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Objectives and structure of the PhD Thesis 

 

1. Introduction 

The present PhD thesis focuses on the development of different 

electrochemical methods for the functionalization of nanostructured carbon 

materials. Moreover, some chemical methods have also been studied. In the 

following chapters the different chemical and electrochemical procedures to 

obtain functional carbon materials are presented, their physicochemical, 

structural and electrochemical characterization, as well as, the performance as 

bioelectrodes and biosensors are also shown. 

2. Objectives of the PhD thesis 

The main objective of this PhD Thesis is the development of new 

electrochemical methods for functionalization of carbon materials for their 

further application as bioelectrodes and electrochemical biosensors, employing 

different bioelements. Based on this objective, the following specific 

objectives are presented: 

 Electrochemical functionalization of nanostructured carbon materials 

(carbon nanotubes, graphene, graphene oxide, reduced graphene oxide) 

through the oxidation of 4-aminophenyl phosphonic acid (4-APPA) to 

introduce heteroatoms, such as N and P, on the carbon surface.  

 Chemical functionalization with the incorporation of Au nanoparticles.  

 Physicochemical, morphological and electrochemical characterization of 

the different functionalized carbon materials. 

 Evaluate the applicability of the electrochemically functionalized carbon 

nanotubes in the immobilization of glucose dehydrogenase and the 

performance of the bioelectrodes to glucose oxidation.  

 Development of a metal-free electrochemical biosensor of glucose 

employing N-doped carbon material prepared by carbonization of 

polyaniline. 

 Develop a label-free electrochemical biosensor based on carbon nanotube 

modified with Au nanoparticles for the indirect immunodetection of the 

prostate specific antigen (PSA).  
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3. Structure of the PhD Thesis 

The present PhD Thesis has been performed in the research groups 

Electrocatalysis and Polymer Electrochemistry (GEPE) and Carbon Materials 

and Environment (MCMA), belonging to the Materials Institute of the 

University of Alicante (IUMA). 

 Chapter 1: General Introduction. 

In this chapter an introduction of the main concepts and a specific 

description of the different carbon-based materials employed in this PhD 

Thesis, is performed. Furthermore, a description of the current procedures of 

surface modification, including electrochemical functionalization of carbon 

materials is presented. Moreover, the description of the different bioelectrodes 

and their application in bioelectrochemistry, including electrochemical biofuel 

cells and biosensors, is discussed. Then, the classification and the different 

immobilization procedures of bioelements have been presented. 

 Chapter 2: Techniques and Methodology. 

This chapter describes the different reagents, techniques and statistical 

methods employed during this PhD Thesis. A summary of the main concepts 

for each technique employed for physicochemical, morphological and 

electrochemical characterization is presented. Moreover, the different 

procedures, the accurate determination of the species of interest, different 

equations and statistical methods employed for the validation and reliability of 

the results obtained, are described in detail in this chapter.  

 Chapter 3: Electrochemical Functionalization of Single Wall Carbon 

Nanotubes with Phosphorus and Nitrogen Species. 

In this chapter, Single Wall Carbon Nanotubes (SWCNTs) have been 

successfully functionalized by electrochemical oxidation in presence of          

4-amino phenyl phosphonic acid (4-APPA). Electrochemical modification has 

been performed by cyclic voltammetry using different upper potential limits, 

producing the incorporation of N and P functionalities on SWCNT through 

polymerization reactions. Electrochemical oxidation in presence of carbon 

nanotubes (CNTs) produces polymerization of 4-APPA, what has been related 
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to the interaction between monomer and the CNT surface. The 

voltammograms of the functionalized SWCNTs show different well-defined 

redox processes that are maintained at high pH. Raman spectroscopy shows 

that the structure of the SWCNT is maintained even at high potentials 

suggesting that oxidation selectively occurs in the 4-APPA monomer favoring 

polymer chain growth. The degree of modification of SWCNT can be easily 

controlled by selecting the electrochemical conditions. 

Results of this chapter have been published in: 

Quintero-Jaime, Andrés Felipe; Cazorla-Amorós, Diego; Morallón, Emilia. 

Electrochemical Functionalization of Single Wall Carbon Nanotubes with 

Phosphorus and Nitrogen Species, Electrochimica Acta (2020), 340, 135935 

 Chapter 4: Effect of Surface Oxygen Groups in the Electrochemical 

Modification of Multi-Walled Carbon Nanotubes by 4-amino Phenyl 

Phosphonic Acid. 

In this chapter, the electrochemical functionalization of pristine Multi-

Walled Carbon Nanotubes (MWCNTs) and oxidized MWCNTs by nitric acid 

with 4-amino phenyl phosphonic acid (4-APPA) has been studied. 

Electrochemical modification has been carried out by cyclic voltammetry 

using different upper potential limits, what results in the incorporation of N 

and P functionalities through oligomerization and covalent attachment. The 

electrochemical characterization shows that there are important differences 

among the functionalized materials derived from the pristine MWCNTs or the 

oxidized materials. For the pristine MWCNTs, well-defined redox processes 

are observed. Characterization by X-Ray photoelectron spectroscopy, Raman 

spectroscopy and electron microscopy, show that oligomerization is easier for 

the pristine MWCNTs and the presence of oligomer chains are clearly 

distinguished for the lowest oxidation potentials. However, the presence of 

surface oxygen groups in the oxidized MWCNTs modify the interaction of the 

4-APPA with the surface promoting mainly covalent attachment. 

Results of this chapter have been published in:  

Quintero-Jaime, Andrés Felipe. Cazorla-Amorós, Diego. Morallón, Emilia. 

Effect of Surface Oxygen Groups in the Electrochemical Modification of 

Multi-Walled Carbon Nanotubes by 4-amino Phenyl Phosphonic Acid, Carbon 

(2020), 165, pp. 328-339. 
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 Chapter 5: Electron Transfer Enhancement at Electrochemically 

Modified MWCNT with Phosphorous and Nitrogen Functionalities in 

Bioelectrode Synthesis. 

In this chapter, Multi-Walled Carbon Nanotubes electrochemically 

modified with nitrogen and phosphorus species haven been employed as 

platform to immobilize glucose dehydrogenase pyrroloquinoline quinone 

dependent (PQQ-GDH) for the synthesis of biocatalysts. Depending on the 

upper potential limit applied during the electrochemical modification of 

MWCNTs, the nature and amount of the species incorporated on the carbon 

material surface can be selectively controlled. These incorporated species 

work as immobilization anchoring groups for the quinone oxidoreductase. The 

value of the upper potential limit used in the electrochemical modification 

influences the electron-transfer rate between the electrode and the enzyme. 

Then, the performance of the bioelectrodes in glucose oxidation and detection 

is improved by the electrochemical modification conditions, and the sensitivity 

towards glucose oxidation increases from 39.2 to 53.6 mA gMWCNT
-1

 mM
-1

 

in a linear range between 0.1 to 1.2 mM. This electrochemical modification 

can be considered as a remarkable alternative for the synthesis of highly 

sensitive bioelectrodes.  

This chapter contains some of the results obtained during the stay in the 

group ―Elektroanalytik und Sensorik‖ in the department of Analytical 

Chemistry in Ruhr Universität (Bochum, Germany) under the supervision of 

the Prof. D. Wolfgang Schuhmann. It has been submitted for publication. 

 Chapter 6: Single Wall Carbon Nanotubes-based Bioelectrodes 

Prepared by One-step Electrochemical Enzyme Entrapment. 

In this chapter of the PhD Thesis, electrochemical entrapment of 

pyrroloquinoline quinone glucose dehydrogenase on Single Wall Carbon 

Nanotube electrodes was carried out by one-step during electrooxidation of    

4-APPA. The adequate interaction between the functionalized SWCNTs and 

the enzyme can be achieved by making use of phosphorus groups during the 

electrochemical co-deposition films improving the electrocatalytic activity 

towards glucose oxidation. The sensitivity referred to the amount of enzyme, 

obtained for glucose oxidation (2.29 and 4.28 µA cm
2
 mol

-1
 mM

-1
) for the 

bioelectrodes synthesized at 1.15 V is improved in comparison with the drop-
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casting method (0.66 µA cm
2
 mol

-1
 mM

-1
). Then, the one-step electrochemical 

entrapment in presence of 4-APPA, provides a good method for the 

development of bioelectrodes for glucose oxidation with high sensitivity and 

reproducibility. 

This chapter shows some of the results obtained during the stay in the 

group ―Elektroanalytik und Sensorik‖ in the department of Analytical 

Chemistry in Ruhr Universität (Bochum, Germany) under the supervision of 

the Prof. D. Wolfgang Schuhmann. It has been submitted for publication. 

 Chapter 7: Metal Free Electrochemical Glucose Biosensor Based on 

N-doped Porous Carbon Material. 

In this chapter, an enzymatic metal-free electrochemical biosensor based on 

immobilized glucose oxidase on a N-doped porous carbon material has been 

studied for the detection of glucose in different real samples. The N-doped 

carbon material, which contains quaternary nitrogen groups, has been obtained 

by heat treatment of polyaniline. These functionalities promote the 

electrocatalytic activity to oxygen reduction reaction. The electrochemical 

biosensor presents a remarkable electrochemical activity towards oxygen 

reduction reaction, being able to detect changes in oxygen concentration 

generated by the enzymatic oxidation of glucose, allowing the indirect 

detection of this compound in buffer solution (0.1 M PBS, pH=7.2). The 

metal-free electrochemical biosensor shows an outstanding performance, with 

a linear detection range between 5 µM and 5 mM, a high sensitivity of 

23.57±1.77 µA mM
-1

 cm
-2

 at -0.4 V vs. Ag/AgCl (3 M KCl). At these 

conditions, the addition of ascorbic acid, dopamine, uric acid and L-gluconic 

acid do not interfere with glucose determination. The method has been 

successfully applied to human urine and commercial sugary drink samples, 

without significant matrix effects, providing an alternative for glucose 

detection.  

Results of this chapter have been submitted for publication in 

Electrochimica Acta. 

 Chapter 8: Carbon Nanotubes Modified with Au for Electrochemical 

Detection of Prostate Specific Antigen: Effect of Au Nanoparticle Size 

Distribution. 
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In this chapter, different functionalized Multi-Walled Carbon Nanotube and 

gold nanoparticles (AuNPs) were synthesized as biosensor electrodes. These 

materials have been applied to the detection of the Prostate Specific Antigen 

(PSA). The synthesis of AuNPs was carried out using polyvinylpyrrolidone 

(PVP) as protecting agent. The PVP/Au molar ratio (0.5 and 50) controls the 

nanoparticle size distribution, obtaining a wide and narrow distribution with an 

average diameter of 9.5 nm and 6.6 nm, respectively. Nanoparticle size 

distribution shows an important effect in the electrochemical performance of 

the biosensor, increasing the electrochemical active surface area (EASA) and 

promoting the electron-transfer from the redox probe (Ferrocene/Ferrocenium) 

to the electrode. Furthermore, a narrow and small nanoparticle size distribution 

enhances the amount of antibodies immobilized on the transducer material and 

the performance during the detection of the PSA. Significant results were 

obtained for the quantification of PSA, with a limit of detection of 1 ng ml
-1

 

and sensitivities of 0.085 and 0.056 µA mL ng
-1

PSA for the two transducer 

materials in only 5 minutes of detection.  

Results of this chapter have been published in:  

Quintero-Jaime, Andrés Felipe, Berenguer-Murcia, Ángel. Cazorla-

Amorós, Diego. Morallón, Emilia. Carbon Nanotubes Modified with Au for 

Electrochemical Detection of Prostate Specific Antigen: Effect of Au 

Nanoparticle Size Distribution, Frontiers in Chemistry (2019), 7, 147. 

 Chapter 9: General Conclusions 

In this chapter the main conclusions of the PhD Thesis are presented.  

 Chapter 10: Resumen y conclusiones generales. 

Este capítulo contiene un resumen del trabajo de tesis que incluye una 

introducción general, un resumen de los resultados y de la discusión 

organizada de acuerdo con los capítulos presentados, incluyendo también las 

conclusiones generales de la tesis. 
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1. Nanostructured carbon materials  

Carbon is one of the most versatile elements, in which the existence of four 

electrons facilitates the formation of covalent bonds with other C atoms, 

giving several allotropes, with specific structure and dimension, from 0D to 

3D
1–4

. The well-known allotropes of carbon include graphite, diamond and 

fullerenes, each of which can exist in a variety of materials with differing 

electrochemical properties.  

The most common are based on the graphite structure, consisting of ideally 

infinite stacked sheets of grapheme layers. The carbon atoms in graphite are all 

sp
2
 hybridized, with an intraplanar C-C bond length of 1.42 Å and interplanar 

spacing of 3.354 Å. Graphite based materials, for instance, may present 

excellent mechanical properties, high surface area and high electrical 

conductivity
4,5

. For that reason, their application has been extended in different 

fields like energy storage and energy production
6,7

, removal of pollutants
3,8

, 

sensing/biosensing
9–11

, medical-drugs releasing
12–14

, synthesis of composite 

material
15,16

, catalysis
17,18

, among others. 

Carbon atoms in diamond are sp
3
 hybridized and with a tetrahedral 

geometry, with a C-C bond length of 1.54 Å, and usually contains dopants to 

provide sufficient electrical conductivity for electrochemical applications. The 

covalent bonds in diamond extend in the 3D space and the electrons are highly 

localized, what confers high hardness and thermal conductivity, low electrical 

conductivity and remarkable optical properties
4
.  

Structural classification of carbon materials can be done considering the 

special dimension of the basic structural unit. Carbon materials with 0D 

structure, in which fullerenes can be found, are composed by a structure of 

pentagons and hexagons of carbon atoms bonded between them, generating 

single molecules with a closed tridimensional structure
19,20

. Pentagons in the 

carbon material structure are responsible of the curvature, generating the 

characteristic closed cage structure of the fullerenes. The most stable structure 

is the C60 that contains 12 pentagons and 20 hexagons of carbon atoms. 

Fullerenes with other number of carbon atoms have been reported in 

literature
21,22

. 
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Carbon nanotubes are an example of 1D carbon materials, which consist on 

rolled-up graphene layers with its edges connected, which can be constituted 

by a single sheet of graphene (Single Walled CNT) or multiple sheets of 

graphene (Multi-Walled CNT)
9,23,24

. 

Graphene is a single-atom-thick sheet of hexagonally arranged, sp
2
-bonded 

carbon atoms that is not an integral part of a carbon material, but is freely 

suspended or adhered on a foreign substrate (2D structure)
25

. Graphene has 

extraordinary mechanical, thermal and electrical properties
26

.  

Nowadays, research on carbon materials is rapidly growing, for example, in 

the development of porous and hierarchical structures, considering the strong 

influence that porosity presents in the properties of the material and, thus, in 

the applicability
27–29

. In principle, porous carbon materials are characterized by 

the presence of mainly sp
2
 C-C bonds, arranged in graphene-like layers. In a 

simplified model of porosity, interlayer separation determines the formation of 

pores and, in the case of nanostructured porous carbons, the space between 

groups of graphene-domains can contribute to more ordered structured 

porosity in the resultant carbon materials
30,31

. Methods of synthesis for these 

nanostructured porous materials use a nanostructured material of different 

composition which acts as a template. Generally, templates are based on 

polymers, mesoporous silica, zeolites, etc.
7,30–33

. 

