in this type of electrodes improved 

stability compared to the response studied in the previous paper sensor based on 

SWCNTs. 

Chapter VI. Chemically modified graphene-based aptasensors. This final 

experimental chapter focuses on the study of the application of graphene oxide (GO) 

and reduced graphene oxide (RGO) in the detection of bacteria based on specific 

aptamers for detecting Stahylococcus aureus. The excellent results show detection 

limits of only one colony forming unit (CFU) for selectively enabling the detection of the 

presence of bacteria in a few seconds. It is slso carried out a comparison between two 

different types of binding of the aptamer to the transducer layer reasoning the 

advantages and disadvantages of each. This research could lead to a breakthrough in 

the detection of pathogens and a significant cost reduction in this area. 

Chapter VII. General conclusions. Finally in this section provide the general 

conclusions of the thesis and a vision of the future that nanostructured carbon 

materials can offer in the field of potentiometry is offered. 
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1.1. State of the art 
Daily life, industrial processes, science and technology are characterized by the need to 

generate and measure information accurately and reliably. This gathering of 

information is carried out using chemical sensors. A chemical sensor is an instrument 

that allows us to transform chemical information (composition, presence of a particular 

element or ion, concentration, chemical activity, etc.) into an analytically useful signal. 

The IUPAC definition of a chemical sensor is a “self-contained integrated device, which is 

capable of providing specific quantitative or semi-quantitative chemical information using 

a recognition element which is retained in direct spatial contact with a transduction 

element” [1]. 

Chemical sensors are composed of two basic functional units: the receptor part (which 

transforms chemical information into a measurable form of energy via a chemical 

recognition event) and the transducer part (which transforms this chemical recognition 

event into a useful analytical signal). Chemical sensors may be classified, for instance, 

according to the operating principle of the transducer, into optical, electrochemical, 

electrical, mass sensitive, magnetic and thermometric devices [2,3]. A similar definition 

applies to biochemical sensors, where the target would be a biochemical analyte such 

as proteins, microorganisms, etc. 

Electrochemical sensors are the oldest and largest group of chemical sensors. They are 

devices that extract information from the measurement of certain electrical parameters 

deriving from analyte-sensor interaction. Depending on the electrical parameter 

measured, electrochemical sensors can be classified as amperometric sensors 

(measurement of current), conductometric sensors (measurement of conductivity) and 

potentiometric sensors (measurement of voltage). 

Potentiometry measures voltage under conditions of no current flow to determine the 

analytical quantity of certain components in the analyte solution. The first analytical 

use of potentiometry was in Nernst’s laboratory after he had published his well-known 

equation that relates ion activity and electrode potential [4]. 

In 1906, Cremer determined that the electric potential established between the two 

sides of a glass membrane immersed in a fluid is proportional to the hydrogen ion 

concentration [5], but it was not until 1909 that Haber and Klemensiewicz developed 
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the first pH electrode [6]. Although Haber and Klemensiewicz were the first to develop 

an electrode for the selective detection of hydrogen ions, pH determination was also 

improved and made more popular by Sorensen in the same year [7]. In the 1930s glass 

electrodes were incorporated into pHmeters, and this kind of electrode is still the most 

used pH electrode today. The evolution of potentiometry then saw a significant 

increase in the construction of ion-selective electrodes (ISEs) in one of the most 

interesting chapters of electrochemistry. 

 
Figure 1.1. Evolution of ion-selective electrode manufacture. a) Internal solution 
ion-selective electrode. b) Coated wire electrode. c) Solid contact ion-selective 
electrode. d) single-piece ion-selective electrode. Note: Figure 1.1.c and 1.1.d 

represent two different configurations depending on the material used 
(conducting polymers or nanostructured materials). 

 

Potentiometric electrodes developed slowly but surely over the decades subsequent to 

their discovery, but it was not until the 1960s that some important theoretical work by 

Nikolskii [8] and Eismann [9] describing modern ISE theory and several ion-selective 

membranes (ISM) was incorporated. ISM is the sensing part of ISEs. Figure 1.1 shows 

the evolution of ion-selective electrode manufacture from the use of an internal 

solution to the use of transducer material included in the membrane 

One of the milestones in the development of ISM concerns the discovery of the specific 

and selective electrochemical behaviour of certain antibiotics towards selected ions 

[10] and the accidental discovery of crown ethers by Pedersen [11]. Their discovery and 

the study of their properties paved the way for a new chemistry discipline: 

c) SC-ISE d) SP-ISE b) CWEa) IS-ISE

Nanostructured material embedded in ISM

Teflon body Conductor element Internal filling solution

Ion selective membrane (ISM) Conducting polymer Nanostructured material

Conducting polymer embedded in ISM
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supramolecular chemistry. The founding fathers of supramolecular chemistry, 

Pedersen and two other researchers, Lehn [12] and Cram [13], won the Nobel Prize for 

Chemistry in 1987. The introduction of host-guest chemistry in ISM led to the first liquid 

ion-exchanger membrane being constructed by Ross [14], probably the greatest 

breakthrough in the development of ISEs. Soon after this, poly(vinyl chloride) (PVC)-

based matrices were also incorporated [15,16] as an inert support for ISEs. 

In 1970 Moody et al. developed a practical procedure for constructing liquid membrane 

ISEs based on plasticized PVC [17], and PVC is still today the most widely used matrix in 

ISE membranes. However, two new findings led to the investigation of new free-

plasticizer matrices: the alteration of ISE performance parameters due to the uptake of 

water from the sample [18] and the release of plasticizers to the sample, capable of 

producing inflammation in in vivo measurements [19,20]. The most common free-

plasticizer matrices used as an alternative to PVC matrices were based on 

poly(acrylates) and poly(methacrylates) [21,22] and silicon rubber [23].  

Before then, ISEs consisted of a glass body in which a silver/silver chloride wire was 

dipped into an internal solution (Figure 1.1.a). These electrodes, known as conventional 

ISEs or internal solution ion-selective electrodes (IS-ISEs), are still used but have a 

number of drawbacks that limit their performance. IS-ISEs can only be used in a vertical 

position to ensure contact between the internal solution and the redox couple of the 

internal wire for converting ionic current to electronic current. The other big drawback 

is that having a liquid phase within a glass body limits miniaturization. Removing this 

internal solution and substituting it with a solid internal contact seemed the best option 

for improving the electrodes’ characteristics. 

In 1971 Cattrall and Freiser constructed a coated wire electrode (CWE) by simply 

immersing a metal wire in a PVC membrane [24]. However, this new type of electrode 

still has its drawbacks (Figure 1.1.b). ISM permeability to O2 and water causes the 

creation of a half-cell at the interface between the actual membrane and the conductor, 

causing drifts in measurements due to their low capacitance [25]. The interface 

between the ISM and the metal wire lacked a thermodynamically reversible equilibrium 

for the ion-to-electron transduction process [26]. Looking at these drawbacks, in 1985 

Nikolskii described the three conditions necessary for obtaining a stable, reproducible 

potential response in solid contact electrodes: 
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- Having a reversible, stable equilibrium in ion-to-electron transduction. 

- Having a high exchange current at equilibrium so that the interface does not 

get polarized by the EMF measurement. 

- Having no side reactions apart from the main electrode reaction. 

Solid contact ion-selective electrodes (SC-ISEs) consist basically of a selective 

membrane attached to a transducer element and an electrical conductor jacketed in an 

inert body so as to avoid parasitic noise (Figure 1.1.c). Conducting polymers (CP) 

seemed to be a promising solution for the drawbacks in CWEs mentioned above. The 

ability of conducting polymers to have ion transport-coupled redox reactions [27] 

makes them especially suited to eliminating CWE problems due to their electronic and 

ionic conductivity. In 1992 a group including Ivaska and Lewenstam [28] introduced 

electroactive polymers between the metal conductor and the ISM of a typical CWE. 

This procedure has a stabilizing effect on the electrode potential. They used several 

polymers including electroactive poly(3-octylthiophene) (POT) [29], polyaniline (PANI) 

[30], polypyrrole (PPy) [31] and poly (3,4-ethylenedioxithiophene) (PEDOT) [32]. 

Another advantage is that CPs can be used in both the sensor part and the transducer 

part since they have both properties. Alternatively, they can be used with the ISM, 

thereby taking advantage of the CWE’s simplicity of manufacture and the stability of 

the SC-ISE’s electrode potential. This type of electrode (Figure 1.1.d), made in one piece 

and known as the single-piece ion-selective electrode (SP-ISE), was introduced in 1995 

by Bobacka et al [27]. 

Great advances in the field of new materials have led to the nanotechnology revolution 

we are undergoing today. The use of nanostructured materials in ion-selective 

electrodes has solved the problems suffered by CPs involving side reactions with 

interfering redox species and also high sensitivity to CO2 and O2 [33]. 

ISEs based on nanostructured carbon materials were first used by the Rius group in 

2008 [34]. Carbon nanotubes (CNTs), discovered in 1991 by Iijima [35], have excellent 

properties that make them suitable as transducer elements, avoiding the problems 

previously associated with conducting polymers.  
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The introduction of CNTs into the ISM matrix provided a much faster, reproducible way 

to develop the electrodes in one step [36-38]. A similar strategy has led to the 

construction of potentiometric similar sensing devices, but for the detection of 

biomolecules. Ampurdanés et al. developed an ISE for the rapid detection of choline 

[39], while Zelada et al. developed a potentiometric aptasensor for the rapid detection 

of living bacteria using selective aptamers anchored to carbon nanotubes [40] in ISM-

free potentiometric biosensors. 

As will be shown throughout this thesis, nanostructured carbon materials can be 

integrated into sensors for the potentiometric detection of analytes even in real 

complex samples, working easily, rapidly and cheaply with a wide range of analytes 

from small ions to bacteria. The versatility of these materials and their excellent 

properties make them ideal for avoiding the various drawbacks mentioned above.  

1.2. Objectives 
The main objective of this doctoral thesis is to develop and characterize solid contact 

electrodes (SCE) using different carbon nanomaterials such as carbon nanotubes 

(CNTs) and chemically modified graphenes as transducer layers. 

This general objective can be broken down into a number of specific objectives: 

• To prove that an ion-selective electrode (ISE) based on carbon nanotubes as a 

transducer layer can be used in real complex samples. Vegetal sap has been 

chosen as a proof-of-concept. 

• To prove that chemically modified graphene can successfully be used as an 

ion-to-electron transducer material with improved performance characteristics 

over other nanostructured materials in ion-selective electrodes. 

• To study the transduction mechanism in solid contact electrodes based on 

reduced graphene oxide. 

• To build a potentiometric biosensor to detect bacteria based on the 

attachment of aptamers to chemically modified graphene. Staphylococcus 

aureus has been chosen as a model target as a proof-of-concept. 
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2.1. Introduction 
The solid-contact electrodes described in this thesis are based on a transduction 

element that connects the recognition layer specific for each target with a conductor 

capable of transferring the electrical signal produced to the potentiometer. This 

chapter contains an extensive description of the different parts of the electrode, 

highlighting the new materials used to construct electrodes and the different 

recognition layers within them. We also carry out a review of the principles of ion-

selective electrodes and aptasensors. Finally there is a description of the analytical 

performance parameters for electrode characterization. 

2.2. Potentiometric sensors 
Potentiometry is a technique based on measuring the electromotive force (EMF) 

between an indicator electrode (IE) and a reference electrode (RE) under zero-current 

conditions in a closed circuit. In the case of ion-selective electrodes (ISEs), the basis of 

the signal response is a change in activity in the target analyte sample which brings 

about a change in the membrane/sample interface, while the potential of the reference 

electrode remains constant in time. This response should be quick and selective for the 

target analyte.  

Figure 2.1 shows a typical potentiometric cell, composed of an indicator electrode and a 

reference electrode connected to a high-input impedance potentiometer. IE and RE 

create two different half-cells that can be immersed in the same solution (as shown in 

Figure 2.1) or in two different solutions, in which case a bridge material has to be used 

to connect the different half-cells. 

For this thesis, two different types of indicator electrode have been developed: ISEs for 

the selective determination of calcium in real samples (using different nanostructured 

materials as the transduction layer) and an aptasensor for the selective determination 

of Staphylococcus aureus. For notation purposes, in some parts of the text ‘indicator 

electrodes’ will also be referred to as ‘sensors’ or ‘biosensors’. 

One of the main differences between these two types of indicator electrode is the 

analyte to be determined, for which different recognition layers are needed: ion-

selective membrane for ions and aptamers for microorganisms. Another variant has 
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also been introduced, the use of different transducer elements, where the results are 

compared in the different sensors. Two different types of nanomaterial - carbon 

nanotubes and chemically modified graphene - were used to determine the viability of 

this material as a transducer. 

The following sections aim to provide a theoretical basis describing each component of 

the indicator electrodes and the working mechanism used for detecting each target 

analyte. 

 Ag | AgCl | KCl (3M) | Reference membrane|| Sample || Ion-selective membrane (ISM) |Internal solution | AgCl | Ag 

Figure 2.1. Scheme of two different conventional electrochemical cells used in 

potentiometric measurements, composed of a reference electrode (right) and an 

indicator electrode (left). Two different indicator electrodes are shown: a) a solid 

contact electrode and b) an internal solution ion-selective electrode. The upper 

right part of the figure shows a combined glass reference electrode. Cell notation 

is given below the diagram, where interfaces are represented by | and liquid 

junctions by ||. 
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2.3. Recognition layer 
The part responsible for the recognition event with the analyte is the recognition layer. 

This layer is able to interact with analyte molecules in several ways, such as selectively 

catalyzing a reaction [1], participating in a chemical equilibrium [2] or transferring a 

charge [3]. These processes can take place via bulk interaction of the chemical species 

and the recognition layer or via surface interaction. In this thesis we have used both 

processes to detect different analytes depending on the specific electrode reported. In 

some cases the recognition layer was an ion-selective membrane (ISM) in ion-selective 

electrodes (ISEs), while in other cases we used aptamers as recognition layers to detect 

bacteria. 

2.3.1. Ion-selective membranes (ISM) 

The ion-selective membrane is the most important part of ion-selective electrodes. 

Parameters such as signal stability, selectivity and limit of detection depend on, among 

other things, the composition of the membrane.  

Typical membrane components basically consist of a non-water-soluble polymeric 

matrix with an embedded ionophore. This uses host-guest chemistry to provide the 

membrane’s selectivity to the target analyte [4].  

Depending on the specific membrane, other components such as lipophilic salts and 

plasticizers may also be required. Each component of the membrane plays an 

important role and the proportions of each component inside the membrane affect the 

final result. All the components are mixed in a so-called membrane cocktail dissolved in 

an organic solvent prior to being deposited in the substrate that forms the body of the 

ISE. This electrode preparation will be discussed in detail in Chapter 3. 

2.3.1.1. Polymeric matrix 

The main purpose of the polymeric matrix is to give support to the other components of 

the ion-selective membrane, providing the sensor with additional mechanical stability. 

It is lipophilic in character and is therefore usually prepared in organic solvents. The 

choice of polymer is very important and should not be considered simply as an inert 

support. It is involved in structural processes like bulk diffusion through the membrane, 
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influencing the limits of the response [5]. Apart from the necessary solubility, another 

important characteristic the matrix needs is a glass transition temperature (Tg) lower 

than room temperature. Polymers with a high Tg require the use of plasticizers, while 

those with a low Tg can be used without. 

There are various matrices based on polymers such as silicone resins, polysiloxanes and 

polyurethanes, but the most commonly used are acrylic and poly(vinyl chloride) (PVC) 

matrices. The PVC membranes are typically composed of 33% PVC and 66% plasticizer. 

The most usual plasticizers are o-nitrophenyl octyl ether (o-NPOE with polar 

properties) and bis(2-ethylhexyl sebacate) (DOS with apolar properties) (Figure 2.2). 

Plasticizers in this type of matrix are used to provide a suitable glass transition 

temperature below room temperature, since this is one of the prerequisites for a 

working ISM [6,7].  

 
Figure 2.2. Chemical structure of the DOS (above) and o-NPOE (below) 

plasticizers. 

The high ionic mobility of PVC-based membranes gives them a number of 

disadvantages, such as adhesion problems of the plasticizer [8], the extraction of 

lipophilic compounds which impair the membrane’s selectivity [9] and biocompatibility 

with tissues due to leaching of the plasticizer. This latter problem may even cause 

allergic reactions [8] when used in biological environments. Another typical problem is 

the insertion of a small water layer between the transducer material and the 

membrane, giving rise to instabilities in the analytical signals [10]. To overcome these 

problems, alternative membranes appeared with covalently-anchored plasticizer or 

plasticizer-free matrices, as in the case of acrylic membranes [11].  
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The solution to these problems is to use polymeric matrices based on acrylate and 

methacrylate monomers. Early attempts used homopolymers of methacrylate (MMA) 

with a high Tg (378 K) [12,13], but these did not give the desired result [6]. Therefore 

copolymers are used to decrease the Tg to below room temperature. Typical monomers 

used in conjunction with MMA are n-butyl acrylate (nBA) with a Tg of 218 K [14-17], 

decyl methacrylate (DMA) with a Tg of 243 K [18,19] and isodecyl acrylate (IDA) with a 

Tg of 215 K [20,21]. The structures of monomers used in typical acrylate-based 

membranes are presented in Figure 2.3. These copolymers have good adhesive 

properties [22,23] and facilitate the covalent attachment of functional groups [5,24]. 

Also, ion mobility inside the acrylate membranes is 3 orders of magnitude lower than 

PVC with plasticizers, and therefore limits of detection are lower due to reduced ion 

fluxes [25,26] and the increased stability of the signal. However, these membranes do 

have a problem related to their ion mobility - high resistance [5,17,24] - and this leads 

to long conditioning times [27,28]. 

 
Figure 2.3. Chemical structures of commonly used monomers in acrylate-based 

membranes: (a) methyl methacrylate (MMA), (b) n-butyl acrylate (nBA), (c) decyl 

methacrylate (DMA) and (d) isodecyl acrylate (IDA). 

2.3.1.2. Ionophores 

The main components of the ISM are lipophilic/lipophobic complexing agents. These 

molecules, known as ionophores or ion carriers, can reversibly bind to ions due to their 

ability to form supramolecular interactions via Van der Waals forces, metal 

coordination or lipophilic/lipophobic interactions. The synthesis of ionophores is carried 

out according to the nature of the target analyte to be determined (primary ion), taking 

into account size, shape and charge. These molecules also need flexible structures 
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enabling conformational changes when the primary ion approaches the active site to 

form the ionophore-ion complex [2]. 

Ionophores are the main component in the selectivity of the membranes. ISM 

selectivity is directly related to the equilibrium constant of the exchange reaction of the 

primary ion and the interfering ion from the aqueous phase and the organic phase at 

molecular level.  

If a selective binding ionophore is incorporated into the ISM, it decreases the overall 

free energy for ion transfer in the organic phase for those ions bonded to the ionophore 

[2]. Furthermore, the effect on the ion’s phase transfer equilibrium increases when the 

ionophore binds more strongly to an ion. The complexation process has to be 

kinetically fast, avoiding long time responses and deviations in the response slope [29], 

but also without any large complex formation constant (𝛽𝐼𝐼) producing a kinetically 

irreversible complexation. In figure 2.4 it can be shown the ionophore used in this thesis 

for the selective detection of calcium (ETH129)  

 
Figure 2.4. Ball-and-stick molecular model representations for N,N,N′,N′-

Tetracyclohexyl-3-oxapentanediamide (ETH129) a) without and b) with calcium 

interactions. 

 

Calcium (Ca2+) Oxygen (O) Nitrogen (N) Carbon (C) Hydrogen (H)

a) b)

UNIVERSITAT ROVIRA I VIRGILI 
SOLID CONTACT POTENTIOMETRIC SENSORS BASED ON CARBON NANOMATERIALS 
Rafael Hernández Malo 



One of the requirements that limit the use of ionophores is that they need to have 

enough lipophilicity to ensure compatibility with the polymer membrane, thus avoiding 

the leaching of the compound into the aqueous phase over time. The addition of long 

alkyl chains or bulky organic groups imparting high lipophilicity helps to prevent the 

release of the ionophore. Ionophore (L) lipophilicity (P) is expressed by the following 

phase-transfer equilibrium expression (eq. 2.1), in which the higher the P factor, the 

lower the leaching-out rate. 

P =
[L(org)]
[L(aq)]  eq. 2.1 

To obtain membranes of an optimal working condition based on neutral ionophores, 

the addition of lipophilic ions with an opposite charge to the target analyte is beneficial. 

2.3.1.3. Lipophilic salts 

The use of lipophilic ions ensures the permselectivity of the membrane, achieving a 

Nernstian response due to the minimization of the co-extraction process [2]. The entry 

of ions into the membrane with a corresponding counter-ion from the solution is 

reduced, in theory leaving only the process of primary ion exchange.  

If the same ionophore is a charged species, there is no need to add a lipophilic salt 

because the charged nature of the ionophore induces Donnan exclusion [30].  

Lipophilic salts do not drastically affect the selectivity of the ionophore, but they still 

have to be taken into account so as to carefully optimize the lipophilic salt/ionophore 

molar ratio [31-33].  

Due to their chemical stability and high lipophilicity, the salts most commonly used as 

anionic additives are generally tetraphenylborate derivatives such as sodium 

tetraphenylborate (NaTPB), potassium tetrakis(p-chlorophenyl)borate (KTpClPB), 

potassium tetrakis[3,5-bis(trifluoromethyl- phenyl]borate (KTFPB) and sodium 

tetrakis[3,5-bis(1,1,1,3,3,3-hexafluoro-2-methoxy-2-propyl)-phenyl] borate trihydrate 

(NaHFPB), while cationic lipophilic additives tend to be quaternary ammonium salts 

such as tridodecylmethylammonium (TDDMACl) and tetradodecylammonium chloride 

(TDDACl) (see figure 2.5). 
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Figure 2.5. Chemical structure of anionic and cationic sites currently used in ion-
selective electrodes. Lipophilic anionic salts (R-): a) tetraphenylborate (TPB-), b) 

tetrakis(p-chlorophenyl)borate (TpClPB-), c) tetrakis[3,5-bis(trifluoromethyl)-
phenyl]borate (TFPB-) and d) tetrakis-[3,5-bis(1,1,1,3,3,3-hexafluoro-2-methoxy-2-

propyl)-phenyl]borate trihydrate (HFPB-). Lipophilic cationic salts (R+): e) 
tridodecylmethylammonium (TDDMA+) and f) tetradodecylammonium (TDDA+). 

The addition of these salts favours the analytical performance parameters of the 

membrane, reducing response time, helping to decrease membrane resistance and 

avoiding undesirable signal instabilities. This is very positive, especially in polymer 

matrices based on acrylates with low ionic mobility, due to their greater resistance 

compared to PVC-based matrices. 