Since in the present PhD Thesis different nanostructured carbon materials 

were employed as transducer materials to develop functional electrodes for 

applications in bioelectrochemistry, a detailed description of the specific 

carbon materials is presented in the following section. 

1.1. Carbon nanotubes 

Discovery of CNTs by Ijima in 1991 was performed by direct current                   

arc-discharge evaporation of a carbon electrode at 100 torr, reaching high 

temperatures of around 2500ºC, obtaining carbon materials with cylindrical 

structure with few nanometers of diameter
34

. Carbon nanotubes can be 

classified into Single-Walled Carbon Nanotubes, which are conformed by a 

single graphene sheet rolled-up into a tube and Multi-Walled Carbon 

Nanotubes
9,35,36

. In addition, MWCNTs can occur in various morphologies 

such as hollow tube, bamboo and herringbone, depending on their mode of 
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preparation
37

. Interestingly, CNTs properties, especially electronic 

conductivity, has a strong dependence with the diameter of the tube and the 

wrapping angle of the graphene layer (helicity), giving place to a metallic and 

semiconducting behavior
38,39

. Manufacturing synthesis processes of CNTs (i.e. 

Chemical Vapor Deposition, laser ablation) have focused in the selective 

synthesis of specific CNTs
40

.configurations of the carbon nanotubes are 

determined by the wrapping vector (n,m) (Figure 1.1). Zigzag configuration 

occurs when m = 0 and armchair appears when n = m. All other tubes are of 

the ‗chiral‘ type and have a finite wrapping angle ϕ between 0º and 30º 
41,42

. 

Armchair tubes are metallic. For all other tubes (chiral and zigzag) there exist 

two possibilities. When n-m= 3l (where l is an integer), tubes are also expected 

to be metallic. In the case n-m≠ 3l, tubes are predicted to be 

semiconducting
41,43

. 

 

Figure 1.1. Construction of a carbon nanotube from a graphene sheet by 

rolling up the sheet along wrapping vector. (Adapted from: Wilder, J. W. G., 

Venema, L. C., Rinzler, A. G., Smalley, R. E., Dekker, C. Nature 391, 59-62 

(1998)
41

). 

In general, properties of CNTs are associated to the presence of high 

density of delocalized π orbitals in the outside part of the tube structure that 

facilitates the movement of the electrons through the material, promoting even 

a catalytic behavior for some reactions
24

. Additionally, ordered structure of the 

carbon aromatic rings causes strong π-π interactions between CNTs which 

generates a stacking and agglomeration between them forming bundles
35

. Non-
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polar character of CNTs makes necessary the use of organic solvents for the 

proper management and further use of this material.  

Even though CNTs properties make this material a promising candidate for 

different applications, direct use of CNTs has been limited as consequence of 

the difficult processability and dispersibility
44,45

. Then, it is necessary the 

functionalization of CNTs without loss of properties and, for this reason, 

different methodologies of surface modification can be applied based on non-

covalent interaction
46,47

; or covalent modification
48

.  

1.2. Graphene and Graphene oxide 

Graphene is a single-atom-thick sheet of hexagonally arranged, sp
2
-bonded 

carbon atoms that is not an integral part of a carbon material, but is freely 

suspended or adhered on a foreign substrate (2D structure)
25

 One important 

aspect in the electronic-structure features of graphene is the high tendency of 

stacking of the graphene layers. Isolated graphene layer exhibits outstanding 

properties, including the highest room-temperature carrier mobility, a weak 

optical absorptivity (2.3%), high thermal conductivity (25 times that of silicon) 

and high mechanical strength (strongest nanomaterial measured, tensile 

strength of 130 GPa and a Young modulus of 1 TPa)
49

.  

Synthesis of graphene includes mechanical exfoliation of graphite, 

chemical vapor deposition (CVD), sublimation of silicon from SiC and 

reduction of graphene oxide; being the CVD the most scalable procedure to 

obtain high quality and controlled layers of graphene. However,                          

time-consumption and high production costs make this procedure still no 

convenient for large scale graphene synthesis
50

. Different approaches to 

scalable synthesis graphene from graphite have been attempted, throughout the 

formation of intercalation compounds which increase the interlayer 

distance
51,52

. Another possibility involves the oxidation of graphite to obtain 

graphite oxide in which the sheets can be easily separated yielding graphene 

oxide. Thus, the oxidation treatments result in the incorporation of oxygen 

functional groups in the basal planes (carboxylic, hydroxyl and ether groups, 

for instance) and the material can be easily dispersed in polar media forming 

graphene oxide (GO)
53,54

. However, incorporation of other kind of atoms or 

functionalities have been performed to obtain graphene layers
55–57

. 
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The first synthesis processes of graphene oxide were carried out in 1859 by 

Brodie
58

, through the incorporation of oxygen in graphite using oxidizing 

reagents like HNO3, KClO3 or mixtures between KMnO4 and H2SO4. 

Nowadays, Hummers and Offeman procedure with small modifications is the 

most accepted large-scale and cost-effective method for GO synthesis
59–61

. 

Even though, unambiguous models of the GO structure do not exist as 

consequence of the complexity of the material, some models have attempted to 

explain the possible organization of the oxygen species and carbon atoms in 

the GO, being the model proposed by Lerf-Klinowski with some variations the 

most accepted (See Figure 1.2)
62,63

. 

 

 

 

 

 

 

Figure 1.2. Graphene oxide model structure of Left-Klinowski (Adapted from: 

He, H., Klinowski, J. Foster, M., Lerf, A. Chem. Phys. Lett. 287 (1998) 53-

56)
64

. 

One attractive interest for GO production lies in the use as precursor for 

graphene synthesis by thermal annealing or by reducing agents to restore the 

graphene structure
65,66

. Unfortunately, reduction methods of GO require high 

temperatures, hazardous reagents and long-term reaction, making less                        

cost-effective for scalable production of reduced graphene oxide
66

; therefore 

current research in this field is focused in the development of GO reduction 

process which may overcome the disadvantages of the other methods; for 

instance, through electrochemical reduction in aqueous or organic media
67–70

.  

2. Surface chemistry of carbon materials 

Surface chemistry has a great influence on the physicochemical properties 

of the carbon materials. Therefore, their performance in applications such as 

the dispersion in liquids, the dispersion of metallic compounds and the 
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adsorption of vapors on carbons can be very different
71–74

. Depending on the 

nature, concentration and distribution of the surface functional groups many 

authors have recognized that carbon materials can present high selectivity and 

catalytic activity towards specific reactions, i.e. oxidative dehydrogenation, 

dehydration of alcohols, NOx/SOx removal and liquid phase processes for the 

oxidation of contaminants
75–77

. Furthermore, surface functionalities provide 

acidic and basic behavior of the carbon material surface, which can act as 

cation and anion exchange sites, promoting an improved adsorption of species 

in the media for the further catalytic reaction
18

. 

2.1. Surface functionalization 

There are two functionalization methods, covalent and non-covalent 

functionalization, for modification of surface chemistry of the carbon 

materials
74,78

. 

2.1.1. Non-covalent functionalization 

Non-covalent functionalization is a surface modification procedure in 

which, a target molecule (surfactant, polymers or aromatic compounds) is 

incorporated onto the carbon material surface through different kind of 

interactions, such as π-π stacking, adsorption forces, hydrophobic forces, 

electrostatic interactions, etc
79

. Therefore, stability of the functionalities on the 

surface depends of the strength on the surface interactions. Given that, in these 

procedures formation of covalent bonds is avoided, π-conjugated structure and 

consequently most of the properties of the pristine material are preserved
80

. 

Generally, surfactants and polymers interact strongly with the                               

π-conjugated structure, promoting an adsorption process onto the carbon 

material, which in some cases can be irreversible
81

. Additionally, 

polymerization and further attachment of organic chains or even biomolecules 

(DNA) have been performed employing the non-covalent functionalities on the 

carbon material surface
82

.  

During the process of non-covalent functionalization, the target molecule 

creates a monolayer adsorbed on the carbon material surface; which in case of 

CNTs, wraps the tubular structure
83,84

. Thus, one important feature in this kind 

of procedures is the nature of the functional molecule and its interaction with 
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the carbon surface; for example, previous studies have observed that 

depending on the difference of energy density between the functional molecule 

and the carbon material, stabilization of the system can be driven by the high 

π-π interaction or electrostatic interactions generated by the electron density
85

. 

Unfortunately, functionalization by this way results in a difficult control of the 

degree of surface modification. In addition, the weak forces between the 

functionalities and the carbon material, and the environment-dependence 

nature of the interactions molecule-carbon material, can produce leaching and 

replacement of the functional molecule
79

. 

2.1.2. Covalent functionalization 

Surface covalent functionalization procedures are based on the formation of 

covalent bonds through chemical reactions. First attempts of functionalization 

were developed under high oxidizing conditions, in which, oxygen functional 

groups (i.e. ether, carboxylic, lactones, hydroxyl, etc.) are incorporated in the 

structure of carbon materials
24,79

. Nowadays, a wide variety of literature 

related with functionalization procedures follow the incorporation of other 

kind of species, based on the application of oxidative conditions
86

, anchoring 

of molecules (grafting)
87

 or even further polymerization reactions. 

Interestingly, through different organic reactions, the generation and anchoring 

of different functionalities have been possible. One example is shown in 

Figure 1.3, where different reactions of covalent chemical functionalization on 

CNTs are presented. 

During the modification has been observed that functionalization 

conditions generate attacks on the carbon material edges and tips, on graphene 

and CNTs, respectively, but also in the graphene-layer and the sidewall on 

CNTs, breaking the sp
2
 hybridization in the carbon material structure

44,88,89
. 

Consequently, covalent functionalization leads not only to a surface 

modification but also to important structural changes in the carbon material, 

changing some of the intrinsic properties
90,91

, being electrical conductivity one 

of the most affected during this kind of procedures
81

. Unfortunately, normal 

procedures of chemical functionalization lie in the use of high aggressive 

conditions: oxidative medium, high temperature and toxic chemical reagents; 

in which non-controlled degree of functionalization and selectivity of the 

species to incorporate can be achieved
92

. 
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Figure 1.3. Schematic representation of covalent chemical 

functionalization procedures on CNTs. 

In literature, functionalization procedures of CNTs involve the formation of 

highly reactive intermediate species, which attack the carbon atoms in the 

carbon material structure
48,93

. Based on that, some mild alternatives of 

functionalization have emerged, taking advantage of the reactivity and 

catalytic effect of the π-conjugated carbon structure, which stabilizes the 

formation of radical species at lower temperatures and less aggressive 

conditions. Examples of these procedures have been employed in the 

functionalization by reduction of diazonium salts, halogenations, anchoring of 

amines or cycloadditions
94–97

. Between all the alternatives for 

functionalization, application of electrochemical methods by oxidation or 

reduction to form radical species, has grown as a promising controlled and 

selective functionalization method
98,99

.  
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2.1.2.1. Oxygen functionalities 

In general, oxygen functionalities are inherently present in the carbon 

materials, as consequence of the reactivity of the carbon material with the 

environment during the synthesis process and storage, which also define the 

acid/basic properties of the carbon material surface
100,101

. Surface oxygen 

species can be divided in mainly two groups based on the acid/basic nature
102

. 

Carboxylic acid, anhydrides and lactones tend to give an acid character to the 

carbon material surface, meanwhile, a neutral and weak basic behavior is 

observed in carbon materials with phenols, quinones, carbonyls and ethers.  

Namely, procedures for functionalization with oxygen species involves the 

use of oxidative conditions in which the carbon material reacts with the 

oxidizing medium giving rise to the formation of the functionalities. 

Depending of the method, it is possible to control the nature of the 

functionality and even the location in the carbon material structure
103

. Two 

different routes (dry and wet) highlight as traditional procedures to develop 

oxygen functionalities. In case of carbon nanotubes, the main carbon material 

employed in this PhD Thesis, first approaches of application of oxidative 

conditions can be tracked back to the initial procedures to open the end-caps of 

the carbon nanotubes using a thermal treatment at 700ºC in gas phase using 

air, NOx, O3, among others, taking into account the high reactivity of this part 

of the CNTs
74,104

. Interestingly, at the same time that tips of CNTs are opened, 

elimination of remaining amorphous carbon and functionalization of the 

surface of the CNTs can take place.  

In contrast, wet route was developed as an alternative functionalization 

procedure in which an oxidant in aqueous solution promotes the oxidation of 

the carbon material
37

. Different kind of agents have been employed (i.e. HNO3, 

H2SO4, H2SO4:H2O2, HClO4, H2SO4 and KMnO4 or H2SO4 and K2Cr2O7) in 

order to develop oxygen species
105,106

, however, in some studies it has been 

observed that possible incorporation of other species such as sulphur can be 

achieved.  

It is well-known that presence of surface oxygen groups enhances 

significantly the double-layer capacitance of the carbon materials and may 

provide faradic contribution to the stored charge
107–109

. Additionally, presence 
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of hydroxyl and carboxylic groups in the CNTs have been used to promote 

covalent linkages with small molecules
110

 and carbohydrates in enzymatic 

elements
111,112

, facilitating immobilization of the bioelement, and improving 

the catalytic activity and even orientation of the bioelement
10

, what is of 

interest for biosensing applications. Furthermore, presence of these 

functionalities has been widely employed to promote different organic 

reactions such as incorporation of acyl-chloride groups, amidation, 

fluorination, hydrogenation, esterification, alkylation, cycle-addition and 

grafting of aromatic and aliphatic chains, working as platform for 

complexation
55

, immobilization of metal cations
113

 or other biomolecules. 

2.1.2.2. Nitrogen functionalities 

Integration of carbon material in new technologies has involved the 

incorporation of different functionalities in order to modulate and adapt the 

carbon material properties, being the nitrogen species one of the most 

highlighted in many applications. Although nitrogen species can be found in 

the pristine carbon materials, nowadays different procedures of 

functionalization have been focused in generating specific nitrogen groups in 

the carbon material
74

. 

Nitrogen atoms can be directly attached to the carbon atoms network 

forming amine, pyridine, pyrrol species and quaternary nitrogen (also named 

as graphitic nitrogen), depending on the number of carbon atoms which are 

bonded with the nitrogen. Also, oxidized species of nitrogen functionalities as 

amides, pyridones or nitrogen oxides can be observed
114

. Nitrogen species may 

confer to the carbon material surface a basic character, hydrophilicity or higher 

stability, among other properties
74

. 

In literature different kind of procedures to incorporate N-functionalities in 

carbon materials have been intensively investigated. Most common procedures 

involve a treatment with a nitrogen precursor (i.e. urea, ammonia, melamine) 

in liquid or gas phase, in which a further process of thermal treatment is 

performed in order to stabilize or induce the formation of specific species
74,114

. 

In this sense, another interesting route to obtain carbon materials with nitrogen 

functionalities is based on the use of a nitrogen source like polymers (i.e. 

Polypyrrole or Polyaniline)
115,116

 or organic compounds (i.e. acetonitrile)
117
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which impregnate or coat the carbon material surface. Then, a thermal 

treatment is applied to promote polycondensation reactions generating the 

functionalities
114

. Interestingly, studies have demonstrated that temperature of 

the thermal treatment has an important effect in the nature of the 

functionalities, taking into account that during the heating process, 

transformation of the N-functionalities occurs, producing a rearrangement of 

the nitrogen species
118,119

.  

Another interesting and widely used method to incorporate                                   

N-functionalities on surface lies on the reactions of amidation through 

previous oxygen functional groups in the carbon material surface. Two routes 

have been developed in this functionalization procedure. The first one involves 

an activation of a carboxylic group by formation of the acyl chloride (SOCl2) 

and a subsequent amidation
120

. For the second alternative, the amidation 

process can be carried out through activation of the carboxylic groups by 

reaction with carbodiimides
121

. In both cases, the presence of amide species 

have been employed to promote direct covalent immobilization of 

oligonucleotides and enzymes in biosensing application
122,123

. Additionally, 

post thermal treatment favors the formation of pyridine, pyrrole, pyridine and 

quaternary nitrogen species, which have demonstrated an important 

enhancement in the electrochemical performance of the carbon material as 

electrocatalyst for oxygen reduction reaction
124

. 

2.1.2.3. Phosphorus species 

Phosphorus species are another kind of functionalities that have received 

interest in the development of functional carbon materials. P incorporation in 

carbon material enhances their stability towards oxidation
125

. It has also been 

reported that P increases efficiency of photocatalytic hydrogen evolution 

reaction, where incorporation of phosphorus in the structure of the carbon 

material produces a decrease in the band-gap and reduces the recombination of 

the electron-hole pairs
126

. Furthermore, interesting approaches for development 

of wide-potential window and high oxidation resistance of carbon materials for 

electrochemical capacitors have been developed with outstanding results
127–129

. 

Initial approaches of functionalization with phosphorus species were 

obtained during the carbonization of a carbon precursor in presence of a 
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phosphorus source, such as phosphoric acid, POCl3 or phosphate solutions, 
125,129

. However, in the last years use of hydrothermal procedures in the 

synthesis of P functionalities have shown interesting results
130

. In this process, 

phosphate, polyphosphate and phosphonate species can be incorporated in the 

carbon material structure. Another interesting route of P functionalization of 

carbon material has been carried out employing solvent-free reactions with 

organophosphorus compounds (triphenylphosphine) in a molten blend of 

carbon material, in this case SWNCTs, at mild conditions of temperature
131

.  

Muleja et. al. have shown an interesting route of functionalization through 

the grafting of different phosphines onto the surface of MWCNTs using 

reactions of substitution of bromine species induced by arylation on the carbon 

material, obtaining structures which resembles the triphenylphosphine 

structure, for application as adsorbent of metals
132,133

. In contrast to the 

oxidative treatment with phosphorus-based acids, during the chemical 

attachment of phosphine, radical species generated cause a nucleophilic attack 

to the carbon atoms network. In those cases P-C and P-O-C species are 

normally present in the carbon material surfaces
134,135

. In this sense, 

incorporation of carbon materials containing organophosphorus compounds as 

phosphines, facilitates the complexation with metal cations such as Pd or Ni 

for catalysis, electrocatalysis applications, metal adsorption and sensing 

application field
136–138

.  

3. Electrochemical methods for functionalization 

The use of electrochemical methods in carbon materials has been extended 

to the application fields of energy production, energy-storage and biosensing 

devices
23,139

. Besides, electrochemical procedures have raised as an alternative 

for scalable method of purification of carbon materials like CNTs and in the 

functionalization of carbon materials
78,140,141

. This latter application has been 

intensively investigated, given that electrochemical methods can facilitate the 

formation of radical species by oxidative or reductive conditions to produce a 

covalent functionalization
142

. But also the polarization of the electrode can 

produce specific electrochemical reactions with species in the electrolyte, 

which are translated in non-covalent or covalent functionalization
74

. Taking 

into account that chemical functionalization procedures require harsh 

operational conditions to promote the generation of active species and 
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consequently the surface incorporation
143

, electrochemical procedures of 

functionalization provides milder conditions, at the same time, that offers a 

wide variety of parameters to obtain selective and controlled degree of 

modification
78

. 

3.1. Electrochemical non-covalent functionalization 

Principle of polarization during the application of an electrochemical 

method (potentiostatic, galvanostatic or potenciodynamic) has been widely 

employed in the synthesis of composite materials in which mainly polymer 

layers are generated and deposited on the polarized electrode surface
74

. Porous 

carbon materials and carbon nanotubes modified with polyaniline (PANI) have 

been widely explored
144,145

, but other polymers have also been used
146

, as 

promising electrodes for supercapacitors
145,147

. Other approaches of non-

covalent functionalization rely on the charge modulation of the electrode 

surface to attract a charged specie in solution, such as chitosan, poly(vinyl 

amine), among others, generating electrostatic interaction and then                     

co-precipitation of the polymer film by a change from a charged state to a 

neutral stage
148,149

. Those polymer chains can interact directly with the surface 

of the carbon material through π-π stacking between the aromatic compounds, 

CH-π interactions or electrostatic interactions
150,151

. Eventually, during 

polarization process, anodic or cathodic, undesirable reactions such as 

electrolyte decomposition or oxidation of the electrode can also take place. 

3.2.  Electrochemical covalent functionalization 

Initial approaches of electrochemical modification of carbon materials were 

based on the attachment of aromatic compounds, using diazonium salts and 

aromatic/aliphatic amines under reductive or oxidative polarizations, 

respectively
152,153

. In those processes, radical formation is promoted by the 

polarization of the electrode, which presents a high selectivity to attack carbon 

structure producing the covalent bond
154,155

. Attachment of the molecule, 

generally, promotes the formation of a non-electroactive layer, which growth 

(thickness) can be controlled varying different parameters like potential, time, 

current density, among others during the modification
78,156

. Also, surface 

functionalities may act as initiator point for further polymerization and 
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growing (See Figure 1.4.)
157

. Nevertheless, a continuous region with functional 

species is generated on the carbon surface. 

Eventually, nature of the incorporated functionalities depends on the 

functional species employed in the electrolyte; for instance, diazonium salts 

generate functionalities with a high electrical insulating behavior, but with a 

remarkable tendency to produce covalent bonds with amino acid residues for 

immobilization of biocomponents
97,158

. In contrast, other kind of 

electrochemical functionalization of CNTs, employing conjugated polymers as 

polyaniline, polypyrrole or other polymers, has been extensively 

investigated
159

. In this case, high conductivity and good electron-transfer 

kinetics promote the formation of a composite material with good 

electrochemical activity
160

. 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Examples of electrochemical functionalization of CNTs by: A) 

reductive conditions and B) oxidative conditions, employing diazonium salts 

and aromatic amines. 

Unfortunately, high positive polarization of the carbon electrode can 

normally generate oxidation and corrosion of the carbon material, competition 

A) 

B) 
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with other oxidation reactions and loss in the stability of the electrolyte. In a 

previous research, high oxidative conditions promoted the increase in the 

surface oxygen species in a wide variety of carbon materials, including carbon 

nanotubes and activated carbons
78,140,141

. Meanwhile, electrolysis procedures 

have been also developed on MWCNTs, promoting the halogenation with 

chlorine and bromine species; however, important structural changes such as 

broken-walls in the carbon nanotubes during the functionalization with those 

species are produced
161

. 

Initial works under oxidative conditions, demonstrated that high anodic 

potentials are required for a proper radical formation, as has been observed in 

electrochemical modification of glassy carbon electrodes
162,163

. Interestingly, 

curvature of the nanotubes, π-conjugated structure and high charge density 

provide catalytic activity towards oxidation of N-heterocyclic compounds in 

aqueous solution, offering the formation of different species on the surface as 

quinone groups
164

. Examples of these works using substituted p-amino benzoic 

acids, combining a mechanism of covalent attachment of the molecule and 

non-covalently modification with homopolymers on CNTs, can be found in the 

literature
99

.  

4. Bioelectrochemical applications 

In many aspects, biological processes have inspired the basis and 

fundamental principles of new technologies for different applications
165,166

. In 

this sense, electrochemistry has gained a great interest as result of the 

considerable amount of biological process, which involves different chemical 

reactions, where electron transfer processes take place. Furthermore, the 

development of high performance bioelectrodes with high selectivity and 

efficiency, under considerable mild conditions generate a great interest
167168

, 

for those new technologies (i.e. fuel cells
169

, biosensing
170

 and photo-

electrochemical energy harvesting assisted by photosystems
171

). 

4.1. Electrochemical biofuel cells (EBFC) 

EBFCs are a subcategory of the fuel cells, in which electrical energy is 

produced by the chemical conversion assisted by biomolecules, usually an 

enzymatic element, normally an oxidoreductase enzyme (redox enzyme), 

which catalyzes the oxidation or reduction of the specific reagent
172,173

. 

https://www.sciencedirect.com/topics/chemistry/single-monomer-polymer
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Most common configurations employ as cathode, electrodes modified with 

a laccase (Lc) or bilirubin oxidase (BOx), which present a high selectivity 

towards the oxygen reduction reaction (ORR)
174

. However, other enzymatic 

elements (i.e. horse radish peroxidase-HRP) with high preference to reduction 

of hydrogen peroxide (H2O2) can be used in the biocathode
172

 (see Figure 1.5). 

In contrast, anodic reaction is carried out by the oxidation of reagents which 

act as fuel, commonly sugars, lactate, urea or alcohols. In this case, enzymatic 

reaction involves the oxidation of the component, producing electron transfer 

in the redox active center of the enzyme
175

. Schematic EBFC is presented in 

Figure 1.5. 

 

 

 

 

 

 

 

Figure 1.5. Scheme of a typical EBFC configuration. 

Considering that performance of a device based on bioelectrochemistry has 

an important electrode-bioelement interaction dependence, high interest has 

been paid in the development of a wide variety of strategies for immobilizing 

the bioelement on the electrode
156,176,177

. Between all of them, definitely, the 

use of electroactive compounds, such as conjugated-polymers, osmium 

hydrogels and carbon materials have demonstrated good immobilization 

properties
178–180

. Also, multi enzymatic platforms in bioelectrodes have 

provided a good route to generate cascade reactions with the different products 

generated by the enzymatic reactions, harvesting higher amount of electrons
181

. 

4.2. Sensors and Biosensors 

Chemical sensors are analytical devices, which transform a physical or 

chemical interaction, generated between a specific chemical species (analyte) 
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with a receptor element in the sensor surface, in a measurable and digitized 

signal which is correlated with the amount of the chemical species in the 

sample (Figure 1.6 includes a scheme for an electrochemical sensor). 

Depending on the transducer-principle, classification of the sensors has been 

established in optical, magnetic, thermometric, mass and electrochemical 

sensors
182–185

. 

 

 

 

 

 

 

 

Figure 1.6.  Scheme of an electrochemical sensor.  

Nevertheless, within the different types of sensors, electrochemical sensors 

(potentiometric, impedimetric and amperometric) are highlighted as one the 

most applied, taking into account the easy miniaturization, portability, 

outstanding sensitivity and selectivity towards the species of interest
184

. 

The use of a biological process with a selective mechanism of recognition 

combined with the high performance of the electrochemical sensor, constitutes 

the so-called electrochemical biosensors. These devices guarantee an accurate 

detection and quantification of chemical substances in biological fluids, 

considered an important aspect for a reliable clinical diagnostic of different 

diseases or medical disorders. 

International Union of Pure an Applied Chemistry (IUPAC) defined an 

electrochemical biosensors as: ―a self-contained integrated device, which is 

capable of providing specific quantitative or semi-quantitative analytical 

information using a biological recognition element (biochemical receptor) 

which is retained in direct spatial contact with an electrochemical 

transduction element. Because of their ability to be repeatedly calibrated, we 

Signal  
(current or potential) 

Receptor or 
transducer 

element 

Analyte 

Interfering 

http://dx.doi.org/10.1351/goldbook.RT06841
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recommend that a biosensor should be clearly distinguished from a 

bioanalytical system, which requires additional processing steps, such 

as reagent addition”
186

. Given that, biosensors use as receptor elements, 

biomolecules (enzymes, proteins, antibodies, nucleic acids, membranes, cells, 

and so on), the recognition processes are highly selective, allowing lower 

detection limits and higher selectivity and sensibility; in comparison with 

conventional sensors
187,188

. Nowadays, classification of the biosensor has been 

widely debated; despite that 4 main groups have been proposed (affinity, 

catalytic, trans-membranes and cellular), many authors suggest that this 

classification can be simplified as biosensors of affinity and catalytic, 

considering that recognition element of the other 2 types of biosensors is based 

on the same principle as those mentioned before
189

. 

4.2.1. Electrochemical catalytic biosensors 

Principle of catalytic biosensors is based on the use of a receptor-enzyme 

which generates a catalytic reaction with the species of interest (analyte), 

generating a consumption of species, at the same time that production of active 

species in the media takes place
187,190

. Therefore, detection and quantification 

of the species of interest can be carried out in a direct or an indirect mode, 

through the electrochemical reactions with the enzyme or with the 

participating species (products or reagents) in the reaction, respectively. 

Oxidoreductase enzymes have served as recognition element for oxidation or 

dehydrogenation of the molecule of interest in a wide variety of 

electrochemical biosensors
191,192

. The global reaction of a catalytic biosensor 

can be expressed as in Eq. 1.1. 

                                                               Eq. 1.1 

In the equation, S represents the substrate, and the enzyme is selective to 

oxidize or reduce it. R is another species required for the reaction to take place 

(electron acceptor), P and B, are products generated. Nevertheless, during the 

enzymatic reaction, the substrate and the enzyme generate an enzymatic 

complex which promotes the oxidation/dehydrogenation reaction
193,194

. 

Afterwards, the reduced enzyme transfers the electrons to the electron 

acceptor, which can be molecular oxygen, a redox mediator or even direct 

transfer from the enzyme to the electrode
195

. Depending on how the transfer of 

Enzyme 

http://dx.doi.org/10.1351/goldbook.B00663
http://dx.doi.org/10.1351/goldbook.R05190
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electrons occur, the catalytic biosensor is classified as 1
st
, 2

nd
 and 3

rd
 

generation, as can be observed in Figure 1.7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7. Classification of the catalytic biosensors. 

Although, oxidoreductase enzymes have been extensively used in the 

detection of different analytes for biosensor applications, recent researches 

have employed bi- or multi-enzymatic systems for multiple detection of a 

variety of analytes in the same sample, and also for amplifying the sensing 

signal and enhancing the sensitivity towards the analyte of interest
196,197

.  
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4.2.2. Electrochemical affinity biosensors 

One important aspect in the sensing process of molecules in a complex 

matrix lies in the specificity that the biosensor presents towards the analyte. In 

this sense, multiple studies have focused in the use of bio-complexing agents, 

such as nucleic acids (DNA or aptamers) or antibodies, as bioreceptor 

elements for the detection and accurate quantification of specific analytes, 

giving rise to the affinity biosensors
198

. In contrast with catalytic biosensors, 

where an oxidation or reduction reaction occurs by the interaction with the 

bioreceptor in the electrode, the bioreceptor element employed in the affinity 

biosensor has the capacity to adopt different three-dimensional conformations 

which permit the interaction with the analyte. In presence of the analyte, most 

of the bioreceptors suffer a conformational change forming a bonding in a 

specific site with the analyte. This active region is highly selective and 

specific, giving place to the formation of a stable complex-system, as can be 

observed in Figure 1.8
199

  

 

 

 

 

 

 

Figure 1.8. Electrochemical affinity biosensor. 