2.3.2. Aptamers 

Aptamers are small molecules made up of chains of oligonucleotides, peptides or 

nucleic acid bases with an extraordinary capacity for the selective binding of diverse 

targets. This wide variety of targets includes inorganic material such as ions and heavy 

metals [34,35], ligands with low molecular weight [36], organic materials such as drugs 

[37] and toxins [38,39], and biological material such as whole cells [40], viruses [41], 

proteins [42], peptides [43] and bacteria [44,45].  

These molecules have the ability to fold, adopting secondary and tertiary structural 

conformations, and to bind with high affinity and a higher specificity (dissociation 
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constant in the order of nano to picomolar) than antibody and biological ligands in 

some cases.  

Aptamers are obtained by a method similar to natural selection called SELEX 

(systematic evolution of ligands by exponential enrichment) or by an in vitro evolution 

process carried out using a combinatorial chemistry technique for producing 

oligonucleotides (either ssDNA or RNA). 

 
Figure 2.6. Schematic SELEX process. 

As it is swhown in figure 2.6, in the first stage, an oligonucleotide library consisting of 

several randomly-generated sequences is synthesized. These sequences have a fixed 

length with constant 5’ and 3’ ends, which act as primers. The different possibilities 

given for a length n is determined by the relation 4n (due to the position of each nucleic 

base A, T, C or G). These sequences are exposed to the target, where the chains with 

greater affinity bind. Those that do not bind with the analyte are eliminated, usually by 

affinity chromatography, whereas optimal sequences are eluted and amplified by PCR. 

This process is repeated for the next selection stages, in which the conditions are 
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stronger in each step. At the end of these interactions a sequence with an extraordinary 

affinity for the target analyte will be obtained 

High specificity and sensitivity enable aptamers to distinguish between chiral molecules 

and recognize the different epitope of a target molecule [46]. Aptamers also offer a 

wide range of advantages such as stability, design flexibility, cost-effectiveness and 

target variety. These features make them desirable candidates for high-performance, 

fast analyses. 

2.3.3. Conditioning and regeneration of electrodes 

The conditioning process is essential in order to achieve low limits of detection. The 

procedure is carried out in two steps: a) a preconditioning step, where the electrode is 

submerged for 24 hours in a concentrated solution of the primary ion (10-2M or 10-3M), 

and b) a second step, where the electrode is rinsed with MilliQ distilled water and 

deposited for 48 hours in a diluted solution of the primary ion (10-8M or 10-9M). For 

common calibration curves where there is no need to obtain data for determining the 

limit of detection, the second conditioning step is reduced to 24 hours or less. 

In the case of aptasensors, the conditioning process is performed by placing the 

electrode in a PBS solution overnight. 

The regeneration of ISEs is done via the conditioning process, whereas the 

regeneration of aptasensors is done by incubating them in a 2M NaCl solution for 1 

hour, then washing them in MilliQ distilled water for 90 min. The electrode is then 

reconstituted by conditioning it in PBS solution.  

2.4. Transduction layer: Nanostructured carbon-based materials. 
Nanomaterials and nanosensors are iconic words in modern science and technology. 

Nanomaterials offer new properties that improve the characteristics of the materials 

used so far as transducers. Their exceptional electrical properties, such as the high 

capacities generated at their interfaces and high charge transfers, along with their high 

surface-to-volume ratio makes them ideal for use as solid-contact transducers. 
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This thesis looks at two different carbon-based nanomaterials: single-walled carbon 

nanotubes and chemically modified graphene (graphene oxide and reduced graphene 

oxide 

Carbon is considered to be a unique element in chemistry due to the high number of 

compounds it can form. The explanation for this lies in its electronic configuration. 

Carbon has the lowest atomic number of any element in column IV of the periodic 

table, having six electrons occupying 1s2, 2s2 and 2p2 atomic orbitals. In its crystalline 

phase, valence electrons give rise to 2s, 2px, 2py and 2pz orbitals, which are very 

important in the formation of covalent bonds. It is relatively simple to combine the 

upper 2p energy levels and the lower 2s level due to the small energy difference 

between them. 

Three possible hybridizations may occur in carbon - sp, sp2 and sp3 - generating 

different bonding states connected with certain structural arrangements. Hence sp 

bonding gives rise to chain structures, sp2 to planar structures and sp3 to tetrahedral 

structures, giving rise to the different forms present in nature.  

 

Figure 2.7. Structural arrangements of carbon allotropes: a) diamond, b) graphite, 
c) lonsdaleite, d) C60 (Buckminsterfullerene or buckyball), e) C540, f) C70, g) 

amorphous carbon and h) single-walled carbon nanotube. 

There are 6 carbon allotropic forms: diamond, graphite, lonsdaleite, fullerenes, 

amorphous carbon and carbon nanotubes. The difference between these allotropic 

forms lies in the hybridization adopted by carbon and its disposition in space. Figure 2.7 

shows the different allotropic forms of carbon and the final structures they adopt. 

2.4.1. Graphene 

When carbon atoms are combined with sp2 hybridization, each atom in the structure is 

attached to 3 other carbon atoms, resulting in a flat structure called graphene. This 

arrangement of atoms produces a monolayer of carbon atoms arranged in hexagonal 

rings. Graphene is the basic structural element of certain carbon allotropes of other 
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dimensionalities. It can be wrapped up into zero-dimensional fullerenes, rolled up into 

one-dimensional nanotubes, or stacked into three-dimensional graphite by 

superimposing a huge number of graphene sheets one on top of another. The links 

between the graphene layers in graphite are stacked because of van der Waals forces 

and interactions between the π orbitals of carbon atoms. This arrangement can be 

carried out in different ways, giving rise to ABAB or ABCA forms (see figure 2.8) 

  
Figure 2.8. Different graphene monolayer arrangement models for graphite. 

In any history of graphene, it is important to mention related materials such as graphite 

oxide (GO), graphite intercalation compounds (GICs) and reduced graphene oxide 

(RGO), which formed important steps in the investigation of graphene as we know it 

today.  

Graphene has recently been attracting more interest, but the early years of its history 

date back to the 1840s, when Schafhaeutl reported the intercalation and exfoliation of 

graphite with sulphuric and nitric acids [47]. A few years later, in 1859, D.C. Brodie 

discovered a highly lamellar structure of thermally reduced graphite oxide [48] while 

trying to characterize the molecular weight of graphite by modifying some of the 

methods described by Schafhaeutl. Not only did he show the intercalation of the 

graphite layers but also the chemical oxidation of the surface, obtaining graphite oxide. 

Advances in instrumentation meant that in 1948, thanks to research by Ruess & Vogt, 

the number of layers present in lamellar graphite could be determined by electron 

microscopy, with isolated monolayers finally being detected [49]. 

An important point in the history of graphene as we know it today was Boehm’s 

discovery in 1962 of the chemical reduction of a dispersion of GO in an alkaline medium 
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with hydrazine and hydrogen sulphide [50]. Years later, in 1999, another type of 

approach was performed (micromechanically) to obtain thin lamellae of few-layered 

graphite. Unfortunately this was not completely exfoliated into monolayers, which 

could have sensed extraordinary electronic properties [51]. 

The breakthrough in graphene research came in 2004 when two researchers from the 

University of Manchester, Andre Geim and Konstantin Novoselov, developed a simple, 

new and innovative method called micromechanical cleavage for isolating graphene 

from graphite [52,53]. This procedure consists of a top-down approach from three-

dimensional graphite crystals, taking advantage of the weak interaction present 

between two different layers within the structure of the crystal. This simple approach 

easily produced large, high-quality graphene crystals with a room temperature 

quantum Hall effect and ballistic transport, properties that may mark out graphene as a 

promising candidate for electronic applications in the future. 

Graphene has a large surface area (double that of SWCNTs), high mechanical strength 

(200 times greater than steel), and high elasticity and thermal conductivity [54]. It also 

presents high two-dimensional electrical conductivity, which makes it ideal for 

electrochemistry. 

Current research into methods of preparing graphene is following bottom-up 

methodology in an attempt to form graphenic structures from polymeric reactions 

between small molecules such as polycyclic aromatic hydrocarbons (PAHs) [55], 

polycyclic aryl halides on silver [56], acetylenic coupling [57] and alkyne metathesis 

[58,59]. 

2.4.2. Carbon nanotubes (CNTs) 

The first evidence of the existence of carbon nanotubes dates from 1952, when L. 

Radushkevich and V. M. Lukyanovicha published clear images of carbon structures 

approximately 50 nm in diameter in the Soviet Journal of Physical Chemistry [60]. The 

fact that the publication was in Russian together with the prohibitions inherent to the 

Cold War meant that this discovery went unnoticed. In 1976, a paper by Oberlin, Endo & 

Koyama clearly showed hollow carbon fibres with nanometer-scale diameters using a 

vapour-growth technique [61]. 
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In 1981 a group of Soviet scientists published the results of a chemical and structural 

characterization of carbon nanoparticles produced by thermocatalytical 

disproportionation of carbon monoxide. Using TEM images and XRD patterns, the 

authors suggested that their ‘carbon multi-layer tubular crystals’ were formed by rolling 

graphene layers into cylinders. However, it was not until 1991 that carbon nanotubes 

attracted great interest after the publication of Iijima’s paper in Nature [62].  

In figure 2.9 are represented 3 different structural arrangements of carbon allotropes: 

graphene and carbon nanotubes. Carbon nanotubes can be visualized as a graphene sheet 

of a certain size wrapped in a certain direction to form a cylinder. Depending on the 

number of walls in their molecular structure, CNTs are classified as single (SWCNTs) or 

multi-wall carbon nanotubes (MWCNTs).  

 

Figure 2.9. Graphical representations of ideal sheet, SWCNT and MWCNT. 

To characterize this cylinder, two atoms of the graphene sheet are chosen, one as 

origin and the other as destination, to form a chiral vector (Ch), the so-called Hamada 

vector, Ch=na1+ma2
 [63], where a1 and a2 are the lattice vectors of the unitary hexagonal 

cell and (n,m) are two integers which determine the chirality and the diameter of a 

CNT. The chiral angle (θ) is formed between the Hamada vector and the unit lattice 

vector a1. Depending on these variables, three types of nanotube can be described as 

shown in figure 2.10: armchair CNTs (m=n), zigzag CNTs (m=0, n=0) and chiral CNTs 

(m≠n). 

Graphene sheet Single walled CNT Multi walled CNT
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Figure 2.10. Cell unit for a single-walled carbon nanotube (4,2) 

 
The properties of a carbon nanotube, such as optical activity, mechanical strength and 

electrical conductivity, depend on its chiral vector. A CNT is considered metallic if (n-

m)=3i, where i is an integer. Otherwise the nanotube is considered to be a 

semiconductor [64] (see figure 2.11)  

    

 
Figure 2.11. Chemical structures of (10,10) armchair, (0,10) zig-zag and (7,10) 

chiral SWCNTs, SWCNTs and representation of metallic/semi-metallic 
distribution of SWCNTs according to the Hamada vector. 
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(7,7) (8,7)

(4,4) (5,4) (6,4) (7,4) (8,4) (9,4)

(5,5) (6,5) (7,5) (8,5) (9,5)

(6,6) (7,6) (8,6)
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Assuming this relationship, it is expected that two-thirds of nanotubes will be semi-

conducting and one third metallic with random values of integers n and m [65]. 

2.5. Working mechanism principles 
 

2.5.1. ISE working mechanism 

A typical scheme for potentiometric measurements was shown in figure 2.1. In the case 

of this thesis, the scheme includes an ISE, a reference electrode and a potentiometer. It 

can be considered as two galvanic half-cells represented by the ISE and the reference 

electrode and the electromotive force (EMF) produced as the sum of all the 

contributions from individual interfacial potentials, under zero-current conditions [2] 

There are different models to explain the potential generated at the interface of the 

electrode. These are classified as total-equilibrium models (classical models), local-

equilibrium models (diffusion-layer models) and advanced non-equilibrium models 

[66], but here we will take into account only the generally accepted phase-boundary 

potential model (classical model) [67]. 

A general working assumption is that most of the potential contributions are sample 

dependent. According to this [66], the expression for the EMF can be simplified to: 

EMF = EM + EJ + Econst eq. 2.2 
  

where EM is the membrane potential, EJ is the liquid junction potential of the reference 

electrode and Econst can be described as the sum of all sample-independent potential 

contributions. 

As regards liquid junction potential from reference electrode �EJ�, this appears due to 

the tendency of two different solutions (inner reference electrode|sample) to mix when 

they are kept in contact. Cations and anions from a more highly concentrated solution 

tend to spread into a less concentrated one so as to increase equilibrium. In order to 

prevent the solutions from mixing, a diaphragm (see figure 2.12) is placed at the 

interface of the sample solution and the internal filling solution of the reference 

electrode. This is a small ceramic or glass piece of the electrode, permeable to all the 

species, which prevents the solutions from mixing. 
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A potential difference is created because of charge separation due to different ion 

mobilities. The reference electrodes used in this thesis (Ag/AgCl reference electrodes) 

use a highly concentrated salt based on LiAcO or KCl solution, which have similar ion 

mobility, dominating the charge transfer at the liquid junction. This keeps the liquid 

junction potential rather small or at least constant, minimizing it from equation 2.2, and 

making the EMF independent of it. This can also be achieved using a salt bridge. 

Membrane potential EM can be considered as the sum of three different components: 

 

EM = EPB + ED + EPB’ eq. 2.3 
  

Where EPB is the boundary potential between the inner solution (or inner solid contact 

in the case of this thesis) and the membrane; ED is the diffusion potential created inside 

the membrane; and EPB’ is the boundary potential between the membrane and the 

sample solution. 

 
Figure 2.12. Phase-boundary sensing mechanism when the membrane is placed 
in contact with an aqueous solution containing a primary ion and a counterion. 

Charge separation in the membrane|sample solution interface generated due to 
the difference in the free hydration energies. 
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Different assumptions have to be considered in the phase boundary potential model to 

simplify it: i) Diffusion potential (ED) may be neglected due to the fact that it is related 

to the kinetics of charged species in the ion-selective membrane. ii) EPB can be 

considered as a constant because it is commonly considered to be sample independent, 

and so equation 2.3 is simplified to equation 2.4 assuming that the membrane potential 

is only dependent on the phase-boundary potential at the membrane|sample interface. 

iii) there exists an electrochemical equilibrium at the sample|membrane interface. 

EM = EPB′ eq. 2.4 

Following all these assumptions, the potential cell under ideal conditions can be 

described by the well-known Nernst equation: 

E = ∆∅ = ∅org − ∅aq =
µio(aq) −  µio(org)

ziF
+

RT
ziF

ln
ai
aq

ai
org eq. 2.5 

 where,  ∅ is the electrical potential  

zi is the charge of species i 

µi is the mobility of species ‘i’ 

ai is the activity of species ‘i’ 

F is the Faraday constant (96485 C·mol-1). 

R is the universal gas constant (8.314 J·K-1·mol-1) 

 
The value of 𝑎𝑖

𝑜𝑜𝑜  in equation 2.5 remains constant, enabling the value of 𝑎𝑖
𝑎𝑎  to be 

determined and making the total concentration of the primary ion in the membrane 

independent of the sample [68,69]. The Nernstian equation can then be simplified to: 

E = Eo +
59.16

zi
ln ai

aq eq. 2.6 

  

2.5.2. Aptasensor working mechanism. 

The mechanism of aptasensors is very different from the mechanisms of ISEs. This is 

partly caused by the structure of the target analyte: bacteria. Bacteria belong to the 

domain of prokaryotic organisms. These microorganisms have dimensions of a few 
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micrometers (typically 0.5-5.0 μm in length) and a variety of morphologies such as 

spirals, spheres and rods.  

In figure 2.13 it is shown a representation of a bacteria and the different cell membrane 

components- A cytoplasmic membrane composed of lipids surrounds the cytoplasm. 

Like plant cells, most bacteria have a cell wall, composed of peptidoglycan (murein). 

Most of them also have a second lipid membrane (outer membrane) surrounding the 

cell wall. The bacterial cytoplasmic membrane is a lipid bilayer composed mainly of 

phospholipids with embedded protein molecules. Two different types of bacteria can 

be described depending on their bacterial cell wall: Gram-positive and Gram-negative.  

In Gram-positive bacteria it is characteristic to detect a thick cell wall in which there are 

numerous layers of teichoic acid. Gram-negative bacteria, however, have a relatively 

thin wall consisting of a few layers of peptidoglycan, surrounded by a second lipid 

membrane (outer membrane) containing lipopolysaccharides and lipoproteins. 

 
Figure 2.13. Bacteria representation parts with a cell membrane zoom for Gram-

positive bacteria (left) and Gram-negative bacteria (right) 
 

In the case of aptasensors, the working mechanism is not produced following a 

Nernstian response as in the previous case. Here the interaction comes about because 

of a biorecognition event between a DNA chain, which is anchored to the carbon 

nanomaterial, and the target analyte. 

Johnson et al [70] revealed through studies on molecular dynamics that SWCNTs could 

induce single-stranded DNA (ssDNA) to achieve spontaneous conformational change in 

order to self-assemble. This interaction is possible due to the π–π stacking interaction 

between the aptamer bases and the carbon nanotube walls. 
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The interaction between aptamers and graphene-based materials takes place in a 

similar way [71], and we used this feature for the detection of bacteria (see figure 2.14). 

When a particular bacterium that can be catched by the aptamer approaches the 

graphene/aptamer hybrid, a competitive equilibrium between the target bacteria and 

the graphene appears. 

Negative charges from phosphate groups of the aptamers are largely ionized at pH 7.5. 

This negative charge is transferred to the carbon nanotubes, decreasing the standard 

potential of the sensor measured following functionalization of the graphene with the 

aptamers. When the target approaches the hybrid, this induces a conformational 

change in the aptamer that separates the phosphate negative charges from the 

graphene (or SWCNTs) [71-73]. This separation creates a change in the recorded 

potential detected by the potentiometer. 

 

Figure 2.14. Schematic representation of aptamer sensing mechanism. The figure 
shows ssDNA but also RNA-aptamers can be used  

2.6. Analytical performance parameters 
The electrochemical section of the IUPAC Green Book contains a description of several 

parameters that define the analytical function of potentiometric sensors [74]. Figure 

2.15 shows two different plots where all the parameters explained in this section can 

easily be viewed. Cell EMF is plotted on the abscissa axis versus the logarithm of the 

single ionic activity (Figure. 2.15.a) or versus time (Figure. 2.15.b). 

Folded ssDNA

Unfolded ssDNA
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2.6.1. Sensitivity 

The sensitivity and linear concentration range of steady-state calibration curves can be 

determined directly from the sensor’s response by plotting the instrumental signal 

versus logarithmic activity/concentration of the target analyte. In the case of ISEs, 

sensitivity is commonly described by the Nernstian slope and defined by RT/ziF [59.2/zi 

mV·dec-1] at 25ºC, where zi is the ion charge, R is the universal gas constant (8.314 J·K-

1·mol-1), T is the absolute temperature and F is the Faraday constant (96485 C·mol-1). 

Deviations from this ideal behaviour can be brought about to obtain super and sub-

Nernstian sensitivities, as in the case of biosensing by aptasensors.  

2.6.2. Selectivity 

Ideally, the potentiometric response of an electrode should be exclusively connected 

with the target analyte, i.e. the primary ion or bacteria in the case of this thesis. 

Unfortunately this interaction is not exclusive and the recognition layer responds to 

other analytes. This parameter together with the limit of detection is very important 

and sometimes determines whether an electrode can be used for a specific application. 

The term selectivity has to be used in terms of quantitative characterization. Selectivity 

determines whether a reliable measurement of the target sample is possible, whether 

electrodes are able to differentiate between the target analyte and other analytes 

called interferences using the selectivity coefficients Kij
pot.  

In the case of ISEs, semiempirical extended Nikolskii-Eisenman formalism is used to 

describe the response to both primary and interfering ions: 

EMF = EI0′ +
RT
ziF

ln�ai + �Ki,j
potaj

zi zj⁄
j

i≠j

� eq. 2.8 

  

   where, 𝐸𝐼0′ is the standard potential  
zi is the charge number for primary ion ‘i’ 
zj is the charge number for ion ‘j’ 
ai is the activity of the primary ion 
aj is the activity of the interfering ions 

Selectivity coefficients Kij
pot can be determined using the equation: 
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log Ki,j
pot =

ziF
2.303 RT

�EJ0
′ − EI0

′� =
ziF

2.303 RT
�EJEMF − EIEMF�log

ai
aj
zi zj⁄  eq. 2.9 

  

    where, 𝐸𝐼0′ is the standard potential of species ‘i’ 
  𝐸𝐽0′ is the standard potential of species ‘j’ 
  𝐸𝐼𝐸𝐸𝐸  is the measured potential of species ‘i’ 
  𝐸𝐽𝐸𝐸𝐸  is the measured potential of species ‘j’ 

2.6.3.  Limit of detection 

In other analytical methods, the limit of detection is defined as three times the 

standard deviation of the background noise [75]. However, in the field of 

potentiometric measurements this definition for ion-selective electrodes has to be 

reconsidered because the typical noise is less than 0.1 mV, which would lead to very low 

limits of detection which would not correspond with reality.  

In ISEs we can define the limit of detection (LOD) as the activity (or concentration) of a 

substance at the point of intersection of the extrapolated linear mid-range and final 

low-concentration-level segments of the calibration plot (see figure 2.15.a).  

 
Figure 2.15. Main analytic performance parameters for an ISE. 
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sample to the ISM, typically through the presence of a high concentration of the 

primary ions in solution or the lipophilic behaviour of certain counterions.  

In the case of aptasensors, which do not show a Nernstian response, the limit of 

detection has to be determined as the minimum quantity of bacteria that needs to be 

resolved from the instrumental limit of detection, delimited by the expression 3xSDnoise. 

It is important in the case of bacteria to obtain very low limits of detection for simple 

positive/negative tests, assuring zero-tolerance conditions. 

2.6.4.   Linear concentration range  

At high and low ionic activities there are deviations from linearity. These deviations are 

defined by the upper and lower limit of detection. Between those limits there is a part 

of the calibration curve in which the instrumental response follows a linear relationship 

with the logarithm of the activity.  

Typically, the electrode calibration curve exhibits a linear response range between 10-

1M to 10-5M for ISEs. This region contains useful analytical information and is ideally 

where calibration and measurement points can be determined.  

2.6.5. Response time 

Ideally, the response of an electrode to a change in activity or concentration should be 

instant. In practice this is impossible because there is an accommodation time for the 

host-guest complexation. Thus response time (tR) can be considered as the time lapse 

between the instant at which the electrode comes into contact with the sample (or 

when there is a change in the activity of a solution) and the first moment at which the 

emf response is considered stable or becomes equal to a limiting value selected 

according to the experimental conditions established. 

This parameter is usually concentration-dependent. For low-concentrated sample 

solutions the response time is usually long, while for relatively high concentrations of 

analyte the response time is usually short. A good ion-to-electron transduction can be 

denoted for time responses in the order of a few seconds. 
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2.6.6. Stability 

Stability gives us information about the evaluation of the emf response in a short, 

medium and long-term range depending on experimental requirements. It can be 

expressed as a drift in terms of μV·h-1 or mV·h-1. A drift is a slow non-random change in 

the emf response of an electrode cell assembly kept in a solution of constant 

composition and temperature. Drifts can appear due to a variety of physical or chemical 

parameters such as temperature fluctuations, leaching of electroactive material from 

the membrane or sorption of interferents. 

Good stability can be considered for electrode drifts of less than 0,5 mV.h-1 in the long-

term range. Drifts are usually detected at medium and long term, whereas in short 

terms any alterations of stability can be detected in the shape of emf jumps. Any type 

of drift in the output of a chemical sensor is undesirable. Short-term drift generally 

renders the sensor useless. 

 
Figure 2.16.  Water-layer test stages for a conventional SWCNT/K+-ISE using 

nanomaterials as inner transducers
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In terms of quality parameters, it is a good idea to check for the presence of a 

hypothetical small water layer between the membrane and the ion-to-electron 

transducer layer [76] due to the permeability of the membrane. This can give rise to 

drifts in the emf response (figure 2.16).  

In a first step (figure 2.16.b), the behaviour of the electrodes is observed when they are 

exposed to a solution of the primary ion. In a second step (figure 2.16.c), the electrode 

is removed and rinsed with MilliQ distilled water and immersed for some hours in a 

solution of an interfering ion. Finally the solution is changed back to the initial one 

(figure 2.16.d).  
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3.1. Introduction. 
A detailed vision of the steps to construct solid contact electrodes is given in Chapter 

three. This chapter contains information about the general experimental part of the 

thesis. It is mainly divided into three sections. The first section is focused on obtaining 

the carbon nanomaterials materials used (the transducer part of the electrodes), giving 

information about purifications and reactions involved. The second section defines the 

development and construction of the electrodes, and finally, the third section explains 

the principal microscopic and electrochemical techniques used to characterise the 

electrodes. 

3.2. Reagents. 
 

3.2.1. Carbon Nanomaterials. 

The carbon nanomaterials used as transduction layer in this thesis were: 

- Single-walled carbon nanotubes (SWCNTs), 95% purity (outer diameter: 1-2 

nm, length: 10-20 µm) purchased from Carbolex Inc (Lexington, Kentuky, USA) 

- Graphite powder, <45 µm, ≥99.99% purchased from Sigma Aldrich (Tres 

Cantos, Madrid, Spain) 

Graphite powder was the starting point to obtain graphene oxide (GO) and reduced 

graphene oxide (RGO). The procedure for obtaining these nanomaterials is defined in 

section 3.3.2.2 

3.2.2. Polymeric membranes. 

3.2.2.1. Membrane matrices. 

The backbone material used for membrane preparation in Ca2+-ISEs in this thesis was 

plasticiser-free acrylic moisture based basically on a copolymer of n-butyl acrylate 

(nBA) and methyl methacrylate (MMA). The monomers were purchased from sigma 

Aldrich and mixed in a proportion of 1:10. A radical initiator was used to begin the 

copolymerization reaction, the 2,2-Azobis(2-methylpropionitrile) (AIBN) purchased 

from Fluka. Other reagents in this reaction were ethanol, dichloromethane and high 

boiling point petroleum ether (80-100ºC) purchased from Sigma Aldrich. Reagent grade 

benzene was purchased from Fluka. 
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3.2.2.2. Ion selective membrane components. 

In addition to the acrylic polymeric matrix, the ionophore used in Ca2+-ISEs was N,N,N’-

N’-tetraciclohexyl-3-oxapentanediamide (ETH129, selectophore grade), and the 

lipophilic salt was potassium tetrakis[3,5-bis-(trifluoromethyl) phenyl]borate (KTFPB), 

both purchased from Fluka. 

3.2.3.  Culturing media and microorganisms. 

In the case of the aptasensors, the used single strain DNA specific for Staphylococcus 

aureus were synthetic polynucleotides modified (see figure 3.1.) for the specific 

interaction with the graphene-based nanomaterials purchased from Eurogenetec S.A. 

(Liège, Belqium)  

 
Figure 3.1. Details of 5’-pyrene cap phosphoramidite and 3’-cap modified with 

hexylamine functionalization for the aptamer used for the detection of 

Staphylococcus aureus.  

- Single strain DNA 5’-cap modified with 5'-pyrene cap phosphoramidite for the 

non-covalent functionalisation of reduced graphene oxide. 

Sequence:  

5’GCAATGGTACGGTACTTCCGCGCCCTCTCACGTGGCACTCAGAGTGCCGG

AAGTTCTGCGTTATCAAAAGTGCACGCTACTTTGCTAA-3’ 
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- Single strain DNA 3’-cap modified with hexylamine for the covalent 

functionalisation of graphene oxide. 

Sequence:  

5'GCAATGGTACGGTACTTCCTCCCACGATCTCATTAGTCTGTGGATAAGCG

TGGGACGTCTATGACAAAAGTGCACGCTACTTTGCTAA-3' 

Lyophilized strains of Salmonella Typhi (CECT 409), Lactobacillus casei subsp. casei 

(CECT 4180), Escherichia coli (CECT 675), Staphylococcus aureus (CECT 4630) were 

purchased from Colección Española de Cultivos Tipo (Valencia, Spain). 

The following culturing media were purchased from Becton, Dickinson and Company 

(Sparks, USA), prepared according to indications. 

- Lactobacilli MRS (deMan, Rogosa and Sharpe) agar. This medium was used in 

the isolation, enumeration and cultivation of Lactobacillus species. [1,2] 

- Lactobacilli MRS (deMan, Rogosa and Sharpe) broth. This medium was used in 

the isolation, enrichment and cultivation of Lactobacillus species. [1,2] 

- Tryptic soy agar (TSA). This non-selective medium was used in the 

enumeration and cultivation of pure strains of Salmonella typhi, 

Staphylococcus aureus and Escherichia coli. [2] 

- Tryptic soy broth (TSB). This non-selective medium was used in the 

enrichment and cultivation of pure strains of Salmonella Typhi, Staphylococcus 

aureus and Escherichia coli. [2] 

- MacConkey agar. This medium was used for isolation, differentiation and 

confirmatory growth of Escherichia coli. [2] 

- Lysogeny broth and agar (Luria-Bertani medium, LB). This medium was used 

for maintenance, enumeration and growth of Escherichia coli strains. [2] 

 
All the bacteria strains were cultured following standard microbiological techniques, 

using adequately sterilized materials, solutions and culturing media.  

Lyophilized pure strains of Salmonella Typhi (CECT 409), Lactobacillus casei subsp. casei 

(CECT 4180), Escherichia coli (CECT 675), Staphylococcus aureus (CECT 4630) were 

reactivated with NaCl 0.85 % and further incubated in broth for 24-48 h at 37 °C. The 

pellet was then transferred to selective agar medium and subcultured for 24-48 h at 37 
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°C in order to confirm the purity of the strains. The selective medium used in this latter 

step depended on the cultured bacteria. Characteristic colonies were transferred to 

non-selective broth and agar media and cultured for 24-48 h at 37 °C. Colonies obtained 

in agar cultures were then transferred to glycerol/TSB 20:80 and stored at -20 °C until 

needed and reactivated by inoculating the bacteria in 10 mL of sterile broth medium at 

37 °C for 24 h. Bacteria grown in non-selective broth were used for testing of 

biosensors. 

3.2.4. Other materials. 

Other reagents used to prepare the different solutions for the calibration process were 

L-malic acid, ammonium citrate, potassium nitrate, potassium phosphate dibasic, 

magnesium citrate tribasic nonahydrate, L-arginine, ammonium tartrate dibasic and 

tetrahydrofuran, all purchased from Fluka. 

Acetone, lithium acetate, potassium chloride, dimethylformamide (DMF), calcium 

nitrate, sodium nitrate, sulphuric acid, potassium permanganate, hydrazine 

monohydrate, N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide hydrochloride (EDC), 

N-hydroxysuccinimide (NHS), 2-(N-morpholino) ethannesulfonic acid (MES) and 

phosphate buffered saline (PBS) pH 7.4  were purchased from Sigma-Aldrich. 

All the solutions prepared for performance tests were made with double deionised 

water (18.2 MΩ·cm specific resistance) using a MilliQ PLUS reagent grade water system 

(Millipore Corporation, Bedford, USA) 

Abrasive paper (Carbimet 600/P1200) and alumina with different grain size (30, 5, 1 and 

0.03 μm Micropolish II) were obtained from Buehler (Lake Bluff, Illinois, USA). 

Euphorbia characias (figure 3.2.) sap exudates were collected during the autumn from 

the banks of the river Francolí in Tarragona, Spain. A small cut was made in plant 

specimens and allowed to bleed for a few seconds. Immediately following collection, 

the exudates were frozen at -20 °C. 
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Figure 3.2. Euphorbia characias plants used in the tests performedin chapter 4.  

For the body construction of electrodes, glassy carbon rods Sigradur®G grade with a 

length of 50 mm and a diameter of 3 mm were purchased from Hochtemperatur-

Werkstoffe GMBH, (Thierhaupten, Germany). Copper wires and teflon were purchased 

from RS Amidata (Madrid, Spain). 

Materials, culturing media and solutions were sterilized by autoclaving at 121°C for 15 

minutes in a J.P. Selecta autoclave model Med 12 (Barcelona, Spain). All the 

microbiological cultures were incubated in an incubator model 100-800, Memmert 

GmbH Co KG (Schwabach, Germany). 

3.3. Development of solid-contact electrodes. 
 

This section provides an extended description of the setting-up of the solid-contact 

electrodes developed in this thesis, from the body construction to the coupling joint 

between the sensing part and the transducer. 
 

3.3.1. Obtaining the conductor substrates. 

A glassy carbon rod with a length of 50 mm and a diameter of 3 mm (sigradur®G grade, 

Hochtemperatur-Werkstoffe GMBH, Germany) was used as a conducting core of the 

electrode. The glassy carbon (GC) rod was polished several times first with a sheet of 

abrasive paper (Buehler Carbimet 600/P1200) and then with different grain-sized 

alumina (30, 5, 1 and 0.5 μm) to obtain a glass-like surface 
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The polished GC rods were jacketed with a hard teflon body (40 mm in length, diameter 

6mm) by mechanical pressure in order to prevent possible contact of the sample 

solution with the conductor element (GC rod) in membrane-free electrodes, which can 

promote instabilities in the electrical signal. 

It is important to clean and polish the surface of the conducting wire in order to ensure 

the contact with the transduction part which enlarges the lifetime of the electrode.  

Poor contact between the transducer and conductive wire may cause drifts and signal 

interferences. 

The steps used in this procedure were: 

First, the glassy carbon rod is inserted in the teflon body by mechanical aid using a 

miller (Proxon FF 400, Niersbach, Germany). All polishing is carried out with the glassy 

carbon jacketed in order to reduce the edge effect. 

A piece of Buehler Carbimet 600 abrasive paper is placed in a dry and clean glass plate, 

and the electrode is polished against the sandpaper, keeping the electrode surface 

parallel to the sandpaper surface. The small alumina particles are cleaned off of the 

electrode using distilled water and an ultrasonicaton bath. This step is repeated several 

times until a clear and homogenous surface is obtained. 

Further on, a nylon polishing pad (white colour) is placed firmly in a new dry and clean 

glass plate with care to make sure no air bubbles are trapped between the pad and the 

glass plate. A small amount of 1 micron Alpha alumina powder is placed in the polishing 

pad and everything is wetted with distilled water. The electrode is held vertically and 

polished in the same way as the previous step against the alumina slurry using a circular 

motion while pressing firmly. After 10 minutes of polishing, the electrode is rinsed 

thoroughly with distilled water using an ultrasonication bath to remove the remaining 

alumina particles. This step is repeated on a new nylon polishing pad using a 0,3 micron 

Alpha alumina powder.  

The last polishing step is repeated using a microcloth polishing pad (brown colour) with 

0,05 micron Gamma alumina powder to obtain a mirror-like finish. The electrode is 

rinsed one more time with distilled water using an ultrasonication bath. It is important 

to remark that, before going to the next smaller size of alumina powder, one has to 

thoroughly rinse the electrode and hands with large quantity of water. If one is not 
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careful in the process and larger powder particles are carried to the smaller powder 

polishing pad, it will never get the mirror effect expected.  

Finally, using a clean polishing cloth with the polished electrode face downwards, all 

the extra particles are removed.  

In the same way, a similar procedure was used to construct copper electrodes. Copper 

wires (length 50 mm and diameter 1,13 mm, Amidata) were polished using abrasive 

paper (Carbimet 600/P1200, Buehler) and subsequently treated with alumina of 

different grain-size (30, 5, 1 and 0,03 μm Micropolish II, Buehler).  

3.3.2.  Obtaining carbon nanomaterials. 

Three different carbon nanomaterials have been used in this thesis: SWCNTs, graphene 

oxide (GO) and reduced graphene oxide (RGO). In the case of SWCNTs, their only 

pretreatment was purification and oxidation to obtain the desired material. In the other 

part, graphene-based nanomaterials have been obtained in a redox process with 

exfoliation stages. 

3.3.2.1. Purification of SWCNTs. 

Commercial SWCNTs contain certain levels of impurities such as amorphous carbon 

and catalytic nanoparticles from their synthesis process. It is necessary to remove these 

nanoparticles that can influence the electrochemical behaviour of the electrodes. 

Figure 3.3 shows the schematic process of the raw material. 

 

Figure 3.3. SWCNTs purification process scheme comprising a) dry oxydation of 

raw material, b) wet oxidation, c) vacuum filtration and d) low bath sonication. 

Inset in figure 3.3 d) shows the sonication effect after purification 

A modified Furtado’s method [3] for the purification and debundling of SWCNTs was 

followed. As a first step, a dry oxidation of the raw material was carried out in order to 

remove the amorphous carbon present in the material. A certain amount of SWCNTs 

a) b) c) d)
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(250 mg) were deposited in a quartz tubular reactor (120 cm length x 4 cm diameter, 

Afora (Madrid, Spain)) and heated in a horizontal split tube furnace (HST/600, 

Carbolite) at 365 ºC for 90 min under a dry airflow current (100 cm3·min-1, Carburos 

Metálicos). 

SWCNT growth needs metallic nanoparticles that act as a precursor, and could remain 

in the raw material affecting the electrochemical behaviour of SWCNTs [4]. SWCNTs 

obtained from the dry oxidation were refluxed in a 2.6M HNO3 solution for 4 hours, 

obtaining a black-coloured solution. The solution is filtrated under vacuum in a 5 µm 

pore size polycarbonate membrane and washed with water. The resultant brown-

coloured solution is neutralized with NaOH. 

Finally, the SWCNTs are redispersed in N,N-dymethylformamide (DMF) and 

ultrasonicated for 4 hours in a low power bath. This method produces stable dispersions 

of SWCNTs in DMF, avoiding the use of surfactants to disperse the nanotubes, and 

eliminating washing steps to remove the surfactant. 

3.3.2.2. Obtaining of graphene-based nanomaterials. 

Graphite oxide was prepared using a modified Hummer’s method from graphite 

powder using NaNO3, H2SO4 and KMnO4 in an ice bath [5]. Graphite powder (20 g) was 

put into cold (0 °C) concentrated H2SO4 (460 ml). KMnO4 (60 g) was added gradually 

with stirring and cooling, so that the temperature of the mixture was not allowed to 

reach 20 °C.  The mixture was then stirred at 35 °C for 2 h, and distilled water (920 ml) 

was added. In 15 min, the reaction was terminated by the addition of a large amount of 

distilled water (2.8 l) and 30% H2O2 solution (50ml), after which the colour of the 

mixture changed to bright yellow. The mixture was filtered and washed with 1:10 HCl 

solution (5 l) in order to remove metal ions. The GO product was suspended in distilled 

water to give a viscous, brown, 2% dispersion, which was centrifuged at a medium 

speed (4000 rpm) according to an experimental procedure described recently [6], 

yielding a brown-coloured water solution homogeneous of exfoliated graphene oxide 

sheets (GO) with a final concentration of 0.45 mg/ml. Final exfoliation was achieved by 

dilution of the 0.45 mg/ml GO dispersion (1 ml) with deionized water (24 ml), followed 

by 15 min sonication. The resulting homogeneous yellow-brown solution, which 

contained 0.2 g/l GO, is stable for a period of months. GO dispersions of lower 
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concentrations were prepared diluting the mentioned 0.2 g/l dispersion with deionized 

water. 

Reduction of deposited GO (see figure 3.4) was performed by a 24h exposure of 

electrodes to hydrazine hydrate vapours [7] (caution: hydrazine vapours are highly 

toxic). This reduction method allowed a complete reduction of graphene oxide sheets 

(RGO) while maintaining the smooth and homogeneous morphology of the deposited 

films. 

 

Figure 3.4. Graphite and graphene oxide schematic synthesis from graphite 

powder.  

3.3.3. Deposition of carbon nanomaterials. 

Three different methods have been used to deposit carbon nanomaterials onto the 

surface of the polished glassy carbon electrodes. SWCNTs were deposited by means of 

spraying, while drop casting and mechanical exfoliation were used to deposit graphene-

based nanomaterials. 

3.3.3.1.  Spraying. 

The deposition of SWCNTs was done using a spray technique where 10 mg of purified 

SWCNTs were dispersed in 10 ml of pure DMF and homogenised by ultrasonication in a 

tip sonicator for 30 min (amplitude 50%, cycle 0.5, Ultraschallprozessor UP200S, Dr. 

Hielscher).  

The fresh SWCNT dispersion is then placed in an aerograph at a distance of 

approximately 30 cm from the electrode. A heat gun also is focused on the electrode in 

order to evaporate the solvent as soon as possible. The number of sprays and the time 

of addition are the representative variables to obtain different thicknesses of the 

Graphite

Hummer’s method

Reduction process

Graphite Oxide

Chemically modified graphene
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membrane. Typical sprays of 2 seconds of duration followed by dry steps with the heat 

gun produce 30 µm thicknesses on average for 30 repetitions of the process 

approximately (see figure 3.5). 

 

Figure 3.5. ESEM image for a deposition of SWCNTs (20 repetitions).  

3.3.3.2. Drop casting 

The drop casting method has been used for the deposition of graphene and graphene 

oxide, obtaining a high control of the thickness of the graphene-based materials layer. 

Depending of the desired thickness, the control of the amount of deposited material is 

done by diluting the initial graphene oxide dispersion. 15 µl of homogeneous graphene 

oxide dispersion were drop-casted and dried upside down at room temperature for 60 

minutes obtaining a 125 nm layer thickness. This method was performed with several 

depositions in order to assure the linearity of the layer with the volume added (see 

appendix 8.2.2.1.2) 

3.3.4. Preparation of the recognition layer. 

Two different recognition layers have been used in this thesis, depending on the target 

analyte to detect. In the first part, calcium ions were the focus of our research, and 

calcium-selective membranes were prepared using acrylic matrix as a support (either 

using SWCNTs or graphene-based materials as solid transducers). For the detection of 

Staphylococcus aureus, the recognition layer was based on the aptamer bonding to the 

transduction layer (graphene-based material) by covalent and non-covalent 

interactions. 
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3.3.4.1. Ion selective membrane preparation. 

The preparation of the acrylic-based ion-selective membrane (see figure 3.6) consists of 
two parts, the acrylic membrane preparation where the core of the membrane is 
synthetized, and the proper ion-selective membrane formation with the inclusion of the 
ionophore.  

Acrylic membrane preparation. The method used in this thesis was solution 

polymerization initiated by free radicals, although other polymerization methods as 

photopolimerization can be used for acrylic matrices synthesis [8].  

 

Figure 3.6. Image of the basic ISE-electrode construction including: a) mechanical 

electrode construction where a glassy carbon rod is jacketed in a teflon body, b) 

the electrode polishing simulating a writing number 8 in order to homogenize the 

surface as much as possible, c) deposition of transduction layer by drop coating or 

spray deposition depending on the material added and d) deposition of the 

sensing membrane by drop coating.) 

Mechanical insertion

Spray deposition

Drop casting

8A) Electrode body construction

B) Electrode polishing

C) Nanomaterials deposition

D) Deposition of transduction layer
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This type of polymerization technique has the advantage of simplicity and introduces 

little or no ionic contaminants which may interfere with the ionic response of the 

polymer. 

Several combinations of monomers can be used to construct an acrylic membrane (see 

figure 3.7). In this thesis, a combination of methylmetacrylate and n-butyl acrylate has 

been chosen in a 1:10 proportion. This selection has been chosen only for bibliographic 

reasons. A higher content of nBA helps to lower the Tg of membrane, producing a 

slightly better selectivity of the membrane [8].  

 
Figure 3.7. Schematic representation of the copolymer produced, based in nBA 

and MMA monomers. The upper part shows the different polymerizations 

depending on the disposition of monomers across the polymer chain.  

Appropriate amounts of methylacrylate and n-butyl acrylate monomers are added to 

100 ml of dry benzene (anhydrous 99,8%) in a flask. The solution is degassed for 15 

minutes by bubbling with a stream of nitrogen gas. The polymerization reaction begins 

by adding a suitable amount of initiator and heating the solution to a constant 

temperature of 80ºC for 12 hours. The initiator used in this polymerization is 2,2-

azobis(2-methylpropionitrile) commonly named AIBN. Its most common chemical 

reaction is one of decomposition, eliminating a molecule of nitrogen gas to form two 2-

cyanoprop-2-yl radicals as described in figure 3.8.  

Figure 3.8. Radicalary decomposition reaction of AIBN. 
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Acrylic matrices synthesis. During this step, the solution becomes increasingly viscous. 
After this step, the polymer solution is cooled and high boiling point (80-100 ºC) 
petroleum ether is added in a proportion of ten times the volume of the polymer 
solution. It is then noted that white flaky precipitates appears depending of the amount 
of nBA used during the polymerization. The final precipitate is dried in a rotavapour 
under vacuum conditions for 2 hours. The composition of this membrane as well as the 
amount of petroleum ether necessary to obtain the polymeric precipitate is shown in 
the following table. 

Table 3.1. Composition of a 1:10 acryclic membrane       
         

Monomer composition Benzene Initiator 
Petroleum 

ether 

Monomer Mmol g ml g ml 
mg/ml 

benzene 
mg ml 

MMA 4 0,40 0,42 
2,62 3,0 0,96 2,88 ≈ 100 

nBA 43 5,54 6,10 

After this procedure, the polymer is removed from the flask and kept at room 

temperature in a desiccator. The use of a high nBA content in the solution results in 

sticky polymers, hindering the obtaining of the final polymer. 

Preparation of the ion-selective membrane. The final ion-selective membrane selected in 

this thesis is a membrane with 2.0 wt% ionophore content with a 3.2:1.0 molar ratio of 

ionophore and ionic sites (equivalent to 31.2 mol% of lipophilic anion relative to the 

ionophore). For the preparation of the ion-selective membrane, 195 mg of the prepared 

acrylic membrane were deposited in an Eppendorf tube and dissolved in 2.0 ml of 

dichloromethane [9-11] with the suitable amount of ionophore and lipophilic salt and 

stirred in a vortex until the complete dissolution of the components. The composition 

of this is shown in the following table. 