Immunosensors, in which analytical detection is carried out by the use of 

different types of antibodies (IgG types-G immunoglobulin- immobilized onto 

the electrode surface), have demonstrated a promising alternative in the 

detection of biomarkers, virus, bacteria and pathogens
200

, as well as, chemical 

species which do not present electrochemical activity. Use of antibodies as 

elements for biorecognition has been extensively used, due to the high affinity 

constants between the antibody (Ab)/Antigen (Ag) of around 1x10
5
–1x10

12
 

mol
-1

; thus, high selectivity and stability of the immunoreaction provide a 

proper detection of the analyte
201

. Also, the lower limit of detection at around 

Counter electrode (CE) 

Affinity biosensor 

Energy 

source 

Analyte 

Interfering Antibody 

(bioreceptor) 
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nano- to fentomolar concentrations, makes this type of biosensors an 

alternative for detection of analytes at low-concentration
202,203

. 

Principle of immunosensor detection is essentially based on the recognition 

of molecular species through the affinity interaction between the antigen and 

the antibody. Essentially, the detection process of the target-molecule is 

performed by the changes in resistance, current, RI, capacitance, etc. due to the 

formation of immunocomplex antibody-antigen
190,204

. In the conventional 

immunosensing process the Y-shaped antibody immobilized onto the electrode 

surface capture the antigen (target molecule) by binding with the specific 

region in the antibody, obtaining a direct measure of the analyte as 

consequence of the complex Ab-Ag formed. However, this method can 

involve low sensitivity, avoiding the accurate quantification
190,205

. 

Typical label-free assays for immunodetection have shown a remarkable 

performance, obtaining low detection limits and good lineal range. In                    

label-free method, the immunocomplex (Ab-Ag) formed by the interaction of 

the antibody on the electrode surface with the antigen (target molecule), blocks 

the electrode surface of the immunosensor (see Figure 1.9-A). Considering the 

high molecular weight and the presence of long amino acid chains in the 

structure of the antigen molecules, steric effects are generated after the 

formation of the immunocomplex which create a hindrance for the emission of 

light, fluorescence or electron transfer of an electrochemical redox probe. At 

the same time, formation of the immunocomplex can be also related with 

variations on mass of the electrode that can be detected employing Quartz 

crystal microbalance (QCM)
206,207

. In this way, concentration of the analyte 

can be correlated with the decrease of the signal-measured in the electrode. 
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Figure 1.9. Label-free immunosensor platforms: A) label-free system with one 

antibody and B) label-free system with two antibodies (sandwich type). 

Usually, species of interest in physiological fluids present low 

concentration, thus, the amount of immunocomplex Ag-Ab generated is very 

low, and then most of the immunosensors with the conventional label-free 

system show low sensitivity
206,207

. For that reason, the coupling with a second 

antibody which increases the hindrance effect and then, the sensitivity is used 

(see Figure 1.9-B)
208,209

.  

Typical detectable signal of the target molecule in label-free method 

decreases with the increase of analyte concentration, thus a high background 

signal, implies the need of amplification of the signal to guarantee an accurate 

and reliable detection.  

Recent works rapidly emerged employing the platform of a sandwich-type 

immunosensor, but in those cases the second antibody is modified with an 

indicator, such as an oxidoreductase enzyme, quantum dots, etc. which 

generates an increase in the variation of the signal by the addition of the 

analyte and the substrate of the enzyme, providing an improvement in the 

sensitivity and specificity
210,211

. The most popular platforms include the use of 

a polyclonal antibody labeled with a peroxidase, the most commonly Horse 

Radish Peroxidase (HRP), to catalyze the hydrogen peroxide reduction in 

solution (see Figure 1.10), creating an amplification in the electrochemical 

signal
212,213

. 

 

A) B) 

https://www.sciencedirect.com/science/article/pii/S0003267012016078#bib0040
https://www.sciencedirect.com/science/article/pii/S0003267012016078#bib0040
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Figure 1.10. Sandwich-type inmunosensor employing an antibody-labeled 

with an electroactive enzyme (HRP) 

Continue efforts in research for the development of new immunosensor 

with sandwich-type configurations employing labeled antibodies have been 

developed in the last years, combining different bioactive enzymes (i.e. 

alkaline phosphatase), redox species (i.e. quinone, ferrocene-derivates or 

dyes), quantum dots (QDs), dendrimer systems and nanoparticles (i.e. Pd, 

Au)
214–217

. Use of nanoparticles guarantees the accurate immobilization of the 

antibodies on the electrode surface by covalent immobilization. Moreover, 

when the reaction Ab1-Ag-Ab2 takes place, some platforms employed 

nanoparticles which are immobilized with the rest of antibodies, which are not 

participating in the immunoreaction, avoiding non-specific adsorption and 

intensification of the signal. 

4.3. Biorecognition molecules in bioelectrochemical application 

The performance of the bioelectrochemical device depends on the 

selectivity and specificity between the bioelement and its substrate. Then, the 

proper selection of the biorecognition elements is crucial for sensing 

applications
218

. Biorecognition elements are obtained isolating living systems 

to collect and purify the biomolecule from bacteria, plants or animals
219

, 

including commercial and well-known enzymes as Glucose Oxidase (GOx), 

Horse Radish Peroxidase (HRP), Bilirubin Oxidase (Box), among others. 

Unfortunately, important features related with selectivity, stability of the 
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enzyme, deactivation and processability cannot be modified on them
191,220

. 

Table 1.1 shows a classification of the biorecognition elements. 

Table 1.1. Classification of current biorecognition elements employed in 

biosensing. Advantages and limitations
221

. 

Recognition 

element 

Sensor 

designation 
Advantages Limitations 

Classical 

enzyme 

Enzymatic-

Catalytic 

biosensor 

 High specificity 

 Simple procedure 

of immobilization 

 Time-

consumption 

during the 

purification 

 Costly 

 Low stability 

 Narrow 

temperature and 

pH conditions. 

Antibodies Immunosensor 
 High specificity 

 High affinity 

 Limited target 

molecules 

 Lack of stability 

 Use of animals 

for production 

 Laborious 

production 

Nucleic acids Genosensor  Stability 
 Limited target 

molecule 

Cells Cellular sensors 

 Low-cost 

 Reduced 

purification 

requirements 

-- 

Aptamers 

Aptasensor 

(DNA-RNA) and 

peptide sensor 

 Easy to modify 

and design new 

structures 

 Control in the 

activity 

 Tunable 

selectivity by 

modification 

 Thermal stability 

 Synthesis in-vitro 

-- 
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4.3.1. Soluble Glucose Dehydrogenase Pyrroloquinoline quinone                

(PQQ-GDH) 

Bacterial soluble glucose dehydrogenase from Acinetobacter Calcoceticus 

is a homodimer quinoprotein, in which a cofactor of 2,7,9-tricarboxy-1H-

pyrrolo [2,3-f]-quinoline-4,5-dione, known as PQQ, catalyzes the oxidation of 

glucose into its corresponding lactone. The enzyme presents 3 cations of 

calcium in the structure, 2 for complex enzyme-cofactor stabilization and the 

third one required for the activation of the cofactor
222

. Holo-enzyme is 

obtained by reconstruction of the apo-enzyme (s-GDH) in presence of PQQ 

and a Ca
2+

 precursor in neutral conditions
223,224

. Isoelectric point of the enzyme 

is at around 9.5, being an alkaline enzyme, for that reason, at physiological 

conditions (pH=6-7.5) the enzyme is positively charged. Structure of the 

enzyme is shown in Figure 1.11. 

 

 

 

 

 

 

 

 

 

Figure 1.11. Structure of the Acinetobacter Calcoceticus PQQ-GDH showing 

a dimeric enzyme molecule (PDB ID: 1C9U). 

The most important differences of PQQ-GDH, compared with other 

enzymes such as glucose oxidase (GOx), are its dependence toward oxygen 

concentration and its high catalytic efficiency, making this enzyme a 

promising candidate to be employed in the development of biocatalysts in 

bioanodes in BFCs and biosensors. Nevertheless, catalytic activity towards 

mono-and disaccharides to their corresponding lactones can produce 

PQQ  

Ca2+  
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interference in the quantification of complex samples, where various 

saccharides can be present. This could lead to an overestimation of the target 

saccharide
225

. 

4.3.2. Glucose oxidase (GOx) 

The flavoprotein, glucose oxidase (β-D-glucose: oxygen 1-oxidoreductase, 

EC 1.1.3.4) is a homodimeric enzyme of 160 kDa of molecular weight (see 

Figure 1.12), which catalyzes the oxidation of the hydroxyl group of                      

β-D-glucose employing molecular oxygen as electron acceptor species, 

producing β-D-glucono lactone and hydrogen peroxide, as is described below 

in the following equations
226–229

. 

                                             
 Eq. 1.2. 

           
                                  Eq. 1.3. 

                                         Eq. 1.4. 

The oxidation process is carried out first by interactions of the domains in 

the enzyme and the substrate, then the non-bonded cofactor Flavin adenine 

dinucleotide (FAD) acts as active center and the oxidation reaction takes 

place
230,231

. During this process, amine groups in the cofactor extract hydrogen 

from the glucose and incorporate them into the quinone structure of the FAD, 

giving place to a reduced form of the cofactor. Once, reduction of the cofactor 

(FADH2) takes place (Eq. 1.2), oxygen oxidizes the cofactor, restoring the 

oxidation state of the cofactor in the glucose oxidase (Eq. 1.3)
228,232

. In this 

process hydrogen peroxide is generated from the hydrogen extracted in Eq. 1.2 

and the molecular oxygen in Eq. 1.3. Final reaction equation corresponds with 

Eq. 1.4. 

First electrochemical biosensors for glucose detection in blood, employed 

either the detection of the increment in the H2O2 concentration or the 

consumption of molecular oxygen, giving place to the first generation glucose 

biosensor. Unfortunately, one important aspect in the correct performance of 

the GOx enzyme is the low stability by the increase in the H2O2 concentration 

and breakdown of the produced lactone to generate gluconic acid. This cause 

high oxidizing conditions and an increase in the local values of pH, 
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respectively. Both phenomena deactivate the enzyme, reducing the catalytic 

activity towards glucose oxidation. The use of redox mediators (i.e. ferrocene, 

ferrocyanide) as electron acceptor, allows the decrease in the working potential 

for glucose detection, avoiding the formation of H2O2 and interference effects 

of other components in the matrix, giving rise to the second generation 

electrochemical sensors. 

 

 

 

 

 

 

 

 

 

Figure 1.12. Structure of the Aspergilus Niger glucose oxidase (GOx) 

showing the component and redox active center (FAD) (PDB ID: 1GAL). 

4.3.3. Antibodies (Ab) 

Antibodies are glycoproteins generated in an organism as a response of the 

immune system for a foreign substance (antigen). Generally, antibodies can be 

divided in 5 different immunoglobulins (IgG, IgA, IgM, IgD y IgE); with a 

molecular weight between 25 and 150 kDa
233

. High interest in antibodies for 

biosensing raised as consequence of the high specificity and stability that this 

type of molecule presents to react with the antigen. Specifically, IgG are 

commonly used for different immunoassays and research in the development 

of immunosensors, due to the high concentration generated in the organism 

and remarkable specificity
234

. Morphological structure of the IgG is 

characterized by a Y-shape of the biomolecule, as can be observed in Figure 

1.13
235,236

. 

FAD  
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Figure 1.13. Schematic representation of an antibody for immunoassays 

(immunoglobulin G-IgG)
237

. 

Y-shape structure is separated, basically, into two regions. The first region, 

related with the double-ended chains at the top of the antibody, well-known as 

Fab fragments (epitope), in which the existence of a variable and 

hypervariable regions with R-NH2 groups, create an active site that recognizes 

a specific area of the antigen, promoting the recognition process and the 

formation of the immunocomplex Ab-Ag
238

. On the other hand, light chains in 

the Fab region of the IgG are bonded with a high molecular weight chain, 

corresponding with the Fc region, composed by high density carbohydrates 

and amino acids, which is bonded through disulfide linkages with the Fab 

region, generating a flexible region (hinge region). Fc fragment cannot interact 

with the antigen, thus, immunoreaction does not take place on this region. 

However, terminal groups of Fc region such as amine, carboxylic and thiol, 

mainly, have been widely employed to fix the antibody by covalent 

functionalization to amine-modified surface or gold surfaces, in many types of 

immunosensor platforms. 

4.4. Immobilization procedures of biorecognition elements 

Immobilization can be defined as a procedure in which a compound of 

interest (chemical molecule, enzyme, cells) is confined and localized in a 

defined and specific region, without modifying considerably its structure and 

properties
239

. In this sense, many approaches have been developed employing 
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physical and/or chemical methods to incorporate the bioelement in the 

electrode, maintaining its activity and enhancing the long-term stability
240

. 

Then, the immobilization process can be considered the triggering factor in the 

development of a good bioelectrochemical device
241

. 

In the next sections, a summary of the most important bioelements 

immobilization procedures are explained.  

4.4.1. Physical procedures of immobilization 

 

4.4.1.1. Adsorption 

Adsorption process of immobilization can be considered the simplest 

procedure, based on the different non-covalent surface interaction as result of 

putting in contact the bioelement with the electrode surface. Those interactions 

can be generated by electrostatic interactions, π-π interactions, hydrophobic 

forces, hydrogen bonds and Van der Waals interactions, among others, 

between some specific points in the material and the bioelement
242,243

. In this 

sense, isoelectric point of the bioelement is an important parameter to be 

considered in the application of this kind of immobilization procedure. 

Materials employed for adsorption process do not only involve flat surface 

electrodes, but also, some porous materials such as clays, α-Al2O3, 

mesoporous SiO2, carbon materials and other ceramics, have been employed to 

promote the immobilization by adsorption process
244–246

. Simplicity of this 

procedure, makes it an easy scalable method in the fabrication of 

bioelectrodes, without important changes in the native bioelement, preventing 

denaturalization or variations in the catalytic activity
247

. Nevertheless, the 

nature of the different interactions between the immobilized molecule and the 

surface, generates weak binding and high reversibility of the 

adsorption/desorption process of the bioelement, since it is extremely 

susceptible to the pH variation, changes of solubility and temperature; 

resulting in a lower stability of the immobilization process. 

4.4.1.2.  Entrapment 

The entrapment of molecules can be considered another physical 

immobilization procedure in which the molecule is confined by a physical 

barrier, generating a structured matrix of different nature, where the molecule 
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is enclosed
248

. The entrapment matrix can be colloidal phases, emulsion, fibers 

or polymers, which normally does not generate covalent bonds
244

. 