Table 3. 2. Composition of the Ca2+-Ion selective membrane       
         

Component Ammount Fraction 

 mg (or ml) mol % 
Polymeric matrix 195   

Ionophore (ETH129) 3,90 8,47x10-6 2% wt (related to polymeric matrix) 
Lipophilic salt 1,31 2,64x10-6 31,2% mol related to the ionophore 

Dichloromethane 2   
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After preparing the ion-selective membrane, it is kept inside a freezer to avoid the 
evaporation of the dichloromethane. The Eppendorf tube, which contains the 
membrane, is covered with parafilm. Before drop casting the cocktail was degassed by 
sonication for 10 min [12]. 

Deposition of the sensor part. A short piece of thermoplastic was placed in the polished 

cap (see figure 3.6) of the electrode and heated with a heat gun until it fit to the 

electrode body in order to hold the liquid membrane for the deposition. 150 μl (3x50 μl) 

of the cocktail membrane were dissolved in dichloromethane and placed on the 

electrode, ensuring a slow evaporation of the solvent and thus avoiding the formation 

of undesired bubbles. 

3.3.4.2. Aptamer bonding. 

Two different strategies (see figure 3.9) were used for the detection of Staphylococcus 

aureus: covalent bonding and non-covalent bonding of aptamers to the transducer 

layer of the aptasensor. 

3.3.4.2.1. Covalent bonding 

As has been shown in section 3.3.2.2, graphene oxide moieties contain carboxylic 
groups. In order to create active points of anchorage for the covalent bonding, an 
activation of these carboxylic acids is needed. 

Graphene oxide electrodes were introduced in a solution of N-(3-dimethylamino-

propyl)-N’-ethyl-carbodiimide (EDC, 100 nM) and H-hydroxysuccini-mide (NHS, 25 nM) 

in a 2-(N-morpholino) ethane sulfonic acid buffer (MES, 50 nM) at pH 5 for 30 min to 

activate the carboxylic groups. 

Finally, electrodes were immersed overnight into 0.5 ml of a 1 μM 3’-cap modified with 

hexylamine binding aptamer solution dispersed in PBS pH 7.4 (1 mM) and conditioned 

for its use. 

3.3.4.2.2. Non-covalent bonding 

In the case of the RGO electrodes, non-covalent functionalization of the 5’-cap 
modified with 5'-pyrene cap phosphoramidite binding aptamer was carried out by 
depositing a drop of the 1 μM aptamer dispersed in PBS pH 7.4 (1 mM) and leaving 
overnight in a wet atmosphere. 
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Figure 3.9. Schematic representation of the two strategies followed for the a) 

covalent and the b) non-covalent functionalization of graphene nanomaterials for 

the detection of bacteria. 

3.3.5. Conditioning and regeneration of electrodes. 

In the case of the ISEs, the conditioning process was performed in two steps in order to 

reach lower limits of detection. In the first stage, the electrodes were placed in a 

relatively concentrated solution of the primary ion (CaCl2 10-3 M) for one day in order to 

exchange all the interfering ions of the membrane for the target ion (Ca2+). After this 

stage, the electrodes were rinsed with MilliQ water and then conditioned for two more 

days in a 10-9 M solution of CaCl2 to completely clean the membrane of any interfering 

ions [13,14]. 

Once the electrodes had been preconditioned, those are rinsed with MilliQ water and 

placed in a second solution in this case more diluted than the previous one (10-9 M) for 

48 h. 
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In the case of aptasensors, the conditioning process is performed by depositing the 

electrodes in an autoclaved PBS solution overnight inside a Biosafety level II cabinet in 

order to assure no contamination of the solution from the environment. 

Regeneration of ISEs can be done by a common conditioning process, but in the case of 

aptasensors, bacteria that have been caught by the aptamers have to be detached from 

the aptamers. This regeneration is done by incubating the electrodes in a 2 M NaCl 

solution by 1 hour, followed by a washing step in MilliQ water for 90 min. After this, the 

electrode is reconstituted by conditioning in PBS buffer. 

3.4. Electrode characterisation. 

In this section the electrochemical, microscopic and spectroscopic techniques 

employed for the characterization of the electrodes will be briefly described, detailing 

the equipment used and the variables at which the data has been recorded.  

3.4.1. Microscopic characterisation. 

3.4.1.1. Atomic Force Microscopy (AFM) and confocal microscopy. 

A Multimode 8 with control electronics Nanoscope V (Bruker Corporation, Karlsruhe, 

Germany) AFM was used in order to obtain information about morphology of carbon 

nanotubes and its disposition over the electrodes and also to measure the thickness of 

the graphene layer deposited. Confocal microscopy LEICA Dual Core 3D measuring 

Microscope 3D equipment was used to control the thickness of graphene depositions. 

3.4.1.2. Transmission Electron Microscopy (TEM) 

The transmission electron microscopy used was a JEM 1011 (Jeol Ltd., Japan) and all the 

samples were imaged by depositing a drop solution in a copper grid and leaving the 

solvent to evaporate. This technique is applied to very thin materials or solutions, and in 

the case of this thesis has been applied to characterize these purification steps of 

SWCNTs and ensure that all the carbonaceous matter and catalytic impurities have 

been removed and to observe the interaction between bacteria and graphene sheets. 

100 kV voltage and 20-200K increase were the typical conditions used. 
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3.4.1.3. Scanning Electron Microscopy (SEM) 

Two different scanning electron microscopies were used in this thesis. An 

environmental scanning electron microscopy (E-SEM, Quanta 600, FEI, Hillsboro) was 

used to characterize the SWCNT layer deposited onto the electrodes by the spraying 

technique, the graphene layer deposited by drop coating and the ion-selective 

membrane.  

Experimental parameters were determined in each case to obtain the maximum 

resolution but normal values were high vacuum (6x10-4) 30 kV voltage and 10 mm 

working distance. Ion-selective membranes were also checked by E-SEM inspection. 

The thickness of the membranes was measured in the same way. 

Scanning Electron Microscopy (SEM, JSM 6400 Jeol) was used to characterize the CNT 

layer deposited onto the electrodes by the spraying technique onto copper wires. 

3.4.2. Electrochemical characterisation. 

3.4.2.1.  Electrochemical Impedance Spectroscopy (EIS) 

All the electrochemical measurements were performed in a one-compartment, three-

electrode glass electrochemical cell, schematically described in figure 3.10  

All the impedance measurements performed to characterise the electrodes used in this 

thesis were been done using a silver/silver chloride single junction reference electrode 

(Ag/AgCl/KCl (3M)) model 6.0733.100 (Metrohm, Switzerland). The counter electrode 

was a glassy carbon rod (GC) polished and the working electrodes are the different 

electrodes used.  

All the impedance spectra were recorded in the frequency range from 100 KHz to 10 

mHz using an Autolab frequency response analyzer system AUT20.FRA2 AUTOLAB, 

Eco chemie, B.V) and an electrochemical- Analyzer Workstation model 600 Series (CH 

Instruments). All the solutions used, were prepared with high concentrations ranging 

from 10-1 to 10-3 of the primary ion in presence of oxygen or argon/nitrogen in order to 

purge the oxygen present in solution, depending on the experiment.  
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3.4.2.2. Cyclic Voltammetry (CV) 

Five cycles in the potential range -0.5 V to 0.5 V at a scan 

rate of 0.1 V/s were performed in each case in a 0.1 M CaCl2 

solution of the primary both with and without the presence 

of oxygen depending of the parameters required for the 

experiment. 

3.4.2.3. Chronopotentiometry 

The instrumentation to carry out the constant-current 

chronopotentiometric measurements was the same as the 

electrochemical impedance technique. Each measurement 

was performed using a constant current of -1 nA during 50 

s followed by an inverse current of the same value for the 

same time (1 nA). All the measurements were made at 

room temperature using a 0.1 M CaCl2 solution of the 

primary ion. 

3.4.2.4. Potentiometry 

A Keithley 6514 electrometer and Lawson multichannel 

high input impedance electrometer (1015 Ω) were used to 

record the EMF. 

 

Figure 3.10. Schematic 

representation of a glass cell 

with a reference electrode (R), 

a working electrode (W), and a 

counter electrode (A) with a 

secondary hole for the 

entrance of gases like 

nitrogen or argon.  

In the case of potentiometric measurements, a double-junction Ag/AgCl/ 3 M KCl 

reference electrode (type 6.0729.100, Methrom AG) containing a 1 M LiAcO electrolyte 

bridge was used. A commercial Ca2+ ion-selective electrode (Crison Instruments, ref 96 

60) was used in order to compare the results obtained of the working electrode from 

chapter 4. 

All measurements were recorded using a water-jacketed glass cell (figure 3.9) in stirred 

condition at room temperature (22±2 ºC) or at isothermal conditions (22±0.5 ºC) 

depending on the requirements of the experiment. The same cell was used for the 

measurements in all the experiments in order to ensure that each experiment was 

carried out under the same conditions. 
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The electrolyte used in the electrochemical cell for potentiometric measurements was 

typically different concentrations of aqueous Ca2+ solutions (Chapter 4 and 5) and PBS 

1.7 mM pH 7.4 in the case of bacteria detection (Chapter 6) 

3.4.3. Spectroscopic characterisation. 

3.4.3.1. X-ray photoelectron spectroscopy (XPS) 

X-Ray photoelectron spectroscopy was carried out on an ESCAPlus Omicron 

spectrometer using a monochromatized Mg X-ray source (1253.6 eV). XPS data were 

analyzed using the CasaXPS software in order to obtain the chemical composition of 

the prepared RGO material. 
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4.1. Introduction. 

Our research group showed the use of carbon nanotubes as transducer element in ion-

selective electrodes. The main conclusion of these studies was that carbon nanotubes 

had excellent properties for use them as transducers but also how this material can 

overcome problems found using other materials such as sensitivity to light or CO2. 

Another advantage of using carbon nanotubes is their lipophilicity prevents the 

formation of thin layers of water between the conductive suport and the transducer 

element, which layers can cause instability in the signal and decreasing the life of the 

electrodes.  

This article shows the use of single-walled carbon nanotubes as a transducer material 

for the selective detection of calcium ions in complex samples such as sap plants. Sap is 

a fluid transported in specialized cells called xylem cells. These cells are responsable of 

the ransport of wáter and nutrients from roots to the leaves. Xylemathic sap consists 

basically of a water solution of hormones, mineral elements and other nutrients.  

Plants face similar problems to those of other multicellular organisms regarding lack or 

excess of components such as ions. For this reason it is important to know the 

concentrations of ions. 

This approach is the first step in the use of such sensors directly in live plants causing 

minimal damage for the determination of calcium in situ. Further work on the 

miniaturization of this type of electrodes with different types of ion-selective 

membrane using microelectrodes and solid state reference electrodes, would enable 

the determination of any ion in plants and even a continous monitoring.  

For the construction of the electrode we used very cheap materials, such as fine copper 

wires which have intrinsic large redox reactivity. These electrodes clearly show that 

carbon nanotubes effectively isolate the conductive support (i.e. copper wires) from the 

aqueous sample, since they did not show signs of oxidation after the determination of 

calcium.  

The Content of this chapter has-been published in the journal Analyst, year 2010, 

volume 135, pages 1979-1985, and co-authored by Jordi Riu and F. Xavier Rius. 
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4.2.1. Abstract 

A new reduced-size solid-state electrode using carbon nanotubes as the transducing 

layer has been developed for the direct determination of Ca2+ in sap, overcoming 

problems encountered by commercial ISEs analysing real complex samples. We show 

that this solid-contact ISE, which can be easily miniaturized, can be used directly in 

diluted real samples without any other pretreatment. The performance parameters of 

the new ISE include a Nernstian slope and excellent stability, good coefficients of 

selectivity, range of linearity (10-5-10-2.5 M) and limit of detection (10-6.2 M), thus making 

it an excellent tool for determining Ca2+ in a wide range of plant species. 
Key words: Solid-contact ISE, carbon nanotubes, sap, calcium, potentiometry 
 

4.2.2. Introduction 

Ions are essential for plant growth. These nutrients are absorbed and transported 

within the flow of the sap that the plant needs in order to grow. Depending on their 

concentration in the plant, ionic nutrients can be classified as macronutrients (e.g. NO3-, 

PO4
3-, K+, Ca2+, Mg2+, SO4

2-) or micronutrients (e.g. Fe2+, Zn2+, Mn2+, Cu2+, etc), 

Regardless of this classification, all these ions are essential for the survival of the plant 

and any alteration in their concentrations in the sap can cause various diseases and 

even the eventual death of the specimen. For instance, excess in nitrogen 

concentrations produces excessive growth, deep green colour and forms weak plants 

with soft tissues, and therefore more prone to pests and diseases, wind, rain, hail, frost. 

Moreover, deficiency in nitrogen concentrations leads to loss of coloration and leaf fall  
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and thus prevents the plant from growing. Likewise, deficiency in potassium reduces 

the plant’s ability to flower and bear fruit. Calcium is an essential nutrient in plants. It 

plays an important structural role in the cell wall and membrane, is a counter-cation for 

inorganic and organic anions, is a main intracellular messenger and helps harvest and 

process nitrates for protein metabolism. Nevertheless, calcium deficiency or excess [1] 

can cause several costly disorders in horticulture. By correctly analyzing sap we can 

determine the presence and extent of such alterations, identify whether the plant 

requires fertilizer or water and thus give the plant the most precise and suitable 

treatment.  

However, the composition of sap can be very difficult to determine because, for 

example, of its high ionic strength, the complexity of its matrix and its low stability in 

contact with air. Sap is currently analyzed using different methods such as ion 

chromatography [2], capillary electrophoresis [3] and atomic absorption spectroscopy 

(AAS) [4]. Although these techniques are very sensitive and selective, they all have a 

high instrumental cost. Furthermore, ion chromatography and capillary electrophoresis 

require a long analysis time, and atomic absorption spectroscopy only analyzes the 

total concentration of the analyte and is unable to determine the concentration of free 

ion. In order to obtain a suitable sample, these methodologies also require complex 

pretreatments such as ultrasound-assisted solubilisation [5], acidic extraction [6] or 

heating to obtain dry matter, procedures which involve a large investment in time and 

reagents. Therefore, an analysis method needs to be developed that requires only 

minimum sample pretreatment and the lowest quantity of sap, thereby also keeping 

damage to the plant to a minimum.  

Of all the electrochemical techniques potentiometry is probably the simplest. Despite 

the versatility of ion selective electrodes (ISEs), their direct application to real samples 

is limited mainly by their limited selectivity and because of the unstable signal 

produced by complex matrices. Several studies have applied ISEs to real samples; for 

instance, ISEs have been used by Eriksen et al. [7] to determine copper in natural water, 

by De Marco et al. [8] to determine mercury in seawater, and by Ceresa et al. [9] to 

determine lead in drinking water. Miller et al. [10] developed an ISE with internal 

solution for the direct measurement of Na+ in plant cells. This type of electrode, as with 
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all classical ISEs with internal solution, is limited to taking vertical measurements, is 

difficult to miniaturize and leaks ions from the internal solution. 

Using all-solid state ISEs, that is, electrodes with no internal solution, could overcome 

these drawbacks. Many authors have reported all-solid state ISEs whose transducer 

layer is made of electroactive polymers [11-13]. Several of these ISEs have been 

reported to the analysis of real samples, such as the detection of blood electrolytes 

[14], environmental analysis [15], or they have been used in other challenging and 

innovative applications such as its integration in scanning electrochemical microscopies 

[16]. However, these ISEs also exhibit a number of problems such as the presence of 

drifts caused by a change in the pH which in turn may be induced by CO2 that has 

permeated through the polymeric sensing membrane.  

Additionally, redox reactions such as that between oxygen and water [17] may also 

interfere with the analytical signal. However, from a practical point of view, the major 

drawback of many conducting polymers is their sensitivity to light. Other ion-to-

electron transfer promoters have also been reported to act as transducers in solid state 

ISEs. These mainly use nanostructured materials such as three-dimensionally ordered 

macroporous carbon [18], fullerenes [19], platinized porous silica [20] and carbon 

nanotubes, either single-walled (SWCNTs) [21] or multi-walled (MWCNTs) [22]. 

Consequently, nanostructured materials can be considered as a good alternative to 

conducting polymers because they overcome most of the problems mentioned above. 

The main reason for a stable potentiometric signal is the large contact area between 

the ion-selective membrane and the electronically conducting nanostructured material. 

This contact area generates a large double-layer capacitance that stabilizes the 

potential [18,23]. The transduction mechanism of carbon nanotubes can be explained 

by the notable charge transfer capability between heterogeneous phases and the very 

large surface to volume ratio of carbon nanotubes together with their remarkable 

double-layer capacitance [24]. Furthermore carbon nanotubes are easily deposited over 

many surfaces, which make them ideal for solid contact electrodes.  

This paper aims to move towards the direct, on-line determination of ions in plant sap 

by showing that ISEs can be used in complex real samples. Consequently, we report the 

development of the first solid-state robust ISE with an SWCNT transducing layer for the 

direct, sensitive and selective determination of Ca2+ ions in sap. This ISE can directly 
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determine calcium ions in diluted sap samples in a few seconds without any other 

pretreatment and with sample volumes of only a few microlitres. The electrode is built 

on top of a thin copper wire by depositing a layer of SWCNTs and a polymeric 

membrane selective to calcium ions. Copper wire (diameter 1.13 mm) is an inexpensive 

conductive electrode that is very easy to handle and its reduced area means that small 

electrodes can be developed. The concentration of Ca2+ in real sap samples has been 

assessed by comparing the results obtained using aqueous calibration and standard 

addition techniques. 

4.2.3. Experimental Procedure 

4.2.3.1. Reagents and samples 

Fluka (Tres Cantos, Spain) provided Ca2+-selective ionophore N,N,N’-N’-tetraciclohexyl-

3-oxapentanediamide (ETH129), ammonium citrate, L-malic acid, potassium nitrate, 

potassium phosphate dibasic, magnesium citrate tribasic nonahydrate, L-arginine, 

ammonium tartrate dibasic, reagent grade benzene, tetrahydrofuran, petroleum ether 

(80–100 ºC), potassium tetrakis[3,5-bis-(trifluoromethyl)phenyl]borate and 

azobisisobutyro-nitrile initiator (AIBN). Sigma-Aldrich (Tres Cantos, Spain) provided 

methyl metacrylate (MMA), n-butyl acrylate (nBA), dichloromethane (DCM), ethanol, 

acetone and petroleum ether high boiling point (80–100 ºC), lithium acetate, potassium 

chloride, dimethylformamide (DMF), calcium nitrate and purified single-walled carbon 

nanotubes (>95 % purity, short, 1-2 nm diameter and 0.5-2 µm length).  

Aqueous solutions were prepared with freshly deionized water (18.2 MΩ·cm specific 

resistance) obtained with a Milli-Q PLUS reagent-grade water system (Millipore, 

Madrid, Spain). Sandpapers and alumina were obtained from Buehler (Düsseldorf, 

Germany). Copper wire 1.13 mm diameter was purchased from RS Amidata (Madrid, 

Spain). 

Sap exudates were collected during the autumn from Euphorbia characias grown on the 

banks of the river Francolí in Tarragona, Spain. A small cut was made on each plant 

specimen and allowed to bleed for a few seconds. Immediately following collection, the 

exudates were frozen at -20 °C. Sap fluid was thawed to room temperature prior to 

chemical analysis. The stability in air of Euphorbia characias sap and, generally 
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speaking, that of any plant is very low because contact with air triggers many 

enzymatic reactions.  

4.2.3.2. Apparatus and procedures 

Environmental scanning electron microscope (ESEM) images were taken on a Quanta 

600 (FEI Company, Inc.) A high input impedance electrometer 6514 from Keithley and 

an Autolab PGSTAT 128N from Eco Chemie, were used to obtain the corresponding 

potentiometric and impedance measurements. 

 

All the experiments were done at room temperature (22±2 ºC) with the same double-

junction Ag/AgCl/ 3 M KCl reference electrode (type 6.0729.100, Methrom AG) 

containing a 1 M LiAcO electrolyte bridge. The same cell was used for the 

measurements in all the experiments in order to ensure that each experiment was 

carried out under the same conditions. The auxiliary electrode used in impedance 

measurements was a glassy carbon rod and the working electrode was the SWCNT-

based ISE for Ca2+ (area 1 mm2).  

4.2.3.3. Electrode preparation.  

The solid-contact electrode was built on top of a copper wire (length 50 mm and 

diameter 1.13 mm) jacketed with a PVC layer. The surface of the electrode was polished 

first with a sheet of abrasive paper (Buehler Carbimet 600/P1200) and then with 

different grain-sized alumina (30, 5, 1 and 0.5 μm).  

A dispersion of non carboxilated SWCNTs in DMF (1 % w/v) was homogenized using a 

tip-sonicator for 30 min (Ultraschallprozessor UP200S (Dr. Hielscher), amplitude 60 %, 

cycle 0.5) and spray-deposited on top of the polished copper surface. The SWCNTs 

were spray-deposited in successive steps of 1 s and then dried in air.  

4.2.3.4. Preparation of the ion selective membrane for calcium.  

An acrylic matrix was used as the base for the ion-selective membrane (ISM). The 

acrylic matrix (methyl butyl acrylate, MBA 1:10; one part of methyl acrylate for 10 parts 

of butyl acrylate) was synthesized according to the procedure described by Heng et al. 

[25]. A suitable amount of ETH129 (ionophore) and of the lipophilic anion (K+-tetrakis) 

were added to the acrylic matrix following the procedure reported by Qin et al. [26]. A 
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total amount of 200 mg of cocktail (lipophilic anion, acrylic matrix and ionophore) 

dissolved in 2 mL of dichloromethane was used (96.5 % wt. acrylic matrix, 3 % wt. 

ionophore, 0.05 % wt.). 100 μL of the cocktail-membrane was deposited by drop 

casting over the PVC coated copper wire conductor that constitutes the electrode. The 

electrode was maintained under dry conditions for 1 day and was subsequently 

conditioned in the most appropriate solution depending on the measurement. 

4.2.3.5. Electrode conditioning.  

Conditioning the electrodes is a fundamental step for obtaining reliable results. In 

almost all the EMF measurements, the electrodes were first conditioned in a 10-3 M 

solution of CaCl2 for one day in order to exchange all the interfering ions of the 

membrane for the target ion (Ca2+) and then conditioned for two more days in a 10-9 M 

solution of CaCl2 to completely clean the membrane of any interfering ions [27]. 

To estimate the limit of detection, the electrodes were conditioned for one day in the 

same solution in which the measurements were taken (different initial solutions were 

tested according to the dilution method proposed by Lai et al. [18] Finally, for the water 

layer test, the electrodes were immersed overnight in a 10-2 M CaCl2 solution. 