Classification of entrapment procedures can be appreciated in Table 1.2. 

Table 1.2. Different entrapment procedures of molecules immobilization
249

 

Method of 

entrapment 
Description 

Cross-linking 

In this procedure, the molecule is incorporated in an 

inorganic (sol-gel), organic (monomer or polymers) or 

enzymatic solution (Bovine serum albumin-BSA) 

creating a solution which is casted onto the surface of 

the electrode, letting it dry. Once, the solvent is removed 

the matrix precipitates around the enzyme, entrapping it. 

Synthesis of 

composites 

Entrapment takes place by the blending of the molecule 

to be immobilized and the material which works as 

electrode, obtaining a paste. Afterwards, electrode is 

manufactured and deposited, at the same time that the 

biomolecule is incorporated in the structure and 

interconnected in the own porosity of the materials. 

Entrapment in         

perm-selective 

membranes 

Immobilization in this case is carried out by the use of a 

membrane or a polymeric layer, deposited onto the 

surface of the electrode previously modified (by 

adsorption) with the molecule. In this case, the 

membrane generates a cage-like structure in which 

molecule cannot go away from the surface. In this case, 

the presence of a perm-selective layer provides a 

diffusional barrier and the diffusion of specific species 

may occur throughout the electrode, which in some 

cases improve the selectivity and avoid interference; 

sacrificing time-response of the electrode. 

4.4.2. Chemical procedures of immobilization 

Chemical immobilization provides an effective route of immobilization 

based on the coupling and attachment of the biomolecule with the electrode 

material, through chemical reactions, and the formation of covalent chemical 

bonds
239

. 
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Covalent immobilization involves binding of some functional groups 

(amino, hydroxyl, thiol, carboxyl, imidazole, threonine, sulfhydryl, phenolic or 

indole) present in the amino acids-chain residues in the bioelement and other 

functional groups on the surface of the electrode or in the matrix employed for 

immobilization (polymeric or sol-gel matrix)
250,251

. Recent efforts have been 

focused in the development of functionalization procedures with different 

molecules on the electrode surface, to incorporate useful functionalities to 

promote the immobilization of the bioelements
252,253

.  

The binding between the bioelement and the electrode might produce 

specific structural and conformational changes, which can produce either loss 

of the catalytic activity or denaturalization
253–255

. Nevertheless, some authors 

have claimed that at the same time that attachment of the element occurs, 

covalent immobilization can promote a better orientation of the bioelement, 

facilitating the charge-transfer with the electrode and the active center
256,257

. 

Examples of those procedures use Self-Assembled-Monolayer (SAM) method 

or cross-linking agents
202,258,259

, in which direct-electron transfer and retention 

of the catalytic activity can be achieved in some enzymes such as hemoglobin 

or glucose oxidase
10

. Additionally, combination of immobilization procedures 

between entrapment and covalent immobilization, have demonstrated good 

platforms in the development of electrochemical devices in sensing and 

BEFCs. Chitosan, conductive polymers and electroactive polymer based on 

Osmium complex, have demonstrated being proper matrix with considerable 

amount of functional groups, which can enhance the long-term stability of the 

enzyme and the electron transfer, working as nanowire
260–263

. 

5. Analytes of study 

Use of accurate methods for quantification of the concentration levels of 

different substances has embraced the attention of the research community in 

different application fields involving quality control, environmental control 

and health-care
183,264

. For instance, following target species in a specific 

process in industry (i.e. fermentation, food processing) provides an 

outstanding alternative for control of the raw material (detection of 

contaminants as toxic pesticides, in case of vegetables and fruits) or during the 

fabrication process
264–266

. Additionally, detection and quantification processes 



42 

have been a powerful tool in the monitoring of biological components for 

treatment control, diseases detection and control of pathogen or virus
267–269

.  

5.1. Detection of analytes in medical care 

For many reasons, development of portable detection devices has been 

pervasively studied in medical field, focusing in the diagnostic of infectious 

diseases and bacteria. Due to their importance, blood glucose biosensors 

dominate around 85% of the current commercial market
185,192

. Efforts for 

determination of glucose in other physiological fluids, development of 

continue monitoring procedures, non-invasive methods and determination of 

other important analytes in biological fluids in human being are still crucial for 

health-care. Examples of this research can be observed in the development of 

other biosensor platforms for detection of cholesterol
270,271

, lactate
272

, 

biomarkers (HER2, PSA)
273,274

, DNA mutations
275

 and so on.  

5.1.1. Kallikrein-related peptidase 3 (KLK3) 

Kallikrein-related peptidase 3, is well-known also as the prostate-specific 

antigen (PSA); it is a single-polypeptide chain, from the group of glandular 

proteins present in human being, with a sequence of 240 amino acid residues 

(See Figure 1.14)
276

. KLK3 is an active serine protease of 34 kDa, which 

promotes the hydrolysis of the gel proteins in the seminal fluid, giving an 

important role in the liquefying of the seminal fluid
277

. PSA is released in the 

seminal fluid in a concentration range between 0.3-3 mg·mL
-1

.  
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Figure 1.14. Single-polypeptide chain of PSA (PDB ID: 3HM8). 

Clinical studies have demonstrated that epithelial cells in the prostate gland 

generate an over-expression in the production of PSA when prostate cancer is 

developed in men. Therefore, clinical use of PSA as a cancer biomarker has 

been widely studied for detection and control of prostate cancer by testing 

blood
278

. Unfortunately, lack of reliability in using PSA for prostate cancer 

diagnostic has been overshadowed by important key factors to be considered 

in the PSA measurement
279,280

. On one hand, applicability of PSA as cancer 

biomarker lies in the fact that other prostate diseases can influence in the levels 

of PSA, specialty in first-stages of the prostate cancer, where PSA levels are 

slightly higher than 4 ngmL
-1 281

. On the other hand, important considerations 

such as previous preparation for blood harvesting and genetic facts have to be 

considered to avoid positive-false. For that reason, nowadays, detection of 

PSA in blood has been employed as a reliable tool for both, detection and 

control of advanced-stages of the prostate cancer and complementary test 

combined with other studies such as biopsy
282

. 

5.1.2. Glucose 

Glucose is a water-soluble monosaccharide, synthesized mainly by plants 

and algae in the photosynthesis process from CO2 and water in presence of 

sunlight. Additionally, glucose is present in the cellular structure of plants, 
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thus, glucose is the most abundant carbohydrate in nature, which is employed 

for a wide variety of organisms in the energy metabolism as energy source for 

all the biological processes. Normally, glucose presents 3 types of isomers α-

glucose, β-glucose and δ-glucose; being the cycling forms (α- and δ-) the most 

stable ones in nature (see Figure 1.15). 

 

 

 

 

Figure 1.15. Different glucose isomers present in neutral conditions. 

In general, glucose levels in animals play an important role in the 

metabolism, which triggers many important processes such as respiration or 

tissue/cellular growing
283

. As medical analyte, glucose has received an 

important attention in the control, mainly, of diabetes mellitus, which is a 

medical disorder caused by the deficiency of insulin in blood. Development of 

diabetes mellitus generates different medical disorders related with progressive 

deterioration of kidney function, death of blood tissue, heart attack and death 

in humans
229

. For that reason, methods for monitoring glucose levels in blood 

has increased importantly in the last decades, since the application of the first 

glucose biosensor proposed by Clark and Lyons in 1962, through the 

development of remarkable innovative strategies in the glycemic detection not 

only in blood, but also in urine, sweat or even tears, meanwhile miniaturization 

and implantation of sensing devices have been conceived as alternative for 

glucose monitoring
12,284,285

. 

Simultaneously, electrocatalytic oxidation of biomass and small molecules, 

employing oxidoreductase enzymes, has experienced a rapid development, 

specially, as an alternative to generate energy from their chemical conversion 

in neutral media or even physiological fluids, such as blood, serum, urine, 

tears and saliva; providing energy by use of a fuel cell  configuration
286–288

. 

Important advantages in the application of these technologies lie in the use of 

neutral conditions, generation of clean by products and the use of abundant 

energy source (fuel)
289

. Considering that glucose is one of the most abundant 
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substances in nature, the use of this molecule to produce energy arises as a 

good alternative to green energy production in small electrical devices (i.e. 

biosensors). 
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1. Introduction 

In this chapter the fundamental concepts of the different techniques 

employed for characterization and further evaluation of the performance of 

each material and electrode are presented. Furthermore, reagents and materials 

used during this PhD thesis are also presented. Nevertheless, specific 

experimental conditions will be explained in detail in each chapter. 

2. Material and reagents 

 

2.1. Carbon materials  

During this PhD Thesis different nanostructured carbon materials, such as 

carbon nanotubes (CNTs) and graphene-based materials, were employed for 

the synthesis of the functional carbon materials. Commercial carbon 

nanotubes: Multi-Walled Carbon Nanotubes with 95% purity and Single-

Walled Carbon Nanotubes with 99% purity were purchased from Cheap Tubes 

Inc.  

2.1.1. Oxidized MWCNT and graphene-based materials. 

In the case of MWCNTs, the oxidized MWCNTs (fMWCNTs) were 

obtained by functionalization in oxidative conditions in 3 M HNO3 at 120ºC 

for 24 hours under reflux conditions.  

Graphene oxide was obtained by modified Hummer method employing 

graphite powder as precursor
1
. Graphene suspensions were obtained following 

the procedure previously reported
2
.  

2.2. Enzymes and antibodies 

Native human prostate specific antigen purified (PSA) and purified mouse 

monoclonal PSA antibody (Ab) (Purified IgG-Ab) were purchased from Bio-

Rad Laboratories (Munich, Germany). Glucose oxidase (GOx) from 

Aspergillus Niger Type VII, lyophilized (≥100,000 units g
-1

) was obtained 

from Sigma-Aldrich.  
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Soluble apo-enzyme glucose dehydrogenase (s-GDH) was provided by 

Roche Diagnostics (Germany), which was reconstructed afterwards with 

pyrroloquinoline quinone (PQQ), following the next procedure: 36 mg of                                 

apo-enzyme s-GDH was dissolved in 10 mM (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) (HEPES) Buffer solution (pH=7.0), 150 mM 

CaCl2·2H2O and 520 µM pyrroloquinoline quinone (PQQ) freshly prepared, 

attaining a concentration of 36 mg mL
-1

. In this procedure, PQQ cofactor is 

introduced in the apo-enzyme structure as active center, and the complex is 

stabilized by the presence of three cations of calcium. At the same time, one of 

the calcium cations is required for the activation of the cofactor and oxidation 

of the substrate
3
. 

2.3. Reagents 

Depending on the type of modification made on the carbon materials 

different reagents were employed, thus, specific reagent for each modification 

procedure is described in detail in each chapter. Briefly, all reagents used for 

modification and characterizations are presented: sodium tetrachloroaurate 

(III) dihydrate (NaAuCl4∙2H2O, 99%), poly-n-vinylpyrrolidone (PVP, 40K), 

sodium hydroxide (NaOH, 99,99% purity), anhydrous ethylene glycol, 

methanol (+98%), HEPES (≥99.5%-titration), distilled aniline ACS reagent 

((≥99.5%), ammonium persulphate (≥98%-BioXtra), D-(+)-Gluconic acid δ-

lactone (≥99%), D-(+)-Glucose ACS reagent, glutaraldehyde solution (50 wt. 

% in H2O), L-Ascorbic acid reagent grade-Crystalline, Uric acid (≥99%-

Crystalline) and pyrroloquinoline quinone (≥95%-HPLC), were purchased 

from Sigma-Aldrich.  

Sulphuric acid (98%) analytical reagent and hydrochloric acid (37%) were 

obtained from VWR Chemicals. 4-Aminophenyl phosphonic acid (4-APPA, 

+98%) used as modifier agent was purchased from Tokyo Chemical Industry 

co (TCI). Potassium dihydrogen phosphate (KH2PO4) and ammonia solution 

(25%) were obtained from Merck. Dipotassium hydrogen phosphate (K2HPO4) 

and calcium chloride dehydrate were purchased from VWR Chemicals, 

respectively, and were used to prepare phosphate buffer solutions (0.01M PBS, 

pH=7.2 and 0.1M PBS, pH=7.2) to dissolve the immunoreagents and as 

electrolyte, unless otherwise noted. Ferrocenium hexafluorophosphate (Fc-

97%), employed as redox probe, was purchased from Sigma Aldrich. All the 

https://www.sciencedirect.com/topics/chemistry/glucose
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dehydrogenase
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solutions were prepared using ultrapure water (18 MOhms∙cm, Millipore® 

Milli-Q® water). The gases N2 (99.999%) and H2 (99.999%) were provided by 

Air Liquide. 

3. Electrochemical techniques 

Electrochemical techniques have been widely used to characterize and 

evaluate the performance of a material in a specific application. In the present 

work, cyclic voltammetry (CV) and chronoamperometry (CA) were employed 

in the functionalization, characterization and further evaluation of the different 

materials synthesized under different experimental conditions. 

In order to perform the electrochemical measurements, a standard three 

electrode cell was used with a reference electrode (RE); a working electrode 

(WE), corresponding with the material to be measured; and a counter electrode 

(CE) which is an electrode with high surface area with respect to the working 

electrode. The cell was filled with the electrolyte with enough conductivity to 

avoid electrical resistance. A scheme of the standard electrochemical cell 

system employed is presented in Figure 2.1.  

 

 

 

 

 

 

 

 

 

Figure 2.1. Scheme of the electrochemical standard cell set-up. 

Electrochemical characterization methods, focus in the analysis of the 

different processes and interactions in the interphase between a solid electrode 

Reference 

electrode  

(RE) 

Working electrode  

(WE) 

Counter electrode  

(CE) 
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and an electrolyte, when a stimulus (potential or current), is generated in the 

system. The nature of the induced current presents two different origins: a 

capacitive and a faradic contribution, which depend on the electrochemical 

processes, which occur at the interphase electrode-electrolyte
4
.  

3.1. Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) is one of the most employed electrochemical 

techniques for the characterization of electrode materials. CV is based on the 

application of a controlled potential, versus the reference electrode, to the 

working electrode, in which current goes through the working electrode and 

the counter electrode. In a cyclic voltammetry experiment, the current through 

the WE is measured, meanwhile the potential changes according with Eq. 2.1, 

using a constant potential scan rate
4
. Initially, the electrode is introduced at an 

initial potential, where non-faradic process takes place. Subsequently, the 

system is polarized between two potential limits (Eupper and Elower) following a 

triangular wave (See Figure 2.2-A) according to the following equation: 

E = E0 ± vt                                        Eq. 2.1. 

Where E: potential, E0: Initial potential, v: scan rate and t: time. The 

potential scan is performed also in a reverse order, employing the same 

conditions, until a cycle is completed.  

 

 

 

 

Figure 2.2. A) Triangular cyclic potential wave applied in time and B) cyclic 

voltammogram considering a electrochemical faradic redox process:                        

         . 