 

4.2.4. Results and discussion 

4.2.4.1. Electrode development and characterization 

Images obtained using the environmental scanning electron microscope (ESEM) of the 

deposited SWCNT network show a layer of SWCNTs with an average thickness of 30 

µm. This layer is homogeneously deposited over the entire electrode surface without 

leaving any part of the copper wire electrode in direct contact with the ion-selective 

membrane. Once the polymeric membrane had been deposited, ESEM measurements 

showed that the calcium selective membrane had an average thickness of 45 µm. 

4.2.4.1.1. Electrochemical impedance measurements.  

Figure 4.1.a shows the impedance plot of a system composed of a copper wire coated 

with SWCNTs. This impedance plot is very similar to that obtained by Crespo et al. for a 

similar system but using glassy carbon instead of copper [24]. Its capacitance line is 

principally located at low frequencies and only deviates slightly at higher frequencies, 
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these deviations being the product of a fast charge transfer between the copper and 

the SWCNTs, and the SWCNTs and the solution. Figure 4.1.b displays a typical 

behaviour observed for a Cu/SWCNTs/ISM electrode. At high frequencies the signal is 

mainly dominated by the parallel resistance and geometric capacitance of the 

membrane (shown as a depressed semicircle). At low frequencies, a diffusional 

component can be observed that is related to diffusion of the analyte from the solution 

into the selective membrane. The spectrum was recorded in a frequency range of 100 

kHz - 1 mHz.  

 
Figure 4.1. a) Impedance plot of the Cu/SWCNT electrode in 0.01 M NaCl. 

Frequency range = 100 kHz to 0.01 Hz, Edc = 0.16 V, ∆Eac = 10 mV. b) Impedance 

plot of the Cu/SWCNT/ISM electrode in 0.1 M CaCl2. Frequency range = 1 mHz to 

100 kHz, Edc = 0.2 V, ∆Eac = 10 mV. c) Zoom of the comparison of Cu/SWCNT 

(empty dots) and Cu/SWCNT/ISM (solid dots) electrodes at high frequencies. 

Inset in figure 4.1.b shows a zoom at high frequencies comparing the behaviour of the 

two electrodes. The fast charge transfer of the electrode without membrane (empty 

dots) has been replaced for a moderate charge transfer produced by the resistance in 

the electrode with membrane (solid dots). 

4.2.4.1.2. Chronopotentiometry.  

Reversed chronopotentiometry has been used to evaluate the electrical behaviour and 

the short-term potential stability of the calcium selective solid-contact electrode. 
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Figure 4.2 shows a typical image recording the potential stability versus time while a 

current of -1 nA is applied to the electrode for 50 s followed by a current of +1 nA for the 

same period of time. A sudden potential shift is recorded when the current applied 

changes from -1 to +1 nA. This shift is related to the total resistance (R) according to 

Ohm’s law R = E/I. The estimated total resistance was R = 120 MΩ (I = 1 nA). The short-

term stability of the potential can be determined from the ratio ΔE/Δt. This value 

corresponds to ΔE/Δt = 9.30x10-4 V/s. Capacitance (C) of the system can be derived from 

the fundamental capacitor equation, I = C·dE/dt. The value obtained for the capacitance 

was 5.37 μF. 

 
Figure 4.2. Chronopotentiometric results. Applied current -1 nA for 50s and 1 nA 

for 50s. Solution of 0.1 M CaCl2 

4.2.4.1.3. Water layer test.  

The water layer test is applied to detect the presence of a hypothetical thin water layer 

between the membrane and the ion-to-electron transducer layer [28]. The water layer 

test consists of observing the behaviour of the electrode when a solution of the primary 

ion (CaCl2 0.1 M in our case) is exchanged for a solution of an interfering ion (MgCl2 0.1 

M in our case), and then exchanged again for the initial solution of CaCl2. Figure 4.3 

shows the absence of a water layer at the interface between the membrane and the 
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SWCNT layer. A rapid shift is observed when the interfering ion replaces the primary 

ion (zone B), thus giving stable EMF readings. This fact suggests that the calcium is 

rapidly replaced by magnesium in the membrane. The water layer is deemed to be 

absent because there are no appreciable drifts in zone B due to the equilibrium of the 

interfering ion in the aqueous layer. Figure 4.3 also shows that the response signal to 

the primary ion has the same value before and after being exposed to the interfering 

ion (steps A and B respectively). The highly hydrophobic character of the SWCNTs 

could be the reason for the absence of the water layer. 

 
Figure 4.3. Water layer test. The electromotive force (EMF) was recorded 

successively in (A) 10-2 M CaCl2, (B) 10-2 M MgCl2 and (A) 10-2 M CaCl2.  

4.2.4.2. Performance parameters. 

The sensitivity and linear range of the electrode were estimated by measuring the 

effect of the electromotive force on different concentrations of aqueous Ca2+ solutions 

ranging from 10-6 to 10-2.25 M. The parameters were calculated on the basis of 15 

calibration curves with 5 different electrodes (3 measurements for each electrode) 

measured over 2 months. A typical calibration curve representing the electromotive 

force (EMF) versus time is shown in figure 4.4.a. Time responses of 5 minutes for the 

lowest concentrations of analyte (10-6 M) gradually decrease to time responses of 10 

0 5 10 15 20 25
Time / h

E
M

F 
/ m

V

A: 0.1M CaCl 2

B: 0.1M MgCl2

50 mV

A B A

UNIVERSITAT ROVIRA I VIRGILI 
SOLID CONTACT POTENTIOMETRIC SENSORS BASED ON CARBON NANOMATERIALS 
Rafael Hernández Malo 



seconds for concentrations higher than 10-4 M (insets of figure 4.4.a). In figure 4.4.b, the 

error bars represent the range between the minimum and maximum value for the 15 

measurements at each activity value. Thus, figure 4.4.b shows that a near Nernstian 

slope of 28.7 mV/decade (SD = 4.8x10-4 mV/decade, R2 = 0.9998) and a linear range 

from 10-5 to 10-2.5 M were obtained.  

  
Figure 4.4. a) Electromotive force measurements recorded for increasing 

concentration values of Ca2+ in the solution. Logarithmic values are displayed on 

top of each segment. Insets: Response time at low and high activities of calcium. 

b) Calibration curve in aqueous standards of Ca2+ with error bars corresponding to 

15 calibration curves recorded over 2 months. 

Figure 4.5 shows the medium-term stability of the electrodes. It was evaluated by 

recording the potentiometric signal over a long time when using a concentration of 10-4 

M of CaCl2. The initial conditioning solution was 10-6 M and two further additions of Ca2+ 

were performed in order to reach the overall calcium concentrations of 10-5 M and 10-4 

M [27]. 

The drift of the potentiometric signal was calculated for 20 hours and gave a value of 

493 μV/h. This value shows that the electrode has a very stable behaviour under 

intermediate-term conditions. We did not find any evidence of frequent redox reactions 

on the copper surface when using carbon nanotubes for the transducer layer. This is 

probably due to the absence of a water layer and the capacitive based mechanism that 

0 500 1000 1500 2000 2500

0

Time / s

E
 / 

V

Time / s

0.02 V

-6

-5

-5.5

-4.75

-4.5

-4.25

-3.5

-3.75

-4

-3.25

-3

-2.75

-2.5
-2.25

0 200 400 600
Time / s

E 
/ V

0.005 V

-6

-5.5

1800 1900 2000 2100

E 
/ V

0.005 V
-3.25

-3

-8 -7 -6 -5 -4 -3 -2
logCa

E
 / 

V

28.7

20
mV

2+

UNIVERSITAT ROVIRA I VIRGILI 
SOLID CONTACT POTENTIOMETRIC SENSORS BASED ON CARBON NANOMATERIALS 
Rafael Hernández Malo 



operates when carbon nanotubes are used, rather than being caused by redox reactions 

with conducting polymers. 

 
Figure 4.5. Long term potential stability of the Ca2+-selective electrode over 20 

hours for a 10-4 M solution of CaCl2. 

The limit of detection (LOD) was obtained using the dilution method proposed by Lai et 

al. [18] Figure 4.6 shows the LOD calculated using an initial concentration solution of 

10-1 M. An LOD of 10-6.5 was estimated. The LOD obtained in this paper is lower than 

the one reported by Sodergard et al. [29] for similar calcium ISE. In any case, since the 

concentration of Ca2+ in plants is between 10-4 and 10-1 depending on the species, the 

season and the type of soil, the LOD obtained ensures that calcium is correctly 

determined in plants.  

The selectivity of the electrodes has been performed using the separated solutions 

method [22]. The selectivity coefficients were determined measuring by duplicate the 

electromotive force of three different electrodes in different concentrations of 

interfering ions obtaining the following results: 𝑙𝑙𝑙𝐶𝐶,𝑀𝑀
𝑝𝑝𝑝 = -4,8 ± 0,2; 𝑙𝑙𝑙𝐶𝐶,𝐵𝐵

𝑝𝑜𝑜 = -5,5 ± 0,3; 

𝑙𝑙𝑙𝐶𝐶,𝐾
𝑝𝑝𝑝 =- 2,2 ± 0,2; 𝑙𝑙𝑙𝐶𝐶,𝑁𝑁

𝑝𝑝𝑝 = -3,1 ± 0,4; 𝑙𝑙𝑙𝐶𝐶,𝐿𝐿
𝑝𝑝𝑝 = -2,5 ± 0,2. 
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Figure 4.6. Limit of detection for calcium ion selective electrode, conditioned in 

10-9 M CaCl2 for 2 days. 

4.2.4.3. Application to sap samples 

The calcium in sap samples was quantified by showing the absence of proportional and 

constant errors when using sap samples. The absence of proportional errors is shown 

using the method of standard additions and the absence of constant errors is shown 

using the Youden calibration [30]. In absence of these errors, the calcium concentration 

in sap can be found simply using the calibration line based on aqueous standards. The 

goodness of the results obtained using a calcium-ISE mounted on SWCNTs was also 

shown by calculating the recovery factor when analyzing real sap samples. The calcium 

concentration in sap is quite high; therefore, the sap collected was diluted to 1:25 in 

Milli-Q water so that only a volume of 100 ml of sap was needed for each analysis, thus 

minimizing harm to the plant.  
Table 1 shows the coefficients of the calibration curves using the standard additions 

method and aqueous standards. 24 different calibration curves in the linear range from 

10-5 to 10-2 M were built using 6 different electrodes and 4 repetitions for each 

electrode. There is no statistically significant difference (using a t-test with a significant 

level of 5%) between the slopes of the calibration lines obtained using both methods. 

This information shows that there are no proportional errors in our measurements. 
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a Number of calibration data points (6 electrodes, 4 repetitions for each electrode) 
b Standard deviation. 
c Worst value for correlation coefficient. 

A Youden test was applied to determine the presence/absence of constant errors. This 

method consists of analysing different quantities (volumes or masses) of the real sap 

sample. The intercept of the Youden calibration plot corresponds to the total Youden 

blank (TYB) and includes all the constant contributions to the analytical signal. These 

contributions do not change with the amount of sample analysed. A t-test with a 

significant level of 5% revealed no statistical differences between the intercepts of the 

standard calibration and the Youden calibration; therefore, we assessed the absence of 

constant errors and found the calcium concentration in sap by simply using the 

calibration line based on aqueous standards. 

After showing that the newly developed ISE can be used for the direct determination of 

calcium in sap, the next step was to study the traceability of the results by comparing 

them with a suitable reference. We started by comparing the results of the real sap 

analysis with the results using a commercial Ca2+ ion-selective electrode (Crison 

Instruments, ref 96 60). The slope of the standard additions calibration curve obtained 

using the commercial ISE for diluted (1:25) samples of sap is super-Nernstian (34,7 ± 

7,03x10-4 mV/decade) while the one obtained with the newly developed electrode is 

Nernstian (29,4 ± 6,57x10-4 mV/decade). The commercial ISE found a calcium 

concentration of 8x10-11 M, which is well outside the usual ranges for calcium in sap, 

whereas our ISE found a calcium concentration of 1,15x10-4 M, a response within the 

normal range of calcium concentrations in a typical sap. The electrical signal of the 

commercial ISE when measuring real sap was not stable, had many fluctuations and it 

was not possible to obtain a stable signal after hours and hours of measurement, what 

Table 4.1.   Least-squares regression analysis of the three calibration graphs  
 

 
na Slope ± sb Intercept ± s 

Correlation coefficient c, 

R2 

Aqueous standard 24 26,8 ± 0.3  88,8 ± 1,0  0,997 

Standard additions 24 26,9 ± 0.1  82,9 ± 0,3  0,992 

Youden Calibration 24 0,4 ± 0.1 75,5 ± 3,7 0,993 
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shows the difficulty of using classical commercial ISEs in the measurement of real 

complex samples. The best response time we were able to obtain for the commercial 

electrode was very high (about 10-20 minutes) and residual stains of the real sample 

adhered permanently to the electrode. In contrast, our electrode remained clean after 

each measurement, thus providing short response times and high response stability. 

 Since the comparison between the calcium ISEs was not at all conclusive, we decided 

to assess the traceability using recovery factors in real sap samples. The standard 

additions method obtained recovery values of almost 100% for different concentration 

levels. The recovery factor of 4 different electrodes was evaluated for 2 different 

concentration levels under time-intermediate conditions for over a period of 3 weeks. 

Each level of concentration was repeated in duplicate. Table 2 displays the results for 

the recovery factor test. 

 

 

a Number of calibration data points (3 electrodes, 2 repetitions each electrode) 
b Standard deviation. 

4.2.5. Conclusions 

In this paper we show that a reduced-size solid-state ISE with a carbon nanotube 

transducer layer can be used to determine calcium ions in real sap samples. The 

electrode is built on top of a thin copper wire which is used as the conducting material. 

This copper wire shows no redox reactions probably because of the capacitive-based 

transduction mechanism of the SWCNTs. The tip of the electrode has an external 

diameter of 2,75 mm (inner diameter is 1,13 mm) which enables reduced volumes of 

test samples to be analyzed more easily. Additionally, the use of copper rather than 

other conductive materials such as glassy carbon [21,22,31] makes the electrode much 

cheaper and, therefore, large-scale manufacture much more affordable. The different 

Table 4.2.    Recovery factor for Ca2+ in sap samples. 
 

Sample concentration  
na Concentration 

added 

Concentration 

found 
Recovery factor ± sb 

0,2 mM 6 0,05 mM 0,2464 mM 92,8 ± 7,0 

2 mM 6 0,5 mM 2,533mM 106,6 ± 0,8 
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comparisons made using real sap samples and aqueous standards show the traceability 

of the results obtained with the newly developed ISE. 

 

Carbon nanotubes add more stability to the electrical signal due to their excellent 

electronic and chemical properties: the fast ion-to-electron transduction allows 

obtaining short response times and the hydrophobic behaviour of carbon nanotubes 

avoids the formation of thin water layers. These water layers are the principal reason of 

redox reactions with O2 and CO2 that cause instabilities in the signal, so carbon 

nanotubes solve some of the problems encountered in ISEs where the transduction 

layer is a conducting polymer. 

4.2.6. Future Trends. 

A straightforward way to miniaturize this ISE would be to use screen printing, which is 

reported to be a reproducible and low-cost technique for constructing miniaturised 

planar solid-state thick-film sensors and which could also open the way to easier on-line 

measurements with minimal harm to plants. These miniaturized ISEs are aimed to be 

reliable and maintenance-free, and have fewer temperature and pressure range 

limitations than standard ISEs. Furthermore, the low cost of screen printing allows 

these miniaturised planar sensors to be disposable, which is very useful if the user 

wants to avoid cross-contamination between measurements when analysing a small 

volume of sample. 
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5.1. Introduction. 

The use of new materials as transducer elements in ion-selective electrodes has 

significantly varied since the first coated wire electrodes (where there was not a 

transducer element) to conducting polymers. This evolution has produced better 

electrodes, but with some drawbacks in the latest generation of ISEs based on 

conducting polymers, as these have certain sensitivity to light and other small 

molecules such as CO2 and O2. Our research group showed that SWCNTs could be used 

as transducers overcoming most of these drawbacks. Still, this type of ISEs could have 

some instability in the signal due to the presence of metals from the synthesis of 

SWCNTs.  

The recent discovery of graphene could appear as a new solution to eliminate 

drawbacks from other transducers. Graphene was discorvered by Geim and Novoselov 

in 2004 and served them to obtain the Nobel Prize in phisycs. This material can be 

described as the basic monolayer present in graphite. Apparently this monolayer was 

unstable and very difficult to obtain but, Geim and Novoselow were able to isolate it in 

the simplest form using only a pencil and scotch tape. This incredible material reveals 

excellent thermal, optical and mechanical properties among others, but probably the 

most interesting one is its high electrical conductivity behaviour with huge electron 

mobility close to 15,000 cm2·V−1·s−1 (with theoretically potential limits of 200,000 

cm2·V−1·s−1), which makes it the ideal  candidate for use in ion-selective electrodes. 

The aim of this chapter is to demonstrate that graphene can be used as transducer in 

the same way as SWCNTs, and we also tried to elucidate its working mechanism. As a 

proof of concept, a new calcium-selective electrode was been developed. 

The Content of this chapter has-been published in the Journal of Physical Chemistry C, 

year 2012 volume 116, pages 22570-22578, and co-authored by Jordi Riu, Johan 

Bobacka, Cristina Vallés, Pablo Jiménez, Ana M. Benito, Wolfgang K. Maser and F. 

Xavier Rius. 
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5.2.1. Abstract 

The development of ion-selective electrodes (ISEs) a using solid-state transducer 

material is of great interest for advanced potentiometric detection systems. At present, 

conducting polymers are the most used solid-state transducing materials. 

However, their reliability is strongly related to their chemical stability and the formation 

of internal water films. Here we report on the use of reduced graphene oxide (RGO) 

films of different thicknesses as transducer materials in potentiometric all-solidstate 

ISEs. First, the transduction mechanism is fully analyzed, revealing that RGO films act 

as asymmetric capacitors where their electron density is in contact with ions of the 

electrolyte solution, creating a capacitance due to the constant phase elements present 

in the system. Second, as a proof of concept, RGO films are used in calcium ISE 

showing highly reproducible sensing responses and outstanding increased signal-to-

noise ratios with drifts of only 10 μV/h. These performance parameters are among the 

best compared to those of other ISE transducer materials so far. With its ease of 

fabrication and processing into reproducible films of controlled thickness and ease for 

further tailoring chemical composition and tailoring electrical properties, RGO offers 

great promise as a reliable high-performance transducer material for solid-state ISE 

sensors. 
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5.2.2. Introduction 

Graphene is a one-atom-thick two-dimensional sheet of sp2-hybridized carbon that has 

excellent and unique thermal [1], optical [2], mechanical [3], electronic [4], and 

electrochemical [5-9] properties. It is a promising candidate for next-generation devices 

such as transistors [4], supercapacitors [5], solar cells [10], liquid crystal displays [11], 

and biofuel cells [12]. Versatile and largescale assembly is offered by solution-based 

strategies [13.14]. While graphene itself is insoluble, chemically modified graphene 

(CMG) emerges as a valuable alternative [14]. To this end, graphene oxide (GO) is one 

of the most promising CMGs [15]. It can be described as a graphene sheet containing 

oxygen functional groups such as epoxides, alcohols, and carboxylic acids at its basal 

plane and edges [16]. It easily can be made from graphite oxide, which readily 

exfoliates as single GO sheets in water, forming stable aqueous dispersions [15,17]. 

These can be used to fabricate macroscopic assemblies, such as continuous GO films. 

While GO itself is insulating due to the numerous oxygen functional groups disrupting 

the sp2 character of the carbon network, chemical reduction largely can restore the 

conductivity by several orders of magnitude by removal of oxygen and recovery of 

aromatic double-bonded carbons [15]. 

The applied reduction step controls the conductivity and number of remaining oxygen 

groups in the resulting reduced graphene oxide (RGO). Being conducting and easily 

processable into thin films and not possessing any metallic impurities (as is the case for 

carbon nanotubes) renders RGO of great interest for the fabrication of transducers in 

different kinds of sensors [18-21]. 

Electrochemical detection techniques have a series of advantages such as rapid 

response, ease of use, low cost, and small-sized commercial detectors. Amperometric 

sensing devices based on graphene have already been reported for the detection of 

NO2, NH3, 2,4-dinitrotoluene [22,23], cadmium [24], and dopamine [25]. Among the 

electrochemical techniques, potentiometry is one of the simplest, cost-efficient, and 

most available detection systems worldwide. Within potentiometric techniques, ion-

selective electrodes (ISEs) are the most commonly used sensing devices. 

Current ISEs have evolved from the first ISEs based on internal solutions to all-solid-

state ISEs. Solid-state ISEs eliminate the internal solution, incorporating a solid 
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transducer between the ion-selective membrane and the conducting wire, paving the 

way for the development of a fully miniaturized device. One of the most used solid 

transducers in ISEs are conductive polymers [26]. Although these transducing materials 

showed benefits compared to those of classical electrodes using an internal solution, 

there were also some drawbacks such as the formation of internal water films [27], 

sensitivity to light [28], and sensitivity to oxygen, CO2, and pH [29].  

These problems have encouraged the use of other transducing materials such as three-

dimensionally ordered macroporous (3DOM) carbon [30], single-walled carbon 

nanotubes (SWCNTs) [31], or multiwalled carbon nanotubes (MWCNTs) [32] which 

offer a high potential stability in time, insensitivity to oxygen and light, and the absence 

of a layer of water because of the hydrophobicity of these materials. The availability of 

CMG with its processing advantages and the absence of additional metallic impurities 

affecting the device response put this material under scrutiny for improving the 

performance of ISEs. Very recently, Ping et al. [33] reported for the first time the use of 

RGO as an effective ion-to-electron transducer in potassium ISEs. They used a method 

of preparation of RGO similar to the one we use in this study (they obtained RGO prior 

to the deposition over a glassy carbon electrode, while in our case the reduction of GO 

to RGO is performed when the GO is already deposited on the glassy carbon electrode; 

see the Experimental Section), but using much lower volumes and concentrations of 

RGO, which may give rise to problems in homogeneously covering the surface of the 

glassy carbon electrode. Furthermore, the authors do not give information about the 

thickness of the RGO layer. 

Li et al. [34] also presented a potassium ISE using GO as a solid transducer, but in this 

case it is not clear whether the authors reduced GO to form RGO, so the transducer 

they used may be different from the one we use in this study. Jaworska et al. [35,36] 

used carboxy-functionalized graphene in the construction of ISEs. They concluded that 

the analytical parameters of carboxyfunctionalized graphene ISEs are comparable to 

those of ISEs constructed with other solid-state transducers, but again, their carboxy-

functionalized graphene was different from the RGO we use in this study since 

apparently the exfoliation procedure was not as thorough as the one we use 

(ultrasonication and centrifugation are not listed in their experimental procedure), and 

they did not seem to apply the reduction process with hydrazine vapors that we 
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perform to obtain RGO (see our detailed procedure in the section “Electrode 

Preparation” in the Experimental Section 5.2.3.3). All these ISEs made using different 

types of CMGs (which may have different chemical compositions and may also have 

different mechanisms of transduction) show the need of a deep and thorough 

characterization of these materials to be able to clearly and unambiguously compare 

the different sensors based on different CMGs. 

In this paper we present the use of RGO films of well-defined thicknesses as transducers 

in potentiometric solid-state calcium ISEs. First, we thoroughly studied for the first time 

the transduction mechanism of RGO films of three different thicknesses by using cyclic 

voltammetry (CV), electrochemical impedance spectroscopy (EIS), and equivalent 

circuit analysis using five different electrolytes. Second, as a proof of concept, we fully 

characterized the sensing performance (time response, linear range, detection limit, 

stability, selectivity, water layer test) of the calcium ISE for six different electrodes and 

over a time window of more than 1 month. We show that RGO films with a 

homogeneous electrode coverage act as asymmetric capacitors offering a Nernstian 

response, high sensor sensitivity, and stability. Ease in the fabrication of RGO films with 

controlled thickness thus facilitates the fabrication of reliable and high-performance 

solid-state ISE sensors. 

5.2.3. Experimental section 

5.2.3.1. Reagents and Samples.  

Fluka provided Ca2+-selective ionophore N,N,N′,N′-tetracyclohexyl-3-oxapentane-

diamide (ETH129), reagent-grade benzene, tetrahydrofuran (THF), potassium 

tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (KTFPB), and azobisisobutyronitrile 

initiator (AIBN). Methyl methacrylate (MMA), n-butyl acrylate (nBA), dichloromethane 

(DCM), ethanol, acetone, petroleum ether with a high boiling point (high boiling point 

80−100 °C), dimethylformamide (DMF), sodium nitrate (NaNO3), sulfuric acid (H2SO4), 

potassium permanganate (KMnO4), hydrazine monohydrate, and graphite powder 

were purchased from Sigma-Aldrich. 

Aqueous solutions were prepared with freshly deionized water (18,2 MΩ·cm specific 

resistance) obtained with a Milli-Q PLUS reagent-grade water system (Millipore). 
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Abrasive papers and alumina were obtained from Buehler. Glassy carbon rods with a 3 

mm diameter were purchased from HTW GmbH.   

5.2.3.2. Apparatus and Procedures.  

Environmental scanning electron microscopy (ESEM) images were taken with a Quanta 

600 (FEI Co., Inc.) microscope. High-resolution transmission electron microscopy (HR-

TEM) images were taken with an FEI Tecnai G2 20 microscope. Confocal microscopy 

LEICA dual-core 3D measuring equipment was used to control the thickness of RGO 

depositions. Scanning electron microscopy (SEM) images were obtained in a Hitachi S-

3400N microscope, and the atomic force microscope used was a Multimode 8 

microscope with control electronics Nanoscope V (Bruker). Xray photoelectron 

spectroscopy (XPS) was carried out on an ESCAPlus Omicron spectrometer using a 

monochromatized Mg X-ray source (1253,6 eV). XPS data were analyzed using the 

CasaXPS software. A high-input impedance electrometer 6514 from Keithley and an 

Autolab PGSTAT 128N from Eco Chemie were used for potentiometric and impedance 

measurements, respectively. All the experiments were done at room temperature (22,0 

± 0,1 °C) in a bath from Polyscience (ref 9106) with the same double-junction Ag/AgCl/3 

M KCl reference electrode (type 6.0729.100, Methrom AG) containing a 1 M LiAcO 

electrolyte bridge. The same cell was used for the measurements in all the experiments 

to ensure that each experiment was carried out under the same conditions. The 

auxiliary electrode used in voltammetry, impedance, and chronopotentiometry 

measurements was a glassy carbon rod, and the reference electrode was a single-

junction Ag/AgCl/3 M KCl reference electrode (type 6.0733.100, Methrom AG). 

5.2.3.3. Electrode Preparation.  

The solid-contact electrode was built on top of a glassy carbon (GC) rod (length 50 mm 

and diameter 3 mm) jacketed with a Teflon layer. The surface of the GC disk electrode 

was polished first with a sheet of abrasive paper (Buehler Carbimet 600/P1200) and 

then with different grain-sized alumina (30, 5, 1, and 0,5 μm). Graphite oxide was 

prepared using a modified Hummer method from graphite powder (Sigma-Aldrich) by 

oxidation with NaNO3, H2SO4, and KMnO4 in an ice bath as reported in detail elsewhere 

[17,37]. A suspension of GO sheets was obtained by sonication of the prepared graphite 

oxide powder in distilled water (1 mg/mL) for 2 h, followed by mild centrifugation of the 
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suspension at 4500 rpm for 60 min [14,38]. The resulting brown-colored water 

dispersion with a concentration of 0.3 mg/ml contained singleto few-layered GO sheets 

of 2−10 individual layers (see the appendix 8.2.1.2) [38]. GO films on GC electrodes 

were prepared as follows. Homogeneous aqueous GO dispersions of a controlled 

volume of 15 μl were drop-cast onto clean and polished surfaces of the GC electrodes 

and allowed to dry at room temperature. Once dried, the process was successively 

repeated to obtain GO films of controlled thickness between 125 and 1500 nm 

homogeneously covering the glassy carbon electrodes (see the appendix 8.2). 

Additionally, working with a highly diluted GO dispersion of 0.01 mg/ml, a 5 nm thick 

deposit was drop-cast on a GC electrode (see the appendix 8.2.1.2).  

Reduction of deposited GO films was performed by a 24 h exposure of electrodes to 

hydrazine monohydrate vapors [18]. This reduction method efficiently removes various 

oxygen functional groups of the graphene oxide sheets and restores the aromaticity of 

the carbon network, even for films as thick as 1500 nm [38]. This procedure thus 

transforms the GO films into RGO films with remaining oxygen and nitrogen moieties 

of about 10 and 1.5 atom %, respectively (see the appendix 8.2). For comparison 

purposes the XPS results of the carboxy-functionalized graphene obtained by Jaworska 

et al. [35] present oxygen and nitrogen moieties of 22.6 and 1.2 atom %. 

5.2.3.4. Preparation of the Ion-Selective Membrane for Calcium.  

An acrylic matrix was used as the base for the ionselective membrane, the sensing part 

of the ISE. The acrylic matrix (methyl butyl acrylate, MBA, 1:10, 1 portion of methyl 

acrylate for 10 portions of butyl acrylate) was synthesized according to the procedure 

described by Heng et al. [39]. A suitable amount of ETH129 (ionophore) and of the 

lipophilic salt (KTFPB) were added to the acrylic matrix following the procedure 

reported by Qin et al. [40]. A total amount of 200 mg of cocktail (lipophilic salt, acrylic 

matrix, and ionophore) dissolved in 2 mL of dichloromethane was used (96.5 wt % 

acrylic matrix, 3 wt % ionophore, 0.05 wt % KTFPB). A 100 μL volume of the cocktail 

membrane was deposited by drop casting onto the glassy carbon electrode. The 

electrode was maintained under dry conditions for 1 day and was subsequently 

conditioned in the most appropriate solution depending on the measurement. 
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Electrode Conditioning. Conditioning the electrodes is a fundamental step for obtaining 

reliable results. In almost all the potentiometric measurements, freshly prepared 

electrodes were first conditioned in a 10−3 M solution of CaCl2 for 1 day to exchange all 

the interfering ions of the membrane for the target ion (Ca2+) and then conditioned for 

an additional 2 days in a 10−9 M solution of CaCl2 to completely clean the membrane of 

any interfering ions [41]. To estimate the limit of detection, the electrodes were 

conditioned for 1 day in the same solution in which the measurements were taken 

(different initial solutions were tested according to the dilution method proposed by Lai 

et al. [30]). For the selectivity studies we used the separate solution method [42], and 

the concentration of Ca2+ and of the interfering ions was 10−2 M in all cases. 

5.2.4. Results and discussions 

Three RGO films of different thicknesses (1500, 125, and 5 nm) drop-cast on GC 

electrodes were probed by electrochemical techniques to elucidate the transduction 

mechanism for this type of ISE.  

 
Figure 5.1. Cyclic voltammograms for GC/RGO electrodes in a 0.1 M KCl solution 
in the voltage window from −0.5 to +0.5 V: (a) for the 1500 nm thick RGO film at 
different scan rates (5, 10, 20, 50, 100, 200, and 500 mV/s); (b) for the 1500, 125, 

and 5 nm thick RGO films at a scan rate of 100 mV/s. 
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First, cyclic voltammograms in a 0,1 M KCl solution were recorded (Figure 5.1.a) at 

different scan rates to establish the most adequate values for this parameter in the 

following experiments.  

All the scans were repeated five times per measurement. The voltage window of the 

measurements ranged from +0,5 to −0,5 V using in all cases a step potential of 0,005 V. 

Using a scan rate of 100 mV/s, cyclic voltammograms for the three different films were 

taken (figure 5.1.b). The electric current for the GC/RGO electrodes decreases with 

decreasing thickness of the RGO transducing layer, and the cyclic voltammogram of 

the GC/RGO electrode, which has a nominal thickness of only 5 nm, practically overlaps 

with that of the bare GC electrode. The behavior for the 5 nm deposit is explained by 

the fact that only some isolated GO flakes were drop-casted (instead of a 5 nm film 

covering the whole surface of the GC) while most of the GC electrode remained 

uncovered (see appendix 8.2). Underlining the impor tance of a full coverage of the GC 

electrode, the 5 nm thick deposit sample was not used anymore in the following 

experiments. Furthermore, the overall cyclic voltammograms are characterized by 

broad oxidation and reduction waves in addition to a small reduction peak at −0,3 V. 

Similar behaviour was observed for single-walled carbon nanotubes [43,44]. No 

significant differences were obtained when comparing the voltammograms in the 

presence and absence of oxygen in capacitive currents, leading to the conclusion that 

oxygen does not influence the electrochemical performance. 

EIS measurements (figure 5.2) were performed in a working frequency range of 0.1 Hz 

to 10 kHz. Three different Edc potentials were applied to probe the behavior of the 

electrodes in currents in the redox zone and in the capacitive zone. The Edc voltages 

selected were 0.0 V, +0.2 V (in the range of capacitive currents), and −0.2 V (close to the 

reduction peak of oxygen). The amplitude of the measurements in all the cases was 10 

mV, and all the solutions were bubbled with nitrogen in the same way as done for the 

cyclic voltammetry measurements. 
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Figure 5.2. EIS spectra for the GC/RGO electrodes in 0,1 M KCl solution (frequency 
range 0,1 Hz to 10 kHz). (a) Edc dependence for the 1500 nm thick RGO film: +0,2 V 

(squares), 0,0 V (triangles), and −0,2 V (circles). Inset: magnification of the high-
frequency region showing the characteristic semicircle for Zarc circuits. (b) 

Oxygen dependence: EIS spectra for the 1500 nm thick RGO film before (filled 
circles) and after (empty circles) nitrogen bubbling (Edc = +0,2 V). (c) Thickness 

dependence: EIS spectra for the 125 and 1500 nm thick RGO films for the 125 nm 
(circles) and 1500 nm (squares) thick RGO electrodes (Edc = +0,2 V). 
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potential is moved to negative values close to the reduction peak of oxygen. The 

presence of a semicircle in the high frequencies indicates a surface charge-transfer 

process followed by a capacitance phenomenon in the region of low frequencies with a 

phase angle of less than 90°. According to the previous cyclic voltammetry 

measurements, EIS analyses were recorded at positive potentials (Edc = +0.2 V) to avoid 

any possible interference due to the redox reactions of oxygen [43]. As for the cyclic 

voltammetry, the presence of oxygen does not influence the EIS response (figure 5.2.b). 

Figure 5.2.c shows the impedance spectra for the GC/RGO electrodes of 125 and 1500 

nm thickness. The dependence of the low-frequency line on the RGO film thickness 

indicates that it originates from a bulk process within the RGO film. The magnification 

of the high-frequency region (figure 5.2.c inset) reveals a depressed semicircle. 

 
Figure 5.3. Proposed mechanism involved in the ion-to-electron RGO 

transduction and equivalent circuit for the GC/RGO electrodes. In the figure, the 
RGO flakes are much smaller than the area of the conducting wire beneath them 

and the flakes are interconnected. 
 

To elucidate the mechanism of transduction, several equivalent electrical circuits were 

fitted to the experimental data by nonlinear least-squares fitting. The best equivalent 

circuit and the proposed transduction mechanism obtained are presented in figure 5.3. 

Our equivalent circuit is different from the one proposed by Li et al. [34], but we have to 

take into account that apparently Li et al. did not perform the reduction process to form 

RGO from GO. In their case the proposed equivalent circuit was similar to the one using 

carbon nanotubes as solid transducers [43]. The average error (χ2) of the fits for 121 

different impedance spectra for different thicknesses of the graphene layer and 

different supporting electrolytes was around 1×10−4. The equivalent circuit is composed 
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of the solution resistance (Rs), an interfacial constant phase element (CPEI) in parallel 

with a charge-transfer resistance (Rct), and the classical Warburg diffusion element (ZD) 

in series with a bulk constant phase element (CPEB). This equivalent circuit gives 

excellent agreement between experimental and calculated impedances, as illustrated 

by the Bode plot (figure 5.4). 

 
Figure 5.4. Bode plot of GC/RGO film electrodes in 0.1 M KCl solution (Edc = +0.2 

V, excitation amplitude of 10 mV, frequency range 0.1 Hz to 10 kHz, graphene film 
thickness 1500 nm). The empty symbols are the fitted values for the experimental 

data using the equivalent circuit from figure 5.3. 
 
The influence of different electrolyte concentrations on the EIS spectra is shown in 

figure 5.5 for the 1500 nm thick film. The values of solution resistance, Rs, are 

independent of the RGO film thickness (and of Edc), and Rs is inversely proportional to 

the supporting electrolyte concentration, as expected (Table 1). Opposite of Rs, the 

charge-transfer resistance, Rct, is dependent on the RGO film thickness. The values for 

Rct are significantly higher for the 125 nm films, compared with the 1500 nm thick films. 

This charge-transfer resistance is not related to any redox reaction because the 

measurements are recorded using supporting electrolytes without added redox couples 

at dc potentials where possible oxygen redox processes are not present. Therefore, Rct 

could originate from electron transfer at the GC/RGO contact or from ion transfer at the 

RGO/electrolyte solution interface. Since Rct depends on the supporting electrolyte 

concentration, it presumably originates from ion transfer at the RGO/solution interface. 
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Two different capacitances (CPEs) are observed in the impedance spectra. One (CPEI) is 

related to the RGO/solution interface, and the other one (CPEB) is related to the bulk of 

the RGO film. The CPE parameters (Y0 and n, frequency independent parameters) [45] 

for the interfacial and bulk capacitances are collected in Table 2. Five different 

electrolytes (KCl, NaCl, LiCl, NaClO4, and LiClO4) were used to show the different 

behaviors of the electrodes in different electrolytes and determine the values of the 

CPEs and Warburg element. 

 

Figure 5.5. Electrochemical impedance spectra for GC/RGO 1500 nm film thickness 
electrodes in (circles) 0,1 M KCl, (squares) 0,05 M KCl, and (triangles) 0.01 M KCl 

(Edc = +0,2 V, frequency range 0,1 Hz to 10 kHz). 
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Table 5.1.     Solution resistance (Rs) and charge-transfer resistance (Rct) obtained for two different RGO 
film thickness electrodes in three different electrolyte concentrations 

 

Solution Film thickness (nm) Rs (Ω) Rct (Ω) 

KCL, 0,01 M 
1500 

125 

62,4 ± 0,4 

64,2 ± 0,3 

35,5 ± 1,7 

92,5 ± 0,3 

KCL, 0,05 M 
1500 

125 

15,1 ± 0,2 

10,3 ± 1,5 

6,8 ± 0,4 

13,5 ± 0,7 

KCL, 0,1 M 
1500 

125 

6,9 ± 0,0 

4,8 ± 0,1 

8,7 ± 0,4 

75,6 ± 3,1 
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The values of Y0 increase for both CPEs when the thickness of the RGO film increases. 

These Y0 values depend dramatically on the supporting electrolytes used in the 

impedance measurements. The n values give information about the deviation of CPE 

from a real capacitor. The possible values of n are between 0 and 1, where a value of 0 

means that the CPE is acting as an ideal resistor and a value of 1 means that the CPE is 

acting as an ideal capacitor. The values observed are in the range of 0.5−1 for the 

interfacial process (CPEI), and they are higher than 0.9 for the bulk process (CPEB). The 

depressed semicircle in the inset of figure 5.2.c corresponds to the constant phase 

element (CPEI) in parallel with the charge transfer resistance (Rct). This system is also 

called the Zarc element and may be caused by, e.g., surface roughness, variation in the 

thickness, or nonuniform current distribution [45]. Its phase angle is confirmed in the 

Bode plot presented in figure 5.4. Such a constant phase element behavior has been 

observed for some other carbon-based electrodes due to the roughness of the 

electrodes interface [46]. This agrees with the microscopic characterization made by 

SEM and atomic force microscopy (AFM) (see the appendix 8.2.1.2).  

The occurrence of CPE behavior (instead of ideal capacitors) can be related to the RGO 

material itself. RGO sheets are composed of basal and edge planes with different 

conductive and capacitive properties. These differences in the planes can cause time 

constant distributions and thus CPE behaviour associated with bulk (CPEB) and 

interfacial (CPEI) charging processes. Another reason for the appearance of CPEs 

instead of true capacitors could be the porosity and roughness of the RGO film. The 

dependence of the Warburg element on the film thickness (Table 2) indicates that ZD is 

related to diffusion processes in the bulk of the RGO transducing layer. When SWCNTs 

are used as transducer layers in electrochemical measurements, [43] basically the 

sensing mechanism is produced by capacitance [47] or conductance depending on the 

kind of sensor where SWCNTs are used. Similar behavior can also be explained in the 

case of RGO in a similar way. Reduction processes transform insulating GO into 

conductive RGO by removing oxygen-containing functional groups at the basal plane 

and the edges and restoring the aromaticity of the carbon network, thus recovering 

conductivity in RGO. Since the degree of removal of oxygen functionalities and the 

restoration of the conductivity can be controlled by the applied reduction process [48], 

in RGO both kinds of mechanisms, capacitive and conductive, are possible. For 
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instance, Robinson et al. [18] made a gas sensor device based on RGO where 

conductance was the transduction mechanism. In our case, RGO is acting as a 

capacitance-based transducer due to the double layer capacitance produced by both 

constant phase elements (CPEI and CPEB). There is no redox process as in the case of 

conducting polymers [49], but RGO acts as an asymmetric capacitor where one side is 

formed by the ions in the solution (or in the ion-selective membrane in the case of ISEs) 

and the other side is formed by the graphene sp2 electrons.  

a Values of Y0 are given in S·s0.5/cm2.  
b Adimensional.  
c Values for the Warburg element are given in S·s0.5/cm2. 

With this transduction mechanism, it is preferable to have a solid contact with a high 

capacitive value as long as the adhesion and the coverage of the glassy carbon rod 

remain good. Since the capacitance of RGO increases with the film thickness (Table 2), 

the thicker RGO film (1500 nm) is preferable (compared to the 125 nm film) as an ion-

to-electron transducer in solid-contact ISEs. 

Once we have completely characterized RGO films as transducing elements in 

potentiometric measurements, we place on the top of the GC/RGO electrode an ion-

selective membrane (ISM) for the detection of calcium ions (see the section 

“Preparation of the Ion-Selective Membrane for Calcium” in the Experimental Section 

Table 5.2. Interfacial constant phase element (CPEI), bulk constant phase element (CPEB), and warburg 
element (ZD) values obtained for two electrodes with different RGO film thicknesses in 
different electrolytes 

  

Solution 

(0.1 M) 

Film 

thickness 

(nm) 

CPEI CPEB
 

ZD 
c 

Y0 a n b Y0 a n 

KCL 
1500 

125 

0,00017 

0,00009 

0,9839 

0,6552 

0,00437 

0,00014 

0,9436 

0,9173 

0,004 

0,001 

NaCL 
1500 

125 

0,00282 

0,00003 

0,5939 

0,7631 

0,02150 

0,00056 

0,9237 

0,9296 

0,020 

0,0005 

LiCL 
1500 

125 

0,00426 

0,00004 

0,5491 

0,7006 

0,10062 

0,00014 

0,9283 

0,9020 

0,01 

0,0001 

NaClO4 
1500 

125 

0,01481 

0,00002 

0,5530 

0,8368 

0,19865 

0,00042 

0,9142 

0,9432 

0,02 

0,004 

LiClO4 
1500 

125 

0,00192 

0,00003 

0,7500 

0,7809 

0,01480 

0,00057 

0,9340 

0,9314 

0,01 

0,0005 
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5.2.3.4). Therefore, as a proof of concept, the ISE for the selective detection of calcium 

is formed by the GC/RGO/ISM electrode. The sensitivity and linear range of the 

electrode were calculated on the basis of 30 calibration curves with 6 different 

electrodes (5 measurements for each electrode) measured over more than 1 month, 

which shows the performance of these ISEs over time (figure 5.6).  

  
Figure 5.6. GC/RGO/ISM as the ISE for Ca2+ detection. (a) Potentiometric time response of 

an RGO Ca2+-selective electrode for different Ca2+ activities. Inset: time response for low 

concentrations (10−6 M). (b) Nernstian slope of RGO-based Ca2+-selective electrodes. The 

bars indicate standard deviations 

The variation of electromotive force (EMF) versus time is shown in figure 5.6.a. Time 

responses of approximately 5 min are observed for very low concentrations of Ca2+. This 

response time decreases to a few seconds for higher concentrations of Ca2+. 

Figure 5.6.b shows the typical potentiometric calibration curve with an excellent 

Nernstian slope with values of 29,5 mV/decade (n = 30, SD = 0,8 mV/decade, R2=0,9999) 

and with a linear range from 10−5 to 10−2.5 M. The vertical bars in figure 5.6.b for each 

level of Ca2+ activity represent the standard deviation obtained with 30 experimental 

values (6 different electrodes and 5 measurements for each electrode). The maximum 

of these standard deviations in the linear range is 2,32 mV, almost half that obtained by 

Jaworska et al. [35] in their carboxy-functionalized graphene-based ISE. Medium-term 

stability of the electrodes was evaluated by recording the potentiometric signal for 24 h 

using a 10−2.4 M concentration of CaCl2 (figure 5.7).  
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Figure 5.7. Medium-term potential stability of the Ca2+-selective electrode over 24 h for a 

10−2.4 M solution of CaCl2. 