Once the potential is varied, the current generated for either faradic or 
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voltammogram. Figure 2.2-B shows a typical cyclic voltammogram for a 

redox process in solution. During the polarization of an electrode where a 

faradic process takes place, the electroactive species generates an increase in 

the current with the raising of the potential applied, due to the oxidation 

process. However, the current reaches a maximum value when all the species 

in the proximity of the interphase are oxidized, producing the peak of the 

process. Then, a decrease in current is observed, corresponding to a diffusion-

controlled process, as consequence of the absence of species in the interphase 

electrode-electrolyte. The same behavior is observed for the reduction process 

in the reverse cycle. Depending on the conditions applied such as temperature, 

electrolyte, concentration, potential, species in solution, among others, the 

electrochemical behavior of the electrode differs and consequently the CV. 

Electrochemical behavior for a carbon material presents the current 

associated with the capacitive contribution, delivered during the formation of 

the electrical double layer in the electrode-electrolyte interphase, where non-

chemical reactions take place, which presents a quasi-rectangular shape as is 

described in Figure 2.3-A. Nevertheless, in the case of possible redox surface 

reactions, an additional contribution in current takes place, which appear as 

current peaks in the cyclic voltammogram, as can be observed in Figure 2.3-B.  

 

 

 

 

 

 

Figure 2.3. Cyclic voltammograms: A) Capacitive behavior and B) Faradic 

behavior. 
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3.2. Chronoamperometry (CA) 

The chronoamperometry is an electrochemical technique, which is based on 

a potential step from an initial potential (E0) to a final potential of interest (E1). 

Then, the response of current with time corresponds to the chronoamperogram. 

Figure 2.4 shows schematically, the profiles obtained in a chronoamperometric 

test. 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. A) Potential profile versus time and B) Current profile versus 

time, in a chronoamperometric experiment during the application of a 

single potential-step. 

Normally, at E0, no electrochemical reaction is produced and at E1, a 

faradic process takes place. In this sense, when the reaction is diffusion-

controlled, the Cottrell equation is obeyed (Eq. 2.2.)
4,5

.  

 ( )  
        

        
                                   Eq. 2.2. 

 

Nowadays, chronoamperometry has been widely employed for the 

determination of diffusion coefficients, stability and degradability of a catalyst, 

and as technique for the development of methods for quantification for sensors 

and biosensors
6
. In this last application, the electrode which acts as sensor, is 

polarized at a potential (E1), where the analyte of interest is oxidized or 

reduced. Presence of the analyte generates a current which can be correlated 

with the concentration of the species. In this work, evaluation of the stability 

and applicability of the different materials as biosensors, has been made using 

the chronoamperometry technique
7
. 
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4. Physicochemical characterization techniques 

Textural properties and surface chemistry of carbon materials have been 

considered crucial in electrocatalysis, energy storage, pollutant removal and 

biosensing applications, specially, taking into account that the tunability of 

those properties provides the carbon material the possibility to generate new 

and different properties in comparison with the pristine carbon material. 

Therefore, determination of the textural properties and surface chemistry has 

been necessary to understand the stability, chemical nature and distribution 

(homogeneity) of those surface functionalities. Physical adsorption of gases 

and Temperature Programmed Desorption (TPD) are two of the most powerful 

techniques for the characterization of those properties
8
. 

4.1. Temperature Programmed Desorption (TPD) 

TPD measurements have become a standard and useful technique for the 

analysis of the state of adsorbed surface species and been extensively used for 

characterizing the surface functionalities of carbon materials
9–11

. Figure 2.5 

shows the oxygen functional groups that can be found in carbon material 

surfaces.  

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Scheme of the different oxygen surface groups present in 

carbon materials. 
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Applying a heating program to the sample in an inert atmosphere, 

decomposition of the different oxygen complexes of the carbon material 

occurs forming CO, CO2 and H2O. Decomposition of acidic groups as 

carboxylic, anhydrides, and lactones proceeds with CO2 evolution at 

temperatures between 200°C and 700°C (anhydride groups also produce CO 

during their decomposition, that is, one CO and one CO2 molecule per group), 

while neutral and basic groups as phenols, esters, carbonyls, and quinones 

decompose as CO at temperatures from 500°C to more than 1000°C
9,12

.   

In the present PhD Thesis, a TGA-DSC from TA Instruments, SDT Q600 

coupled with a mass spectrometer Thermostar, Balzers, BSC 200 were 

employed for the detection and quantification of the gases generated during the 

temperature program. The procedure employed for TPD analysis was made 

employing 5-10 mg of carbon material sample and applying a helium flow of 

100 ml min
-1

, as carrier gas. The temperature program was performed from 

room temperature to 120ºC at 20ºC min
-1

, maintaining this temperature for 2 

hours, for sample drying; afterwards, the sample is summited to a heating rate 

of 10ºC min
-1

 from 120ºC to 950ºC, keeping this temperature for 15 min.  

4.2. Physical Adsorption of Gases 

Adsorption isotherms have been widely employed in the characterization of 

textural properties of solid materials. Adsorption process is defined as the 

enrichment of fluid (liquid or gas) in a solid (or liquid) surface, at a determined 

temperature (See Figure 2.6), as consequence of the physical/chemical 

interaction between the fluid (adsorbate) and the solid-surface (adsorbent)
13

. 

During the physical adsorption process of gases, a controlled dose of a 

specific gas is applied at constant temperature, until reaching the equilibrium. 

Considering that the concentration of the adsorbate in the monolayer is 

correlated with the specific surface area of the solid, this last parameter can be 

obtained.  
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Figure 2.6. Scheme of the adsorption process in porous solid materials. 

Isotherm adsorption with N2 at 77K is the most used procedure for 

characterization and determination of porous texture parameters by adsorption 

process analysis. Unfortunately, N2 as adsorbate at 77 K presents some 

diffusional problems that avoids the proper characterization of the narrow 

microporosity of materials (that is, pores of size below 0.7 nm). For that 

reason, CO2 isotherms at 273K have been employed as complementary 

characterization. 

Depending on the adsorption profiles (Vgas adsorbed vs. P/P0), IUPAC defines 

different types of isotherms which are correlated with some features of porous 

structure in solid materials (See Table 2.1).  

Table 2.1. IUPAC Classification of Adsorption Isotherms for Gas-Solid 

Equilibria
14

. 

Isotherm Features Example 

Type I 

Microporous solids-

Monolayer adsorption 

model (Langmuir). 
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Type II 
Non porous or 

macroporous solids 

 

Type 

III 

Weak physical adsorption 

by multilayers 

 

Type IV 

Hysteresis cycle 

associated with capillary 

condensation in 

mesoporous.  
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Type VI 

Layer-by-layer adsorption 

on a highly uniform non-

porous surface. 

 

4.2.1. BET theory 

Determination of specific surface area from the gas adsorption isotherm has 

been done by the use of the model of Brunauer, Emmett and Teller (BET). The 

theory is based on a kinetic semi-empirical approximation of the adsorption 

process, assuming multilayers of gas adsorbed on the material. In this model, 

the assumption of a Langmuir model is considered where no lateral 

interactions between the adsorbed molecules occur. Moreover, assumptions of 

condensation process, except in the first layer, and the formation of infinite 

number of layers at the saturation pressure are considered
15

. BET adsorption 

isotherm is expressed as: 

 
  ⁄

 (     ⁄
)
 

 

   
 
(   )

   
(
 

  
)                    Eq. 2.3. 

Where P and P0 are the equilibrium and the saturation pressures of the 

adsorbate, respectively, n is the adsorbed amount at a relative pressure (P/P0), 

nm is the adsorbed amount at the monolayer and C is a parameter related with 

the heat of adsorption. 

Lineal representation of the experimental data obtained during a N2-77 K 

adsorption test according to Eq. 2.3 can be correlated to obtain the different 

parameters. In this case, the slope in the BET plot and the intercept are 

employed to determine the monolayer adsorbed quantity (nm) and the BET 

constant (C). Specific surface area is obtained, taking into account the values 

of nm using the following equation: 
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                              Eq. 2.4. 

Where, S is the specific surface area (m
2
 g

-1
), nm is the amount of moles of 

N2 adsorbed per gram of adsorbent in the monolayer determined by BET, am is 

the cross-sectional area of one adsorbate molecule (nm
2
 molecule

-1
, for N2 at 

77K it is 0.162 nm
2
) and NA is the Avogadro´s number. 

4.3. X-ray Photoelectron Spectroscopy (XPS)  

X-ray Photoelectron Spectroscopy (XPS) is a technique widely employed 

in the study and characterization of solid surfaces in a depth range between              

1-10 nm, through which it is possible to identify and quantify the chemical 

nature of the material
16

. The technique is based on the detection and 

quantification of the kinetic energy of the emitted electrons by the material, 

once is irradiated with a monochromatic beam which wavelength is in the                

X-ray range. Figure 2.7. shows the phenomenon of photoemission of electrons 

from an atom of a material during the irradiation with an X-ray beam. 

 

 

 

 

 

 

Figure 2.7. Photoemission of electrons during an XPS test. 

During the process of photoemission of electrons, the X-ray impacts onto 

the material surface producing the emission of electrons with different kinetic 

energy. Based on that, Eq. 2.5 describes the energy of the photo-emitted 

electrons during the XPS phenomenon. 

                                          Eq. 2.5. 
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EK is the kinetic energy of the emitted electron, Eh  is the energy of the             

X-ray source employed for the equipment, Eb is the binding energy of the 

emitted electrons with respect to the Fermi level and   is the work function, 

associated with the spectrometer and the sample. A specific atom can present 

different types of emissions, arising from the internal orbitals of the atom or 

from the valence orbitals, therefore, different values of binding energy for a 

same species can be presented, which depends of the atom nature and 

oxidation state
17

. 

Surface composition, degree of modification and nature of the different 

species in the materials employed in this work were studied using a VG-

Microtech Mutilab 3000 spectrometer and an X-ray radiation source with a Mg 

anode (Kα 1253.6 eV). This set-up employs a semi-spherical electron analyzer 

with 9 channeltrons (with a path energy between 2-200eV). The C1s peak 

position was set at 284.6 eV and used as reference. Deconvolution of the XPS 

peaks were done by least squares fitting using Gaussian-Lorentzian curves, 

while a Shirley line was used for the background determination
18,19

. 

4.4. Raman Spectroscopy 

Raman spectroscopy is a powerful and complementary technique that 

provides important information in the characterization of carbon materials. 

The technique is based on the inelastic scattering phenomenon that radiation 

presents when interacts with the matter. Initially, radiation with a specific 

frequency, interacts with the sample; during this process most of the energy is 

scattered with the same frequency of the incident radiation, generating the 

Rayleigh scattering; however, small part of the light is absorbed and 

experiences inelastic scattering giving rise to the Stokes Raman or Anti-Stokes 

Raman scattering (See Figure 2.8)
20

.  

 

 

 

 

 



92 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Scheme of light-radiation interaction with the matter: A) 

Scattering processes and B) Excitation-Emission process in a Raman 

experiment. 

Depending on the final energy state of the molecule, two possible 

molecular energy levels can be presented, generating radiation with two 

different wavelengths. One of the emissions, characterized by the photon-

emission from an excited level to a ground level with higher wavelength than 

the incident (the Radiation-Stokes lines). On the other hand, the second 

emission occurs from the excited state to a transition level with shorter 

wavelength than the incident (the Radiation-Anti-Stokes lines). Stokes process 

is more favored than Anti-Stokes process. 

One important aspect of Raman scattering is that it is orders of magnitude 

less intense compared with other scattering phenomenon, what results in quite 

low sensitivity in some cases. Additionally, existence of emission processes 

like fluorescence can mask the signal of the Raman scattering. In this sense, 
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many approaches, to improve the Raman signal have been widely developed, 

as the use a monochromatic source of radiation, increasing sensibility of the 

detector, coupling with other radiation-emission phenomenon such as 

Plasmon, among others.  

Absorption and excitation modes in Raman are determined by the change 

in the polarizability of the molecule during the interaction with the radiation, 

for instance, the molecular vibrations and displacement of the atoms from their 

equilibrium positions. Then, the intensity of Raman signal is also proportional 

to the magnitude of polarizability of the molecules. Since each molecule 

produces different characteristic vibrational energies, Raman spectrum 

provides a ―fingerprint‖ for the identification and characterization of a 

material. 

Raman spectra were obtained employing a Raman spectrometer model 

JASCO NRS-5100 with 300 mm of focal distance, coupled with a confocal 

microscope with an objective MPLFLN 20x and a solid-state laser (532 nm) 

with 4 mW in power. As detector, a charge-coupled device was employed, 

which was cooled by Peltier effect. Base line was corrected calibrating the line 

at 520 cm
-1

 in a pure silicon sample. 

5. Analytical techniques 

5.1. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 

ICP-OES is an important technique for quantification of a variety of a large 

number of elements which are present at very low concentrations in aqueous 

solution. With this technique, liquid samples are injected into a 

radiofrequency-induced argon plasma using one of a variety of nebulizers or 

sample introduction techniques. The sample mist reaching the plasma is 

quickly dried, vaporized, and energized through collisional excitation at high 

temperature
21

. 

The torch or plasma source in the ICP-OES, consists of 4 concentric 

crystal-quartz tubes, which are surrounded by a cooled induction-coil where 

argon flows through it. In this system, the plasma is generated reaching a 

temperature of 10000ºC. The plasma produces the ionization of the sample, 

which subsequently achieves the fundamental state, emitting radiation in the 
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UV-Visible spectrum, being the wave-length characteristic for each element. 

Emitted radiation is separated using a prism towards the detectors, which 

registers the intensity of the signal. A scheme of the performance of a ICP-

OES can be observed in Figure 2.9. The intensity of the radiation generated 

can be correlated with the concentration of the species, establishing a 

procedure of quantification of the species in solution, through a calibration 

curve previously determined
22,23

. 

 

 

 

 

 

 

Figure 2.9. Scheme of parts and performance for a conventional ICP-OES 

system for the analysis of element of samples. 

In this work, content of gold in the carbon material after the impregnation 

was determined by ICP-OES, which was performed in a Perkin Elmer 4300 

spectrometer. To do this, 10 mg of the gold containing carbon nanotubes were 

submitted to an extraction of the metal employing a solution of aqua regia 

(HCl:HNO3, 3:1) at 80ºC for 6 hours. Afterwards the sample was filtered with 

nylon membrane (pore size of 450 nm) and diluted with ultrapure water, until 

achieving a concentration of 2% (w/w) HNO3. Quantification of the amount of 

gold was determined employing the intensity of the emissions by a calibration 

curve of the metal. 

6. Microscopy techniques 

It is well recognized that nano and micrometric features in any material, 

specifically on surface, have an important effect in the bulk properties of a 

material. Morphology, porous structure, homogeneity, chemical distribution, 
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topology, among others, have been subject of study and an important tool to 

understand the applicability in specific fields. In the following sections, a short 

description of the microscopy techniques used in this PhD Thesis is presented. 

6.1. Field Emission Scanning Electron Microscopy (FESEM) 

Field Emission Scanning Electron Microscopy is a technique for 

morphological and chemical characterization of the material surface with 

higher resolution than the conventional SEM. In this case, a field emission 

canyon produces a highly focused beam of high and low energy electrons 

using low voltages (0.02-5 kV), in comparison with the thermionic system in 

the conventional SEM, avoiding over heating of the samples and possible 

sample damages.  