The initial conditioning solution was 10−6 M before addition of a medium concentration 

(10−4.8 M) to achieve the final concentration of 10−2.4 M. We observed a very minor and 

stable drift of the potentiometric signal (10 μV/h) compared with that of ISEs based on 

other nanostructured materials, [31,32,50] a drift that is slightly better than that 

presented by Ping et al. [33] in their RGO-based ISE. A much higher drift has been 

observed in a previous work using the same membrane and SWCNTs as the transducer 

(493 μV/h) [51]. RGO seems to add more stability to the signal, avoiding drifts at short 

and medium time responses. The increase in the signal/noise ratio is a clear advantage 

to obtain reliable analyte concentrations. A limit of detection of 10−6.2 M was estimated 

with the newly developed ISE. The limit of detection obtained in this paper is similar for 

other solid-contact calcium ISEs and the same as that obtained in a previous work using 

SWCNTs since the limit of detection and the selectivity values are slightly influenced by 

the transducer layer and depend strongly on the composition of the ion-selective 

membrane [52]. The selectivity of the RGO-based electrodes has been compared with 

that of similar solid-contact electrodes based on different conducting polymers [53]. 

The results are shown in figure 5.8, and the comparison of the values is collected in 
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Table 3, where selectivity coefficients have been obtained using the separated solution 

method [42]. 

 
Figure 5.8. Comparison of the different selective coefficients for ISEs based on RGO, 

SWCNTs, and conducting polymers 

To determine the presence of an aqueous layer between the RGO transducing layer and 

the ion-selective membrane that could influence the instrumental signal, we performed 

the water layer test proposed by Fibbioli et al. [27] The formation of this thin aqueous 

layer could cause chemical hysteresis and also mechanical failures due to the presence 

of ions or CO2 in the water layer. The water layer test consists of observing the behavior 

of the ISE when a solution of the primary ion (CaCl2, 0.1 M, in our case) is exchanged for 

a solution of an interfering ion (MgCl2, 0.1 M, in our case) and then exchanged again for 

the initial solution of CaCl2. Potential drifts observed in any part of the changing 

solution procedure indicate the presence of a thin aqueous layer, which causes new 

equilibria due to diffusion of ions to the aqueous layer. Electrodes were conditioned in a 

CaCl2 (0.1 M) solution for 24 h and then replaced with a fresh solution of MgCl2.  
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Figure 5.9. Potentiometric response of ISE in the water layer test. (A) At t = 1 h, the 0.1 
CaCl2 fresh solution of primary ion was replaced with the interfering 0.1 M MgCl2 

solution. (B) At t = 4 h, the interfering solution was exchanged with the initial solution, 
observing a very stable signal to 24 h. 

Figure 5.9 shows a verystable response testing all three different zones. Very fast shifts 

are observed when the primary ion (zone A) is replaced with an interfering ion (zone B) 

and also when this ion is replaced with the initial solution (zone A). This fact suggests 

that the calcium is rapidly replaced by magnesium in the membrane. The water layer is 

presumed to be absent because there are no appreciable drifts in zone B due to the 

quilibrium of the interfering ion in the aqueous layer. 

In a previous work using a nanostructured material (3DOM) [30] as the transducer, Lai 

et al. observed a positive drift when a solution of the primary ion was exchanged with 

an interfering ion, probably due to the leaching of the primary ion from the poly(vinyl 

chloride) (PVC) membranes, but this effect has not been shown in our ISE, obtaining a 

very fast replacement of primary ions without any drift. Similar results were obtained 

using SWCNTs with the same membrane in a previous work [51]. Both graphene- and 

SWCNT-based ISEs display a highly hydrophobic behavior that probably prevents the 

formation of an aqueous layer in the electrodes [54]. 
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5.2.5. Conclusions 

In this work we presented the use of RGO films as transducer materials in 

potentiometric all-solid-state ISEs. Good adhesion to the underlying glassy carbon 

electrode, homogeneous coverage, and high capacitive values were obtained for RGO 

films with thicknesses of 125 and 1500 nm. The transduction mechanism revealed that 

RGO films act as asymmetric capacitors with high capacitive values. As a proof of 

concept, the GC/RGO film electrodes were used in the construction of an ISE for 

calcium. Highly reproducible sensing responses over time with an outstanding 

increased signal-to-noise ratio with drifts of only 10 μV/h were obtained. This provides 

RGO films with advantages over other types of transducer materials such as conducting 

polymers and carbon nanotubes. Combined with the ease of fabrication of RGO films 

with controlled thickness on GC electrodes, reliable ISE sensors with improved 

performance can be envisaged. 
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6.1. Introduction 
In the previous chapters we have demonstrated the efficient use of carbon-based 

nanomaterials in ion-selective electrodes for the detection of calcium. Recently, our 

research group also showed that SWCNTs can be used in aptasensors for selectively 

detecting ultralow concentrations of bacteria in real time.  

To date, the detection of bacteria can be performed by simple culture samples in 

specific nutrients, but this method is very time-consuming, and time is often crucial for 

the treatment of certain diseases. Other methods such as polymerase chain reaction 

(PCR) are much faster, since detection can be performed in a few minutes, but these 

methods are expensive and they often require sample pretreatment. 

The aim of this chapter is using graphene-based materials for the construction of an 

aptasensor for the selective and ultralow detection of Staphylococcus aureus. We 

covalenty and non-covalently attached the aptamer to the graphene-based material in 

two different versions of the aptasensor.  

The Content of this chapter has-been published in the Journal, Biosensors & 

Bioelectronics, year 2014, volume 54, pages 553-557, and co-authored by Cristina 

Vallés, Ana M. Benito, Wolfgang K. Maser, F. Xavier Rius and Jordi Riu. 
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6.2.1. Abstract 

In this communication we present a potentiometric aptasensor based on chemically 

modified graphene (transducer layer of the aptasensor) and aptamers (sensing layer). 

Graphene oxide (GO) and reduced graphene oxide (RGO) are the basis for the 

construction of two versions of the aptasensor for the detection of a challenging living 

organism such as Staphylococcus aureus. In these two versions, DNA aptamers are 

either covalently (in the GO case) or non-covalently (in the RGO case) attached to the 

transducer layer. In both cases we are able to selectively detect a single CFU/mL of S. 

aureus in anassay close to real time, although the noise level associated to the 

aptasensors made with RGO is lower than the ones made with GO. These new 

aptasensors, that show a high selectivity, are characterized by the simplicity of the 

technique and the materials used for their construction while offering ultra-low 

detection limits in very short time responses in the detection of microorganisms.  

6.2.2. Introduction  

In this communication we report for the first time a potentiometric biosensor based on 

chemically modified graphene and aptamers for the rapid, selective and ultrasensitive 

detection of Staphylococcus aureus (S. aureus). 
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Without need for tedious pretreatment procedures, such as DNA extraction, and with a 

detection limit of only one colony-forming unit (CFU)/ml on a time scale of a few 

seconds this biosensor largely out performs existing detection methods insimplicity and 

performance parameters thus demonstrating a high potential for the detection of 

challenging microorganisms. 

Effective prevention of infectious diseases caused by bacteriais one of the major public 

concerns. Standard methods used to assess the presence of microbiological threats 

consist of specific enrichment media to separate, identify, and count bacterial cells. 

Depending on the specific microorganism to detect, one day to several weeks might be 

necessary to determine its presence. Current research efforts led to rapid detection of 

ultra-low amounts of microorganisms. For instance methods based on ultrafast 

polymerase chain reaction (PCR) [1] can detect bacteria in a few minutes with limits of 

detection of a few CFU. However, the techniques based on nucleic acid sequences 

detection usually require preprocessing steps for DNA extraction, amplification and 

detection, what makes the overall procedure expensive and complicated. Other recent 

strategies are based on the use of functionalized gold nanoparticles that bind to the 

bacterial surface for colorimetric detection [2], positron emission tomography (PET) 

imaging [3] or bacteriophage amplification coupled with mass spectrometry [4]. Again, 

in all cases this is achieved by employing tedious pretreatment steps or requires 

expensive equipments.  

Electrochemical techniques are usually much simpler and non-expensive, and a few 

amperometric techniques for S. aureus detection have been reported so far but with 

detection limits ranging between 106 CFU/ml in 3h [5] or 103 CFU/ml in 50 min [6]. We 

recently presented carbon nanotube and aptamer-based potentiometric biosensors in 

which we took benefit of the excellent recognition ability of aptamers towards a 

specific target and of the outstanding transducer abilities of carbon nanotubes. Taking 

benefit of the simplicity and low-cost instrumentation of potentiometric techniques, 

these biosensors based on aptamers (also known as aptasensors) and carbon 

nanotubes are able to detect, with inter and intra-strain selectivity 1 CFU of Salmonella 

Typhi in 5ml of buffered sample in less than 1 min [7], or 12 CFU of Escherichia coli (E. 

coli) in 2 ml of milk in a couple of minutes [8]. Using these carbon nanotube-based 
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aptasensors in case of challenging microorganisms such as S. aureus we were able to 

detect 8x102 CFU/ml of living S. aureus in a couple of minutes [9].  

This value is very high compared to the cases of Salmonella Typhi or E. coli. However, 

taking into account the inherent difficulty for the detectionof S.aureus due to the 

presence of a thick polysaccharide layer of poly-N-acetylglucosamine on its surface and 

the low abundance of antigens externally exposed the value of 8x102 CFU/ml represents 

a benchmark for thedirect detection of S.aureus employing electrochemical biosensing 

systems. Herein we report the construction of a new generation of potentiometric 

aptasensors with significantly enhanced performance exploiting for the first time the 

excellent electrochemical [10] and transduction [11] properties of chemically modified 

graphene. Using both, graphene oxide (GO) and reduced graphene oxide (RGO) as 

transduction layer subsequently functionalized with a DNA aptamer able to recognize 

epitopes on the surface of S.aureus [12] we demonstrate that the resulting aptasensor s 

are able to selectively detect just one single CFU/ml of the challenging S.aureus in 1-2 

min. The ultra-sensitive performance of this potentiometric aptasensor not only 

outperforms results obtained with carbon nanotubes as transduction layer but 

represents an important breakthrough towards rapid zero-tolerance microbiological 

detection systems.  

6.2.3.  Experimental part  
6.2.3.1. Construction of the biosensor 

The biosensor was built on top of a glassy carbon (GC) rod (length 50 mm and diameter 

3 mm) jacketed with a teflon layer. The surface of the GC rod was polished first with a 

sheet of abrasive paper (BuehlerCarbimet600/P1200) and then with different grain-

sized alumina (30, 5, 1 and 0.5 μm).  

Graphite oxide was prepared using a modified Hummer´s method from graphite 

powder (Sigma-Aldrich) by oxidation with NaNO3, H2SO4 and KMnO4 in an ice bath as 

reported in detail elsewhere [13]. A suspension of GO sheets was obtained by 

sonication of the prepared graphite oxide powder in distilled water (1 mg/mL) for 2h, 

followed by mild centrifugation of the suspension at 4500 rpm for 60min [14]. The 

resulting brown-coloured water dispersion with a concentration of 0.3mg/ml contained 
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single to few-layered GO sheets of 2 to 10 individual layers. GO films on glassy carbon 

(GC) electrodes were prepared as follows.  

Homogeneous aqueous GO dispersions of a controlled volume of 15 mL were drop-

casted onto clean and polished surfaces of the GC electrodes and allowed to dry at 

room temperature. The deposition process was repeated other 9 times until the final 

thickness obtained for 10 depositions was 1460 nm (thicknesses measured by confocal 

microscopy). A set of GO electrodes was kept for later covalent functionalization and in 

another set GO was reduced to RGO for further non-covalent functionalization. 

Reduction of deposited GO films was performed by a 24 h exposure of electrodes to 

hydrazine monohydrate vapours [15]. This reduction method efficiently removes 

various oxygen functional groups of the graphene oxide sheets and restores the 

aromaticity of the carbon network, even for films as thick as 1500 nm [14]. This 

procedure thus transforms the GO films into reduced graphene oxide (RGO) films with 

remaining oxygen and nitrogen moieties of about 10 and 1.5%, respectively. 

Finally, both sets of electrodes (GO and RGO electrodes) were properly functionalized 

with the corresponding aptamers. GO electrodes were introduced in a solution of 100 

nmol of  N-(3-dimethylaminopropyl)-N′-ethyl- carbodiimide hydrochloride (EDC) and 

25 nmol of  N-hydroxysuccinimide (NHS) in a 50 mM 2-(N-morpholino) ethanesulfonic 

acid (MES) buffer at pH 5 for 30 min to activate the carboxylic groups present at the 

edge planes and defects of the deposited graphene oxide.  After this step, electrodes 

were immersed overnight into 0.5 mL of a 1 μM S. aureus SA20 binding aptamer 

solution dispersed in PBS pH 7.4 (1mM). In the case of the RGO electrodes, non-

covalent functionalization of the S. aureus SA31 binding aptamer was done depositing a 

drop of the 1 μM aptamer dispersed in PBS pH 7.4 (1 mM) and leaving overnight in a 

wet atmosphere. Both 88-mer aptamers (SA20 and SA31) have similar affinities for S. 

aureus [12].  

6.2.3.2. Potentiometric measurements  

Potentiometric analysis was performed by real-time measurements of the 

electromotive force (EMF) between the terminals of a two-electrode system consisting 

of the GO/RGO aptasensor as the working electrode, and a double junction reference 

electrode (Ag/ AgCl/KCl 3M containing a 1 M LiAcO electrolyte bridge, type 6.0729.100, 
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MetrohmAG, Herisau, Switzerland) as the reference electrode at isothermal conditions 

(22±0.5 ºC) in a water-jacketed glass cell under constant stirring conditions (300 rpm). A 

high-input impedance voltmeter (1015 Ω, model EMF16, Lawson Laboratories Inc, 

Malvern, PA, USA) was used in all the cases to measure the difference in electromotive 

force. The changes on EMF were automatically measured at periods of 10s. The 

electrolyte used in the cell was 5ml of PBS 1.7m M pH 7.4. The EMF value was recorded 

automatically with the software provided by the company. In all cases, the amount of 

bacteria detected by the potentiometric measurements was simultaneously 

standardized in quintuplicate using the agar plate count technique. 

Details about materials, aptamers, culture conditions and characterization of GO and 

RGO films can be found in the Annexe 8.3.  

6.2.4. Results and discussions 

The basis of the aptasensor is the transduction layer formed by GO that is deposited 

onto the polished surface of a GC rod. For comparison purposes, and in order to look for 

the best strategy of detection, two different methods of functionalization were used to 

attach the aptamers to this transduction layer: a covalent approach and a non-covalent 

one (figure. 6.1.a and b). The covalent approach consisted of chemically linking the 

aptamers to GO by amide bonds formed between the carboxylic groups present on the 

deposited GO flakes and an amine moiety introduced at the 3′-end of the aptamer by 

well-known carbodiimide mediated chemistry [16]. The flexibility of the aptamer chains 

then facilitates their flat arrangement on the GO surface (comparable to DNA wrapping 

on carbon nanotubes) [17]. In the non-covalent approach we first reduced GO to RGO 

to remove the unnecessary presence of the various functional oxygen moieties located 

on the basal and edge plane of GO.  

Subsequently, pyrenil moieties previously introduced at the 3′-end of the aptamer were 

non-covalently physisorbed onto the RGO surface. Effective π–π interactions between 

pyrene and graphene also facilitate a flat organization of the aptamer to the RGO 

surface [18]. In presence of the target bacteria, for both the covalent and the non-

covalent functionalization, the aptamer prefers to bind to the bacteria rather than 

remaining attached onto the GO/RGO surface. It thus overcomes the strong π–π 

interactions and tends to separate its negatively ionized phosphodiester groups at a pH 
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value of 7.4 from the underlying GO/RGO surface. Since the GO/RGO films act as 

asymmetric capacitors [11] this separation of charges provokes a subsequent change of 

the recorded potential. 

Consecutive additions of increasing amounts of living S. aureus in phosphate buffer 

solutions (PBS 1.7 mM, pH 7.4) were performed to test the response of the covalent and 

the non-covalent functionalized aptasensors. Figure 6.1.c shows a transmission 

electron microscopy (TEM) image of a single S. aureus cell captured on the graphene–

aptamer layer. The amount of bacteria in each addition was simultaneously checked by 

five independent measurements using the agar plate count technique. Figure 6.2.a 

reveals that the non-covalent functionalized aptasensors are able to detect 1 CFU/ml in 

a few minutes and that an immediate change was observed after the addition of S. 

aureus for the whole working range.  

For the covalent functionalized aptasensors the potentiometric response exhibits a 

(somewhat) higher noise level although the aptasensor is also able to respond to low 

additions of S. aureus. The difference in noise can be observed in the instrumental limit 

of detection (defined as three times the standard deviation of the noise), which 

corresponds to 29 mV for the non-covalent functionalization and 76 mV for the 

covalent functionalization. Both values are significantly better than the instrumental 

limit of detection of 240 mV obtained for carbon nanotube-based aptasensors [7]. The 

lower noise and therefore the lower instrumental limit of detection for the non-

covalent functionalization may be attributed to the lower number of defects in the RGO 

layers after hydrazine reduction (compared to the defects in the GO layers used in the 

covalent functionalization). This positively affects the charge-separation mechanism 

and favours the asymmetric capacitor-like behaviour of the transducer layer [11] thus 

resulting in an overall enhanced transducer efficiency. 

Surprisingly, and despite a higher noise level, the precision associated with the 

determination of S. aureus using different aptasensors is better in case of the covalent 

functionalization approach. Figure. 6.2.b and c clearly showth at the construction of a 

set of covalently functionalized aptasensors offers a higher reproducibility compared to 

the non-covalently functionalized ones. 
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The fact that in the case of the non-covalent functionalization an additional reduction 

step is required (to convert GO into RGO) may negatively impact on the reproducibility 

because of the inherent experimental variability due to this extra step. 

 

Figure 6.1. Scheme of the overall process of functionalization and detection of S. aureus 

(the different parts are not to scale). Top: Schematic illustration of the potentiometric 

aptasensor. Forsake of clarity the GO layer only presents a few carboxyl groups and other 

functional defects (e.g. alcohols, ethers, ketones…) are not shown. (a) The covalent 

functionalization of GO with the S. aureus aptamer following carbodiimide-mediated 

chemistry facilitates a flat stacking of the aptamer to the GO surface. (b) The non-

covalent functionalization of GO with the S. aureus aptamer resultsin π–π stacking 

between RGO and pyrene moieties and also facilitates a flat stacking of the aptamer to 

the RGO surface. (c) TEM image of a single S. aureus cell captured on agraphene–aptamer 

layer 
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In any case, thick layers of transducer films (i.e. 1460nm) help to overcome this problem 

[1]. At higher amounts of bacteria, each EMF increase was less prominent, 

demonstrating progressive saturation of the available binding sites. Although the noise 

level may hinder in some cases (especially in the non-covalent functionalization) a 

precise quantification of S. aureus until a better reproducibility in the home-made 

construction of the biosensor is attained, the biosensor can also be used for 

semiquantitative purposes or to decide the presence/absence of S. aureus below or 

above a threshold value (even if this threshold is aslo was a few CFU/ml). It is important 

to remark that the apparent low values of the sensitivities (figure. 6.2) are due to the 

particular sensing mechanism, different from the classical Nernstian model, in which 

the change in the electromotiveforce results from a rearrangement of the electrical 

charges at the surface of GO/RGO during the recognition event. Therefore, no 

Nernstian responses are expected in these aptasensors. 

 
Figure. 6.2. (a) Aptamer-functionalized aptasensor exposed to stepwise increases of S. 
aureus concentration and the corresponding potentiometric response; numbers above 

each potentiometric jump represent the final concentration of bacteria. Insets show the 
detail of two inoculation steps for the covalent and non-covalent functionalization. (b) 

EMF response versus log of concentration of S. aureus for the covalent functionalization. 
(c) EMF response versus log of concentrationof S. aureus for the non-covalent 

functionalization. In (b) and (c) error bars are standard deviation of the response obtained 
at a given concentration for six different sensors. The sensitivities of the aptasensors are 

0.34 mV/decade (covalent functionalization) and 0.55 mV/decade (non-covalent 
functionalization). 
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Interestingly, when using carbon nanotubes as the transducer material [7] for the 

detection of the same microorganism the differences between the covalent and the 

non- covalent functionalization are tremendous: the best results (a high detection value 

of 8x102 CFU/ml of S. aureus) are obtained with the covalent functionalization, 

obtaining a very poor detection ability with the non-covalent strategy (concentrations 

above 107 CFU/ml). This effect most likely is related to the surface properties of the 

aptasensor. While the entangled network of carbon nanotubes forming the transducer 

layer sterically reduces the interaction possibilities with the pyrene molecules, the 

bidimensional graphene sheets provides a large surface area to favour π–π stacking 

between RGO and pyrene moieties. This also directly influences the transducing 

properties and leads to significantly improved responses for graphene-based 

aptasensors, independently if covalently or non-covalently functionalized. 

The new aptasensors show a high degree of selectivity since no response was obtained 

for experiments using either E. coli as a Gram-negative bacteria or Lactobacillus casei (L. 

casei) as a Gram-positive microorganism (figure. 6.3.a–d). Control experiments (figure. 

6.3.e–i) confirmed that the responses are solely caused by the binding event between S. 

aureus and the aptamer and the subsequent transduction of the GO or RGO layer. We 

tested glassy carbon electrodes without transduction and recognition layer (figure. 

6.3.e) and glassy carbon (without transduction layer) both covalently and non-

covalently functionalized (figure. 6.3.f and g). We also examined the potentiometric 

response without recognition layer (figure. 6.3.h) and using a non-covalently 

functionalized aptasensor but without pyrenil moieties (figure. 6.3.i). There was no 

potentiometric response under any of these conditions, showing that the EMF changeis 

only generated when aptamers attached to GO/RGO interact with S. aureus. Therefore, 

the two elements, aptamer (as recognition layer) and GO or RGO (as transduction 

layer), are essential to successfully detect S. aureus.  
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Figure 6.3. Selectivity ((a)–(d)) and control ((e)–(i)) assays. EMF response versus 
time for different concentrations of bacteria. Vertical lines represent inoculation 
with increasing amounts of bacteria (in CFU/ml). From top to bottom: (a) and (b) 
Covalently functionalized biosensor exposed to Escherichia coli and L. casei, res-
pectively; (c) and (d) Non-covalently functionalized biosensor exposed to E. coli 
and L. casei, respectively; (e) Glassy carbon electrode exposed to S. aureus; (f) and 
(g) Glassy carbon without GO/RGO covalently and non-covalently functionalized 
with aptamer exposed to S. aureus; (h) Glassy carbon with a layer of GO/RGO and 
without aptamer exposed to S. aureus; (i) Non-covalently functionalized 
aptasensor without pyrenil moieties in the aptamer exposed to S. aureus. 

The aptasensors can be easily regenerated after each set of measurements by 

dissociating the aptamers from the bacteria in 2 M NaCl solution for 1h. Inpresence of 2 

M NaCl, the tertiary structure of the aptamer changes so that S. aureus dissociate from 

aptamers. After regeneration, all the electrodes were washed gently with MilliQ water 

and stored in sterile PBS solution (1.7 mM, pH 7.4) for new measurements. All the 

electrodes were reused at least three times during around one month without any 

change in sensitivity or instrumental noise.  
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6.2.5. Conclusions  

In this communication we present a graphene-based aptasensor that is able to 

selectively detect a single CFU/ml in an assay close to real time of a challenging living 

organism such as S. aureus. 