The electron beam is composed by primary electrons which are irradiated 

over the surface of the sample. The interaction between the sample and the 

primary electrons generates the emission of electrons from the sample, named 

as secondary electrons, and X-ray fluorescence from which morphological and 

chemical information can be obtained
24

. 

Carbon materials morphology, structural changes after the functionalization 

and gold nanoparticle size distribution were analyzed in this PhD Thesis using 

a ZEISS Field Emission Scanning Electronic Microscopy model Merlin VP 

Compact, which is equipped with a BRUKER microanalysis system for EDX, 

model Quantax 400. In some cases, application of carbon coating was 

necessary to avoid charging of the sample and further degradation. 

6.2. Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy provides morphological and structural 

information of the sample. The technique uses an accelerated and thin electron 

beam, with energy between 100-200 keV that interacts with a very thin 

sample. Part of the electrons is transmitted through the sample that provides 

direct morphological and structural information. Other part of the electron 

beam is dispersed or absorbed by the sample producing different types of 

emission phenomena, such as secondary electrons, X-ray generation and 

Auger electrons. All the mentioned processes (i.e. transmission, dispersion and 

absorption) are employed to obtain information of the crystalline structure and 
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elemental chemical composition of the sample. Since the electrons have to 

pass through the sample, thin samples are required to guarantee the 

transmission of the electrons
25,26

. 

Convectional transmission electron microscopes consist of a combination 

of different lens which resolve and amplify an image of the sample, in the 

same way that optical microscopes work. Radiation is generated by an electron 

canyon, which is emitted by a Wolfram filament or a LaB6 crystal. Electrons 

are generated applying a potential difference to the filament, accelerating them 

by the application of a negative potential of 100 kV and are focused through 

different condenser lens towards the sample. Afterwards, electrons are 

collected and spotlight to the objective lens, generating a magnified image. 

This image is further magnified, due to the use of projector lens, which at the 

same time control the amplification of the image in the fluorescence screen. 

Scheme of the structure, conformation and generation of the image using TEM 

can be observed in Figure 2.10
27

. 

Samples of the electrode materials studied in this PhD Thesis, were 

prepared by dispersion of the samples in isopropanol or DMF. Some drops of 

the Dispersed material are deposited on a copper mesh and dried under room 

temperature and vacuum.  
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Figure 2.10. Scheme of the structure, organization and working of a 

conventional TEM. 

TEM images were obtained from a transmission electron microscopy JEOL 

model JEM-2010 of 200 kV. The camera for acquisition of images is from 

GATAN model ORIUS SC600 and armed in the axis of the microscope in the 

bottom part and integrated with an acquisition system of images GATAN 

Digital Micrograph 1.80.70 for GMS 1.8.0. 

6.3. Atomic Force Microscopy (AFM) 

Atomic Force Microscopy is a technique of the family of scanning probes 

microscopy, for atomic and nanometer-scale characterization of the 

morphology and topology of solid surfaces. The operation principle and 

working set-up of AFM is closely related with the Scanning Tunneling 

Microscopy (STM), in which a xyz three dimensional positioning system 

localizes the detector in the specific position of evaluation. AFM detector 

corresponds to a cantilever with a sharp tip, microfabricated with silicon, 

silicon oxide or silicon nitride by photolithographic techniques
28

.  
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Operation modes for AFM can be divided in two main groups, static and 

dynamic modes, based on the scanning of the tip or the sample. In contact 

mode, the sharp-tip drags the sample surface, producing deflections in the 

cantilever, thus, those deflections produce a mechanical signal in the 

piezoelectric which is translated in an electrical signal. However, signal in the 

test can be strongly influenced by the strong attractive forces between the tip 

and the sample which can pull the tip against the surface, therefore, contact 

mode is applied specially in surfaces where the overall force is repulsive
29

. 

In contrast, in non-contact mode (or semi-contact mode), especially the 

tapping-mode (oscillating mode), which was employed in this PhD Thesis, the 

cantilever is approached and positioned onto the solid surface at a frequency 

close to the frequency of resonance. During the operation, the system registers 

the deflection in the cantilever by the forces between the tip and the surface 

sample, such as Van de Waals forces and dipole-dipole interactions, 

electrostatic forces, among others. Deflection in the cantilever can be 

determined employing an interferometer or following the change in a light 

beam which impacts in the cantilever, as can be observed in Figure 2.11. 

 

 

 

 

 

 

 

 

 

Figure 2.11. Standard set-up of AFM-Tapping mode. 

AFM images were obtained from an atomic force microscope NT-MDT 

model Ntegra, coupled with high resolution Silicon AFM cantilever (NSG01 
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type), with a resonant frequency close to 150 kHz, was employed in semi-

contact mode for the measurements of 10 x 10 µm. Scan rate of the cantilever 

was 0.5 Hz with a resolution of 256 points in the images.   

7. Statistical analysis of data  

Considering that part of the materials synthesized in this PhD Thesis are 

proposed as platforms for further development of bioelectrodes for sensing 

applications, some important analytical parameters have been determined to 

guarantee the proper evaluation of the developed materials. In this section, 

some analytical concepts, based on statistical analysis, are presented.  

7.1. Statistical parameters for analysis of data: arithmetic average and 

standard deviation 

The arithmetic average ( ̅) is defined as the average of a finite group of 

data, which is determined by the addition of all the measurements divided by 

the number of measurements (n) according to Eq. 2.6. 

 ̅  
∑   
 
   

 
                                          Eq. 2.6. 

In case of determination of the reproducibility and precision between 

measurements, standard deviation provides in a quantitative way, the 

concordance between two or more measurements in the same conditions. This 

parameter can be determined following the Eq. 2.7. 

  √
∑ (    ̅)

  
   

   
                                    Eq. 2.7. 

7.1.1. Measurements methods 

Instrumental methods for analytical quantification of species of interest are 

based on the development of a linear correlation between the signal and the 

concentration of the species. In this PhD Thesis the following calibration 

methods have been used. 

 



100 

7.1.1.1.  Calibration methods 

 

7.1.1.1.1. External calibration 

External calibration is based on the use of standard solutions prepared for a 

known analyte concentration to obtain the calibration curve. In this technique, 

the lack of effect of matrix, which might produce a reduction or enhancement 

of signal by other component present together with the analyte of interest in 

the sample, allows the preparation of the samples with the analyte completely 

isolated of other external unknown compounds. 

7.1.1.1.2.  Unweighted calibration 

Calibration curve is the result of the plot of concentration of the interest 

species in the analyte (x-axis values) and the signal produced (y-axis values). 

For analytical application, linear calibration curves with the equation:                      

y = m·x +b, where m is the slope and b the y-intercept, are required to validate 

the quantification method, guaranteeing an accurate measurement with low 

errors. Minimum of Least Squares is employed to determine the slope and 

intercept (m, b) parameters, applying low variance in the calibration curve 

points. Eq. 2.8 and 2.9 are employed to calculate the values of slope and 

intercept, respectively
30

. 
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                                Eq. 2.8. 

   ̅     ̅                                        Eq. 2.9. 

For estimation of the reliability of the linear fitting, the correlation 

coefficient (r) is determined following the Eq. 2.10: 
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                             Eq. 2.10. 

7.1.1.2. Standard addition method 

During the use of external calibration curve, the presence of different 

species with the analyte of interest in real samples can generate an interference 
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in the measured signal and, consequently, an under or over estimation of the 

concentration of the analyte in the sample. Therefore, to overcome the effect 

of the matrix present in some cases in real samples, other methods have to be 

used for an accurate determination
31

. Attempts of this kind of analysis includes 

modification in the detection system, dilution
32

, separation/extraction of 

components
31

 and development of protocols and procedures of calibration, as 

standard addition method in which different standards with a similar matrix of 

the real sample or even with the real sample itself, are employed in the 

determination of the target analyte.  

In the standard addition method, linear calibration curve is determined 

employing same volumes of standards, which are prepared with the real 

sample (at around 6 different standards), in which a known amount of the 

analyte is added into the matrix. Signal produced by the standard solutions is 

measured and correlated with the concentration of analyte in the different 

samples. Concentration of the real sample is determined by extrapolation of 

the calibration curve to the intercept with the X axis (when y = 0) as can be 

observed in Figure 2.12. The absolute value of this concentration corresponds 

with the concentration of the analyte in the real sample evaluated. 

 

 

 

 

 

 

Figure 2.12. Determination of the concentration of a real sample by the 

standard addition method. 

Unfortunately, application of this procedure for quantification of the 

analyte requires the construction of the calibration curve employing the 

problem sample, implying in the use of high amount of sample and the 

construction of a calibration curve for each problem sample. In this PhD 
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Thesis, standard addition method was employed as a quantification method 

applied on real samples in urine to take into account the effect of the matrix. 

7.1.2. Analytical parameters 

 

7.1.2.1. Sensitivity 

Sensitivity can be defined as the ability that a method, equipment or test 

presents to distinguish minimum significance variation or difference of a 

specific parameter (current, potential, resistivity, etc.) of the system, with the 

concentration of the analyte. In this sense, sensitivity can be determined 

experimentally as the slope of the calibration curve. 

7.1.2.2. Limit of detection and quantification 

Limit of detection (LOD) has been defined, based on the International 

Union of Pure and Applied Chemistry (IUPAC), which has adopted the 

definition given by the International Standardization Organization (document 

ISO 11843) as ―the lowest quantity of a substance that can be distinguished 

from the absence of that substance (a blank value) within a stated confidence 

limit‖
33,34

, following: 

                                              Eq. 2.11. 

Where xbi is the mean of the blank measurements, sbi is the standard 

deviation of the blank measurements, and k is a numerical factor chosen 

according to the confidence level desired
35

. Even though, several approaches 

have been used to determine correctly the detection limit of an analytical 

method, nowadays, definition of an entirely clear criterion for LOD 

determination has not been accepted. For example, a normal criterion is 

defined as the concentration of analyte which produces a signal equal to the 

blank plus 3 times the standard deviation of the blank, in accordance, with the 

IUPAC definition. However, the variation can be 2, 4 or 10 times the standard 

deviation for more conservative LOD. Another alternative for estimation of the 

LOD commonly accepted is from an experimental method, in which LOD is 

obtained afterwards successive additions of the diluted analyte to obtain a 

notable variation in the signal. In the case of limit of quantification (LOQ), it 

is considered as the lowest concentration in a sample that can be quantified 
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with an acceptable level of accuracy and precision
36

. In this sense, LOQ was 

determined experimentally as described in Eq. 2.12. 

                                              Eq. 2.12. 

7.1.2.3. Dynamic range, Linear range and working range 

Dynamic range is defined as the interval of concentration in which the 

signal varies (increasing or decreasing) with the concentration of the analyte, 

associated with the calibration curve of the method of quantification. 

Nevertheless, dynamic range may present a non-constant signal variation with 

the concentration, making difficult to fix an accurate range; therefore, an 

instrumental range in which change in the signal presents a steady behavior is 

required for analytical purposes. In this sense, determination of a steady region 

in the dynamic range, where the change of signal and concentration presents a 

linear correlation, called linear dynamic range (linear range), is the most 

employed for quantification of species in an analytical method.  

 

 

 

 

 

 

 

 

Figure 2.13. A) Typical example of response curve obtained in a detection 

method and B) Comparison curve obtained with a measurement procedure 

where the test sample was determined and plotted against the real 

concentration of the sample. 

On the other hand, working range is defined as the concentration interval 

over which the method provides results with an acceptable uncertainty. The 

lower end of the working range is bounded by the limit of quantification LOQ. 
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The upper end of the working range is defined by concentrations at which 

significant anomalies in the analytical sensitivity are observed. Limits of the 

linear range, conventionally, are fixed between the LOQ, as lower limit, and 

the upper value of the linear dynamic range where anomalies of the sensitivity 

are observed
37,38

. 
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1. Introduction  

Since their discovery, nanocarbon materials, such as carbon nanotubes 

(CNTs), have attracted the attention of researchers due to their outstanding 

mechanical, optical, chemical and electronic properties. However, these 

intrinsic properties are not usually obtained due to the difficulty in preparing 

high purity CNT with the desired structure, and their tendency to bundling
1
. 

This last aspect results in an important limitation from an application point of 

view since it impedes their effective dispersion in a solvent and their 

processability. Thus, one important aspect to facilitate further potential 

applications of CNTs lies in the proper surface modification to overcome the 

high van der Waals interactions between tubes, allowing their effective 

dispersion and proper processability
2,3

. There are different methodologies for 

CNT functionalization, which can be classified as covalent and non-covalent 

functionalization techniques
3–8

. An interesting approach for surface 

modification of CNTs involves the integration of the CNTs with other 

functional components, which synergistically offers novel materials with 

potential applicability
4,8–10

. 

In terms of functionalization, SWCNT present high sensitivity to the 

experimental conditions of functionalization, which may generate important 

changes in the pristine material, producing the modification of their intrinsic 

properties, for instance electrical conductivity and mechanical properties
11–13

. 

Therefore, mild surface-modification procedures that do not produce 

significant alterations in the SWCNT structure, are necessary for the design of 

new functional materials based on carbon nanotubes
14

. 

Some examples of non-covalent functionalization of SWCNT are based on 

the adsorption and wrapping of the SWCNT surface, through electrostatic 

interactions, π-π stacking, hydrophobic forces or hydrogen bonds, with 

different types of conjugated polymers
13,15

, metal nanoparticles
16

, porphyrins, 

etc.
17–19

.  

Although, non-covalent functionalization of SWCNT does not produce 

significant damage in the carbon nanotube structure, the weak interaction 

between the functional molecule and the CNTs may not offer high stability, 

producing leaching and loss of the properties achieved after the 

functionalization
9
. In this context, incorporation of functional groups through 
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covalent bonds in the CNTs side-wall or tips, results in functionalities on 

CNTs with higher stability
20,21

. Covalent functionalization can be carried out 

employing oxidative conditions, generating different surface oxygen groups, 

what is very useful for CNTs processing
12,22,23

. Furthermore, other kind of 

functionalization based on different reactions such as fluorination, 

hydrogenation, esterification, alkylation, etc., has been employed in CNT 

covalent functionalization
12,24,25

. Unfortunately, most of the covalent 

functionalization procedures induce defects, which severely deteriorate the 

SWCNT structure and properties
8,26

. Therefore, development of non-damaging 

functionalization procedures of SWCNT, which may preserve as much as 

possible the properties of the pristine material, is an important challenge. 

In the last decades, generation of highly reactive radicals under oxidative or 

reductive conditions by electrochemical methods (i.e., so-called electrografting 

methods), to anchor different functional molecules, such as diazonium salts, 

aliphatic and aromatic compounds, has emerged as a powerful methodology 

for covalent functionalization in different surfaces such as metals, oxides and 

carbon materials
8,27–29

.  