Two different strategies were followed to attach the aptamer to the GO or RGO layer. 

Both, the outperforming results obtained, as well as the simplicity of the technique and 

the materials used for the construction of the aptasensors may pave the way towards a 

new generation of microbiological analysis systems characterized by construction 

simplicity while offering ultra-low detection limits and close to real-time responses. 

To use this aptasensor in real samples with complex matrices, we would probably need 

to use a filtration protocol [12] to remove the undesired electroactive species within the 

original matrix, which other wise may lead to inaccurate results in biosensing 

experiments. These experiments with real biological samples are foreseen and they will 

show the final viability of our concept. In any case it is important to remark that this 

filtration protocol is carried out using standard commercial cellulose acetate filters and 

that the total time of this step is only of 1–2 min.  
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The main conclusion of this thesis is the feasibility of using carbon-based 

nanostructured materials in solid state potentiometric electrodes. We report in this 

thesis the use of single-walled carbon nanotubes and chemically modified graphene for 

the detection of different types of analytes.  

This main conclusion can be broken down into a set of specific conclusions from each of 

the items that make up this thesis.  

The use of cyclic voltammetry and electrochemical impedance spectroscocy has 

demonstrated the mechanism used graphene-based materials in ISEs. Both carbon 

nanotubes and graphene-based materials have demonstrated a clear capacitive 

character (double layer capacitance) which agrees well with the structure and 

properties of these materials.  

The rapid ion-to-electron transduction of carbon nanotubes and graphene-based 

materials in ISEs allows us to have close to real-time responses as we have shown in this 

thesis.  

The easy use of carbon nanotubes and graphene-based materials allows a high 

reproducibility in ion-selective electrodes. Deposition methods used in this thesis are 

easy costless and allow highly reproducible series of electrodes. This process can be 

improved if the process is mechanised, avoiding thereby the different exposure times 

obtained by spray deposition, therefore avoiding a variation in the thicknesses of the 

transducer layer. For graphene-based materials deposition it has been found that drop 

casting offers an easy and highly reproducible deposition, thereby obtaining very thin 

layers of a few nanometers..  

The applicability and versatility of carbon nanotubes is shown in the construction of a 

ISE for the detection os calcium in plant sap. The use of copper wire as conductive 

substrate, and the absence of redox reactions, reinforces the absence of the formation 

of a water layer between the conductive substrate and the transducer layer. 

The use of graphene-based materials in potentiometric sensors improves the stability 

of the potentiometric signal. This is because the excellent electrochemical properties of 

graphene-based materials and also probably to the absence of metallic nanoparticles 

from the process of synthesis.  
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Classical ion-selective membranes used in ion-selective electrodes can be removed 

thereby creating membraneless potentiometric sensors for determining large analytes 

such as bacteria. In these sensors the sensing layer is directly attached (either in a 

covalent or in a non-covalent way) to the transducer layer.  

The use of specific aptamers for Staphylococcus aureus has allowed the ultra-low 

detection of only one colony forming unit (CFU) in a very short time, largely improving 

the results of the aptasensors based on carbon nanotubes. 
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8.1. Glossary 

 
Term used  Definition 

   

3DOM   Three-dimensionally ordered macroporous carbon 

ºC  Celsius degree 

βIL  Formation constant between ligand L and ion i 

Ω  Ohm 

θ  Chiral angle 

Ø  Electrical potential 

μi  Mobility of the specie i 

μV  MicroVolt 

μm  Micrometer (10-6 m) 

μl  Microlitre 

μF  MicroFarad 

Χ2  Average error 

A  Adenine, Amper, Counter electrode 

a1, a2  Unitary hexagonal cell lattice vectors  

ai  Activity of the specie i 

ai
org  Activity of the specie i in the organic phase 

ai
aq  Activity of the specie i in the aqueous phase 

AAS  Atomic absorption spectroscopy 

AFM  Atomic force microscopy 

Ag  Silver element 

AgCl  Silver chloride 

AIBN  2,2-Azobis(2-methylpropionitrile) 

C  Citosine, Capacitance (Farad, F),  Coulomb 

C60, 540, 70  Buckminsterfullerene notation (70, 540 and 70 carbon  atoms) 

Ch  Chiral vector (Hamada vector) 

Ca2+  Calcium ion 

CaCl2  Calcium chloride 

CECT  Colección Española de Cultivos Tipo 

CFU  Colony forming unit 

CGRE  Combined glass reference electrode 

cm  Centimiter (10-2 m) 

CMG  Chemically modified graphene 
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CNT  Carbon nanotube 

CO2  Carbon dioxide 

CP  Conducting polymer 

CPEI  Interfacial constant phase element 

CPEB  Bulk constant phase element 

Cu  Copper element 

CV  Cyclic voltammetry 

CWE  Coated wire electrode 

DCM  Dichloromethane 

dE  Potential differential 

dec  Decade 

DOS  Bis(2-ethylhexyl sebacate) 

DMA  Decyl methacrylate 

DMF  Dimethylformamide 

DNA  Desoxiribonucleic acid 

dt  Time differential 

Eº  Standard potential 

Econst  Sum of all sample-independent potential contributions 

Edc  Direct current potential 

ED  Diffusion potential 

Ei
EMF  Measured potential for the specie i 

EJ  Liquid junction potential 

EM  Membrane optential 

EPB  Boundary potential between inner solid contact and membrane 

EPB’  Boundary potential between membrane and sample 

EDC  N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide hydrochloride 

EIS  Electrochemical impedance spectroscopy 

EMF  Electromotive force 

ESEM  Environmental scanning electron microscopy 

ETH129  N,N,N′,N′-Tetracyclohexyl-3-oxapentanediamide 

eV  ElectronVolt 

F  Faraday constant (96485 C·mol-1) 

G  Guanine, gram 

GC  Glassy carbon 

GICs  Graphite intercalated compounds 

GO  Graphene oxide 
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h  Hour 

H2O2  Hydrogen peroxide 

H2SO4  Sulfuric acid 

HCl  Chloridic acid 

HR-TEM  High resolution transmission electron microscopy 

I  Intensity (Amper, A) 

IDA  Isodecyl acrylate 

IE  Indicator electrode 

IUPAC  International Union of Pure and Applied Chemistry 

ISE  Ion-selective electrode 

ISM  Ion-selective membrane 

IS-ISE  Internal solution ion-selective electrode 

J  Joule 

K  Kelvin degree 

KCl  Potassium chloride 

KMnO4  Potassium permanganate 

KTpClPB  Potassium tetrakis(p-chlorophenyl)borate 

KTFPB  Potassium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 

Kij
pot  Selectivity coefficient 

KHz  KiloHertz 

kV  KiloVolt 

L  Ionophore, litre 

LiAcO  Lithium acetate 

LOD  Limit of detection 

M  Molar (mols/litre) 

MΩ  MegaOhm 

MES  2-(N-morpholino) ethane sulfonic acid 

mg  Miligram (10-3 g) 

MgCl2  Magnesium chloride 

MBA  Methyl butyl acrylate 

mHz  MiliHertz 

min  Minute 

ml  Mililiter 

mm  Milimiter (10-3 m) 

mM  Milimolar 

MMA  Methyl methacrylate 
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mV  millivolt (10-3 V) 

MWCNTs  Multi-walled carbon nanotubes 

n  Length of ssDNA/RNA chain (number of nucleic acids) 

n,m  Integers for the determination of chirality and diameter of CNT 

nA  NanoAmper 

NaCl  Sodium chloride 

NaNO3  Sodium nitrate 

NaHFPB  Sodium tetrakis[3,5-bis(1,1,1,3,3,3-hexafluoro-2-methoxy-2-propyl)-phenyl] 

borate trihydrate 

NaTPB  Sodium tetraphenylborate 

nBA  n-butyl acrylate 

NH3  Amonia 

NHS  N-hydroxysuccinimide 

nm  Nanometer (10-9 m) 

NO2  Nitrogen dioxide 

O2  Oxygen 

o-NPOE  o-nitrophenyl octyl ether 

P  Lipophilicity 

PAHs  Polycyclic aromatic compunds 

PANI  Polyaniline 

PBS  Phosphate buffered saline 

PCR  Reaction chain polymerasa 

PEDOT  Poly(3,4-ethylenedioxithiophene) 

PET  Positron emission tomography 

pH  Decimal logarithm of the reciprocal hydrogen ion activity 

POT  Poly(3-octylthiophene) 

PPy  Polypyrrole 

PVC  Poly(vinyl) chloride 

R  Universal gas constant (8.314 J·K-1·mol-1), Resistance (Ohm, Ω) 

R+  Lipophilic cationic salt 

R-  Lipophilic anionic salt 

R1, R2  Ramifications 

R2  Correlation coefficient 

RS  Solution resistance 

Rct  Charge-transfer resistance 

RE  Reference electrode 
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RGO  Reduced graphene oxide 

RNA  Ribonucleic acid 

rpm  Revolutions per minute 

s  Second, standard deviation 

sccm  square cubic centimetre (cm3) 

SCE  Solic contact electrode 

SC-ISE  Solid contact ion-selective electrode 

SELEX  Systematic evolution of ligands by exponential enrichment 

SEM  Scanning electron microscopy 

SDNoise  Standard deviation of instrumentation noise 

ssDNA  Single-stranted desoxiribonucleic acid 

SWCNT  Single-walled carbon nanotubes 

T  Absolute temperature - Timine 

TDDMACl  tridodecylmethylammonium 

TDDACl  tetradodecylammonium chloride 

TEM  Transmission electron microscopy 

Tg  Transition temperature 

THF  Tetrahydrofuran 

TSA  Tryptic soy agar 

TSB  Tryptic soy broth 

TYB  total Youden blank 

V  Volt 

W  Working electrode 

XPS  X-ray photoelectron spectroscopy 

XRD  R-ray difraction 

zi  Charge of the specie i 
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8.2.Complementary information of chapter 5 

8.2.1. Characterization of GO and RGO films  

8.2.1.1. Graphene Oxide 

Water dispersions of graphene oxide (GO) with a concentration of 0.3 mg/mL contain 

GO flakes comprised of few-layered GO sheets with 2 to 10 individual graphene layers 

with a majority of 4. Flake sizes typically range from 200 nm to 800 nm [1]. 

 
Figure 8.2.1. HRTEM images of graphene oxide 

 
8.2.1.2. Aqueous graphene oxide dispersions  

Homogeneous aqueous GO dispersions of a concentration of 0.3 mg/mL were 

dropcasted (controlled volumes of 15 µL) onto clean and polished glassy carbon (GC) 

surface electrodes. Once dried, the process is successively repeated to obtain films of 

controlled thickness. Thicknesses of the resulting GO films were measured by confocal 

microscopy. Values are summarized in Table 8.2.1. Film thickness scales well with the 

deposited volume as shown in Figure 8.2.1. This underlines the important processing 

advantage of GO for fabricating in a reproducible way films of defined thickness 

covering homogeneously the underlying GC electrode. 
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Figure 8.2.2. Film thickness calibration curve 

 
It also can be seen that in order to obtain films with thickness of a few nm only, either 

very small volumes in the range of 0,5 µL, or highly diluted GO dispersions of 

concentrations in the range of 0.01 mg/mL (maintaining minimum deposited volume of 

15 µL) have to be used. 

A corresponding deposition experiment was additionally carried out using 15 µL of a 

highly diluted GO dispersion with a concentration of 0,01 mg/mL. This should lead to 

GO films of nominal thickness of 5 nm. However, only deposits comprised of a few 

isolated GO islands on GC were obtained. A continuous coverage of the glassy carbon 

electrode at such diluted concentrations could not be obtained, thus leaving large parts 
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Table 8.2.1. Thicknesses of deposited GO films for different volumes of drop-casted 
aqueous GO dispersions as measured by confocal microscopy. 

  

Drop-casted volume (μl) 
Thickness of drop-casted GO films 

(nm) 

15 125 

60 460 

150 1460 
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of the underlying GC electrode uncovered. Thus, in order assure homogeneous 

coverage of the 3 mm diameter GC electrode concentrations of GO dispersion in the 

order of 0.3 mg/mL deposited in volumes of 15 4L should be used. When successively 

drop-casted, films of defined thicknesses are obtained, underlining the ease for a 

reliable film fabrication. 

Figure 8.2.3 shows SEM images for the GO films of (a) 125 nm , (b) 460 nm and (c) 1460 

nm thickness drop-casted on GC electrodes. For all cases, the GC electrodes are fully 

covered. However, the thicker the films, the smoother the surface and less 

agglomerates are visible. 

 
Figure 8.2.3 (a). SEM images for GO films of 125 nm thickness. Top: Coating near the 
border of the GC electrode. Bottom: coating in the middle of the GC electrode. Visible 

flakes are larger agglomerates on top of the GO coating. 

 
Figure 8.2.3 (b). SEM images for GO films of 460 nm thickness. Top: Coating near the 
border of the GC electrode. Bottom: Coating in the middle of the GC electrode near an 

artificial scratch. Larger agglomerates still visible, but surface smoother than for 100 nm 
thick films 
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Figure 8.2.3 (c). SEM images for GO films of 1460 nm thickness. Top: Coating near 

the border of the GC electrode. Bottom: Coating in the middle of the GC 
electrode. Only very few agglomerates are visible on top of a smooth and 

homogeneous coating. 
 

Figure 8.2.4 shows AFM images for RGO films (GO films after applying the reduction 

process) on GC electrode. Again, it can be seen, that the films with a thickness of 127 

nm is characterized by a larger number of agglomerates on top of the GC electrode 

coverage than the thicker films, where almost no agglomerates are visible and which 

produce a more homogeneous and smoother coating. The surface roughness for the 

1460 nm thick film is about 30 nm. 

 

  
Figure 8.2.4. AFM images of RGO films on glassy carbon electrodes. Top Films with 

thicknesses of 125 nm, 460 nm and 1460 nm (from left to right). Bottom. Height profile 
taken for the 1460 nm film exhibiting a surface roughness of about 30 nm. 
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8.2.1.3. X-ray photoelectron spectroscopy (XPS) of RGO 

The chemical composition of the prepared RGO material was analyzed by XPS. The 

resulting C1s core electron spectrum is depicted in Figure 8.2.5. Deconvolution reveals 

the presence of C-C bounds at 288,2 eV, various types of oxygen functionalities C-O, 

C=O and O-C=O moieties at 285,8 eV, 287,5 eV and 289,5 eV, respectively. Additionally, 

CN functional moieties are observed at 284.6 eV. The quantified atomic percentages 

for C, O and N correspond to 88,36 at. %, 10,19 at. % and 1,45 at. % as listed in Table 

8.2.2. 

The oxygen functional groups in RGO are remaining from the starting GO material, 

while nitrogen groups originate from both, the use of NaNO3 in the preparation of GO 

as well as the use of hydrazine monohydrate vapors in the reduction process. Similar 

nitrogenated carbon signals in hydrazine treated GO have been previously observed by 

Stankovich et al [2] from their analysis of GO reduced in hydrazine solutions. Most 

interestingly, the appearance of the π-π contribution in the XPS spectrum at 291.6 eV, 

not observable in the starting GO material, indicates first hints for the restoration of 

carbon sp2 character upon reducing GO to RGO. This opens new conducting pathways 

which are characteristic for the recovery of the electrical conductivity in RGO [1-3]. 

 

 
Figure 8.2.5. C1s core electron XPS of as prepared RGO 

 

UNIVERSITAT ROVIRA I VIRGILI 
SOLID CONTACT POTENTIOMETRIC SENSORS BASED ON CARBON NANOMATERIALS 
Rafael Hernández Malo 



 
 
 

 

 

 

 
 

8.2.2. Characterization of GO and RGO films  

[1] Valles, C.; David Nunez, J.; Benito, A. M.; Maser, W. K., Flexible conductive graphene 

paper obtained by direct and gentle annealing of graphene oxide paper. Carbon 2012, 

50 (3), 835-844. 

[2] Stankovich, S.; Dikin, D. A.; Piner, R. D.; Kohlhaas, K. A.; Kleinhammes, A.; Jia, Y.; Wu, 

Y.; Nguyen, S. T.; Ruoff, R. S., Synthesis of graphene-based nanosheets via chemical 

reduction of exfoliated graphite oxide. Carbon 2007, 45 (7), 1558-1565.  

[3] C. Mattevi, G. Eda, S. Agnoli, S. Miller, K.A. Mkhoyan, O. Celik et al., Adv. Func. Mater. 

2009, 19, 2577. 

 
 
 
 
 
 

Table S1. Results of XPS analysis of as prepared RGO 
  

Element Atomic % 

C 88.36 

O 10.19 

N 1.45 
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8.3. Complementary information of chapter 6 

8.3.1. Reagents and apparatus 

Graphene powder, sodium nitrate, sulphuric acid, potassic permanganate, hydrazine 

hydrate, N-hydroxysuccinimide (NHS), 2-(N-morpholino) ethanesulfonic acid (MES) 

and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) were 

purchased from Sigma-Aldrich. Aqueous solutions were prepared with freshly 

deionized water (18,2 MΩ·cm specific resistance) obtained with a Milli-Q PLUS 

reagent-grade water system (Millipore). Sand papers and alumina were obtained from 

Buehler. Glassy carbon rods 3 mm diameter was purchased from HTW GmbH. 

Staphylococcus aureus binding aptamer SA20 with the sequence 5'-GCAAT GGTAC 

GGTAC TTCCG CGCCC TCTCA CGTGG CACTC AGAGT GCCGG AAGTT CTGCG TTATC 

AAAAG TGCAC GCTAC TTTGC TAA-3' modified in the 3’ end with a 3C spacer followed 

by a pyrene cap phosphoramidite was purchased from Eurogenetec (London, UK). The 

same company provide the Staphylococcus aureus binding aptamer SA31 with the 

sequence 5'-GCAAT GGTAC GGTAC TTCCT CCCAC GATCT CATTA GTCTG TGGAT 

AAGCG TGGGA CGTCT ATGAC AAAAG TGCAC GCTAC TTTGC TAA-3’ modified in the 

3’ end with a 6C spacer and an amine moiety (-(CH2)6-NH2). Aliquots of aptamers were 

obtained and stored in the refrigerator at -80ºC until use. 

Lyophilized strains of Staphylococcus aureus (CECT 4630), Lactobacillus casei subsp. 

Casei (CECT 4180) and Escherichia coli (CECT 4558) were purchased from Colección 

Española de Cultivos Tipo (Valencia, Spain). All the potentiometric measurements were 

done using a Keithley high imput impedance voltmeter M6514 (London, UK) in a 

thermostatized 20 ml flask (22,0 ± 0,5ºC). High-resolution transmission electronic (HR-

TEM) images were taken on a FEI Tecnai G2 20 microscope. Confocal microscopy LEICA 

Dual Core 3D measuring Microscope 3D equipment was used to control the thickness of 

graphene depositions. Atomic force microscope (AFM) images were obtained with a 

Multimode8 microscope with control electronics Nanoscope V (Bruker). A high input 

impedance electrometer 6514 from Keithley was used for potentiometric 

measurements. All the experiments were done at room temperature (22,0±0,1ºC) in a 

bath from Polyscience (ref.9106) with the same double-junction Ag/AgCl/ 3 M KCl 

reference electrode (type 6.0729.100, Methrom AG) containing a 1 M LiAcO electrolyte 

bridge. 
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The same cell was used for the measurements in all the experiments in order to ensure 

that each experiment was carried out under the same conditions. X-Ray photoelectron 

spectroscopy (XPS) was carried out on an ESCAPlus Omicron spectrometer using a 

monochromatized Mg X-ray source (1253.6 eV). XPS data were analyzed using the 

CasaXPS software. 

8.3.2. Culture conditions 

All bacteria strains were cultivated under the same experimental conditions, including 

incubation time and temperature. The bacteria lyophiles were stored at -20 °C in 

glycerol/TSB medium (10% v/v) and reactivated by incubating the bacteria in 10 mL of 

sterile TSB at 37 °C for 24 h. The bacteria samples were then centrifuged at 6000 rpm 

for 15 minutes and the supernatant was discarded. The precipitate was successively 

washed with PBS 1.7 mM pH 7.4 following the same centrifugation conditions 

previously mentioned. The pellet was finally resuspended in sterile PBS 1.7 mM pH 7.4. 

The resulting solution (namely 100 solution) was sixth-fold 1:10 diluted serially to give a 

series of 10-1 to 10-6 stock solutions of bacteria. The stock solutions were quantified in 

quintuplicate using the standard plate count method (Gerhardt et al., 1981) in TSA and 

the same procedure was also applied to the standardization of the variable aliquots of 

stock solutions that were used to inoculate the samples to be analyzed. The bacteria 

concentration was measured in colony-forming units (CFU)/mL. 

8.3.3. Characterization of GO and RGO films  

Water dispersions of graphene oxide (GO) with a concentration of 0.3 mg/mL contain 

GO flakes comprised of few-layered GO sheets with 2 to 10 individual graphene layers 

with a majority of 4. Flake sizes typically range from 200 nm to 800 nm (figure 8.3.1). 
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Figure 8.3.1. HRTEM images of graphene oxide 

 
Figure 8.3.2 shows AFM images for RGO films over the GC electrode. The films present 
almost no agglomerates with a homogeneous and smooth coating. The surface 
roughness is about 30 nm. 

 

 
Figure 8.3.2. AFM images of RGO films on glassy carbon electrodes (left). Height 

profile taken exhibiting a surface roughness of about 30 nm (right). 
 

8.3.4. X-ray photoelectron spectroscopy (XPS) of RGO 
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The chemical composition of the prepared RGO material was analyzed by XPS. The 

resulting C1s core electron spectrum is depicted in figure 8.3.3. Deconvolution reveals 

the presence of C-C bounds at 288,2 eV, various types of oxygen functionalities C-O, 

C=O and O-C=O moieties at 285,8 eV, 287,5 eV and 289,5 eV, respectively. Additionally, 

C-N functional moieties are observed at 284.6 eV. The quantified atomic percentages 

for C, O and N correspond to 88,36 at. %, 10,19 at. % and 1,45 at. %. The oxygen 

functional groups in RGO are remaining from the starting GO material, while nitrogen 

groups originate from both, the use of NaNO3 in the preparation of GO as well as the 

use of hydrazine monohydrate vapors in the reduction process Most interestingly, the 

appearance of the π-π contribution in the XPS spectrum at 291,6 eV, not observable in 

the starting GO material, indicates first hints for the restoration of carbon sp2 character 

upon reducing GO to RGO. 

 
Figure 8.3.3. C1s core electron XPS of as prepared RGO 
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Þú munt ná áfangastað þó ferðast rólega 
-You will reach your destination, although travel slowly- 

(Icelandic proverb) 
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