In previous studies done in our research group, MWCNTs and zeolite 

templated carbon (ZTC) were submitted to mild oxidative conditions in 

presence of different amino-containing compounds producing 

functionalization with different redox processes
30,31

. However, modifier agent                                        

(4-aminobenzyl phosphonic acid) is not directly bonded to the aromatic ring of 

the carbon material structure, as consequence of its low reactivity, did not 

produce a significant incorporation of phosphorus in the carbon nanotube. In 

this work, we carried out a systematic study of the effect of the oxidation 

potential, using 4-aminophenyl phosphonic acid (4-APPA) applying cyclic 

voltammetry for the functionalization of SWCNT, in order to achieve the                   

co-doping of the SWCNT with N and P surface species, but avoiding 

important damage of the SWCNT. Interestingly, the degree of electrochemical 

modification of SWCNT surface can be easily controlled by selecting the 

electrochemical conditions. 
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2. Experimental 

2.1. Materials 

Single-Wall Carbon nanotubes (SWCNT) with purity 99% (1-4 nm of 

diameter) with 3-30 µm length were purchased to Cheap Tubes Inc. 

(Cambridgeport, USA). Specific surface area, obtained by the Brunauer, 

Emmett and Teller (BET) method, is 587 m
2
 g

-1
 and the total amount of 

surface oxygen was determined by temperature programmed desorption, is                                  

277 µmol g
-1 32

.  

N, N-Dimethylformamide (DMF), extra pure, was provided by Scharlau 

and used as solvent to disperse the SWCNT. Sulphuric acid (98%) analytical 

reagent to prepare the electrolyte, was obtained from VWR Chemicals.                  

4-amino phenyl phosphonic acid (4-APPA, +98%), used as modifier agent, 

was purchased from Tokyo Chemical Industry co (TCI). Potassium 

dihydrogen phosphate (KH2PO4) and dipotassium hydrogen phosphate tri-

hydrate (K2HPO4∙3H2O) for preparation of 0.1 M PBS (pH=7.2) were obtained 

from Merck and VMR Chemicals, respectively. Potassium Hydroxide (KOH, 

85%) was purchased from VWR Chemicals. All the solutions were prepared 

using ultrapure water (18 MOhms cm, Purelab Ultra Elga equipment). The 

gases N2 (99.999%) and H2 (99.999%) were provided by Air Liquide. 

2.2. Surface functionalization with phosphorus and nitrogen species on 

SWCNT 

 

2.2.1. pH for the point of zero-charge (pHPZC) 

The determination of the pHPZC has been done using the method described 

in the literature
33

. Different amounts of SWCNT (0.05, 0.1, 0.5, 1, 5 and 10 

%w/w) were put in contact with ultrapure water. Samples were sonicated for 

10 minutes and subsequently, immersed in a thermostatic bath at 25ºC and 

under stirring for 24 hours (equilibrium time). After this time, the samples 

were filtered and the pH of the solution obtained was measured. The pHPZC for 

the SWCNT was 6.3. 
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2.2.2. Electrochemical modification with 4-amino phenyl phosphonic 

acid (4-APPA) 

The working electrode for electrochemical modification was prepared using 

glassy carbon (GC) as support, modified with the SWCNT. 1 mg of SWCNT 

was dispersed in DMF employing an ultrasonic cold-bath for 45 minutes, 

achieving a dispersion of 1 mg mL
-1

 SWCNTs. Prior to the deposition of 

SWCNT, GC surface (3 mm diameter) was sanded with emery paper and 

polished using 1 and 0.05 µm alumina slurries, then rinsed with ultrapure 

water. Afterwards, 5 µL aliquot of the dispersion was dropped onto the 

electrode surface and dried under an infrared lamp to remove the solvent. This 

procedure was repeated twice until completing 10 µL of the SWCNT 

suspension on the surface.  

Electrochemical modification of SWCNT was performed using an Autolab 

PGSTAT 302 (Metrohm Netherlands) potentiostat, with a standard three-

electrode cell configuration, in which the glassy carbon electrode modified 

with SWCNT was the working electrode (WE), a graphite rod was used as 

counter electrode (CE) and a reversible hydrogen electrode (RHE) introduced 

in the same electrolyte but without 4-APPA, was used as reference electrode 

(RE) (see Scheme 3.1). 

 

 

 

 

 

 

Scheme 3.1. Experimental procedure for the electrochemical functionalization 

of SWCNT with 4-APPA. 

Electrochemical modification was carried out by cyclic voltammetry in 

aqueous solution 0.5 M H2SO4 + 1 mM APPA in a deoxygenated cell by 
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bubbling nitrogen. Modification of carbon material was achieved submitting 

the sample to 10 cycles at 10 mV s
-1

, in different potential windows, increasing 

the positive potential. After electrochemical treatment, electrodes were washed 

with excess of water, removing the remaining electrolyte. 

 

2.2.3. Electrochemical characterization 

Electrochemical behavior of the SWCNT modified with 4-APPA was 

evaluated by cyclic voltammetry in different electrolytes (acid, neutral and 

alkaline electrolytes), employing a three electrode cell configuration, where, 

glassy carbon modified with SWCNT functionalized with 4-APPA, was the 

working electrode (WE), a graphite rod was the counter electrode (CE) and a 

reversible hydrogen electrode (RHE) introduced in the same electrolyte, was 

the reference electrode (RE). Potential range was fixed between 0 and 1 V at                          

50 mV s
-1

.  

2.3. Physicochemical characterization 

X-Ray photoelectron spectroscopy (XPS) was performed in a VG-

Microtech Mutilab 3000 spectrometer using an Al Kα radiation (1253.6 eV). 

The deconvolution of the XPS peaks for C1s, O2p, P2p and N1s was done by 

least squares fitting using Gaussian-Lorentzian curves, while a Shirley line 

was used for the background determination. The P2p spectra have been 

analyzed considering the spin-orbit splitting into P2p3/2 and P2p1/2 with a 2:1 

peak area ratio and an energy separation of 0.87 eV. 

Transmission electron microscopic measurements (TEM) were carried out 

using JEOL TEM, JEM-2010 model, INCA Energy TEM 100 model, and 

GATAN acquisition camera.  

Raman spectra were collected with a Jasco NRS-5100 spectrometer with a 

focal distance of 300 mm. A solid-state laser (532 nm) with 3.9 mW was used. 

The spectra were acquired for 120 s. The Raman set-up was coupled to a 

microscope with an objective of 20 magnifications (MPLFLN 20x). Previous 

to the analysis, calibration of the spectrometer was performed with a Si slice 

(521 ± 2 cm
-1

), checking the shifting in the line at 520 cm
-1

 and correcting the 

base line to eliminate the effect of the fluorescence.  
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3. Results and discussion 

 

3.1. Electrochemical functionalization of SWCNT in acid medium with 

phosphorus and nitrogen species 

 

3.1.1. Electrochemical oxidation of SWCNT in acid medium in presence 

of 4-APPA 

In order to establish the most adequate conditions for electrochemical 

functionalization of SWCNT surfaces with phosphorus and nitrogen species 

employing 4-APPA, the upper potential limit was stepwise opened from 0.8 to 

1.8 V, as can be observed in Figure 3.1-A.  

 

 

 

 

 

 

 

Figure 3.1. Cyclic voltammograms during the first cycle of the open stepwise 

potential window for: A) SWCNT in 0.5 M H2SO4 + 1 mM 4-APPA and               

B) SWCNT in 0.5 M H2SO4 at 50 mV s
-1

. 

In presence of 4-APPA in the electrolyte, a highly reversible process 

appears in the voltammograms at 0.68 V, when the upper potential limit 

reaches values of 0.8 V. The intensity of this redox process increases with the 

number of cycles, as can be observed in Figure 3.1-A. Moreover, when the 

positive potential increases, irreversible anodic waves at around 1.1 V and                 

1.4 V appear, that can be associated with the oxidation of 4-APPA, together 

with an increase in current at higher potentials similar to what is observed in 

the voltammogram of the SWCNT in absence of 4-APPA (Figure 3.1-B). 

However, the current is higher in presence of 4-APPA. Additionally, the 

increase in the double-layer capacitance and the development of an additional 
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redox process at 0.31 V are also observed. This redox process increases with 

the number of cycles. 

Considering the previous electrochemical stepwise potential study in 

SWCNT, different upper potential limits were chosen. Surface 

functionalization of SWCNT has been studied using different electrode 

samples at each potential. Figure 3.2 shows the voltammograms obtained for 

the different positive potentials studied in absence and in presence of 4-APPA 

in the electrolyte. For all the potentials evaluated, the voltammograms for the 

SWCNT modified electrodes in 0.5 M H2SO4 in absence of 4-APPA (black 

line in Figure 3.2), present the development of a broad redox process at around 

0.5 V that corresponds to the formation of oxygen functionalities
34

, as 

consequence of the electrooxidation of SWCNT. This redox process increases 

with the positive potential limit as well as its irreversibility (Figure 3.2-E).  

Once the 4-APPA is incorporated in the electrolyte (red lines in cyclic 

voltammograms in Figure 3.2), an over-oxidation current at higher potential is 

observed for all the upper potentials studied, related with the contribution of               

4-APPA to the oxidation current. Figure 3.2-A shows the voltammograms 

when the upper potential limit is 1.0 V. It is clear the appearance of a 

reversible redox process at 0.71 V (peak C) that increases with the number of 

cycles. When the upper potential limit is 1.2 V, an irreversible oxidation peak 

at 1.1 V (See Figure 3.2-B) is clearly observed during the first cycle that 

decreases with the number of cycles. Moreover, the current of the first redox 

process at 0.71 V increases with the number of cycles, in comparison with 

Figure 3.2-A. At the same time, other redox processes at 0.33 V (peak B) and 

0.53 V (peak D) are also observed. Further polarization above 1.2 V (Figure 

3.2-C and 3.2-D), produces the increase in the current of these redox processes 

and their relative current depends on the potential. The appearance of these 

processes can be related with the formation of electroactive species, such as 

oxidative radicals, dimers or oligomers on the SWCNT surface. 
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Figure 3.2. Cyclic voltammograms obtained during 10 cycles for a SWCNT 

electrode in 0.5 M H2SO4 (Black lines) and 0.5 M H2SO4 + 1 mM 4-APPA 

(Red lines) at 10 mV s
-1

 under N2 atmosphere at different positive potential 

limits: A) 1.0 V, B) 1.2 V, C) 1.4 V, D) 1.6 V and E) 1.8 V. 

3.1.2. Electrochemical characterization of SWCNT functionalized with P 

and N 

Evidence of the functionalization with P and N species in the SWCNT was 

verified by cyclic voltammetry in acid media without presence of the 4-APPA 
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in the solution. Figure 3.3 shows the voltammograms of the functionalized 

SWCNTs prepared at different potentials as explained in the previous section 

(See Figure 3.2). The voltammograms of the SWCNT submitted to the same 

polarization conditions in absence of 4-APPA are also presented for 

comparison purposes (Black lines). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Steady state voltammograms for the modified SWCNTs in 

absence (black line) and presence (red line) of 4-APPA at different potential: 

A) 1.0 V, B) 1.2 V, C) 1.4 V, D) 1.6 V and E) 1.8 V in 0.5 M H2SO4,                

vscan=50 mV s
-1

,
 
under N2 atmosphere. 
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After the electrochemical modification process, the electrode was removed 

from the 4-APPA containing solution, washed with ultrapure water and 

introduced in a 0.5 M H2SO4 solution in absence of 4-APPA to carry out the 

experiments in Figure 3.3. In terms of the different electrochemical processes 

observed in acidic conditions in the SWCNT after modification, all the 

oxidation/reduction processes induced in the CNTs present high stability with 

cycling between 0 and 1 V, suggesting a good anchoring of the electroactive 

species on the CNT surface. Moreover, the modified SWCNTs show an 

outstanding increase in the current density, corresponding to an increase in the 

stored-charge, which is proportional to the increase of the upper potential limit 

until 1.6 V. The values of stored-charge measured after modification at 

potentials higher than 1.2 V, is above 200 % of the initial value of the pristine 

SWCNT (Table 3.1). 

 



 

 

Upper 

potential 

limit 

[V vs. RHE] 

Total stored-charge  

[µC]* 
ΔE

A 

[mV] 

ΔE
B 

[mV] 

ΔE
C 

[mV] 

ΔE
D 

[mV] 
I

ox
/I

red
A I

ox
/I

red
B I

ox
/I

red
C I

ox
/I

red
D 

Acid PBS Alkaline 

Pristine 612 427 460 -- -- -- -- -- -- -- -- 

1.0 736 600 660 -- 3 10 -- -- 0.95 1 -- 

1.2 1136 570 530 -- 3 14 7 -- 0.99 1 0.99 

1.4 1076 1260 1030 1 8 14 10 0.79 1 1 0.97 

1.6 1869 1260 1130 10 15 23 18 0.70 1 1 1 

1.8 1849 1510 1490 15 9 21 11 0.56 0.88 1 1 

*Stored-charge was determined in 0.5 M H2SO4, 0.1M PBS (pH=7.2) and 0.1 M KOH. 

1
2

3
 

Table 3.1. Electrochemical parameters for the different electrochemical processes in SWCNT modified with 

4-APPA at different potentials. All the values were determined for the cyclic voltammograms at                                

vscan =50 mV s
-1

. 
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The electrochemical study with the scan rate of the modified SWCNT 

electrodes can be observed in Figure 3.4 in acid media. In all cases,                             

linear-dependence behavior of the oxidation and reduction currents with the 

scan rate is observed for all the redox processes formed during the 

functionalization (See Figure 3.5), indicating that all of them are processes 

related with species confined on surface
35

.  

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Cyclic voltammetry of SWCNT electrochemical modified with                 

4-APPA at different potential: A) 1.2 V, B) 1.4 V, C) 1.6 V and D) 1.8 V in 

0.5 M H2SO4 at different vscan (black-10 mV s
-1

, red-20 mV s
-1

, blue-50 mV s
-1

, 

pink-100 mV s
-1

and green 200 mV s
-1

) under N2 atmosphere. 

Values of peak potential separation for all the redox processes are lower 

than 25 mV and current ratio Iox/Ired are close to one for processes B, C and D, 

suggesting that the electroactive functionalities incorporated onto the SWCNT 

present a highly reversible behavior (See Table 3.1). When the oxidation 

potential is 1.8 V, a decrease in the redox processes is clearly observed in the 

A) B) 

C) D) 

0.0 0.2 0.4 0.6 0.8 1.0

-400

-200

0

200

400

C
u
rr

e
n
t 
[

A
]

Potential [V vs. RHE]

0.0 0.2 0.4 0.6 0.8 1.0

-300

-200

-100

0

100

200

300

400

C
u
rr

e
n
t 
[

A
]

Potential [V vs. RHE]

0.0 0.2 0.4 0.6 0.8 1.0

-400

-200

0

200

400

C
u

rr
e

n
t 

[
A

]

Potential [V vs. RHE]

0.0 0.2 0.4 0.6 0.8 1.0

-400

-300

-200

-100

0

100

200

300

400

500

C
u

rr
e

n
t 

[
A

]

Potential [V vs. RHE]



125 

voltammogram (Figure 3.3-E), which can be a consequence of an over 

oxidation that can produce oxidative degradation of the species present on the 

surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Plot of cathodic and anodic peak currents vs. vscan for SWCNTs 

electrochemical modified at different potential with 4-APPA in 0.5 M H2SO4: 

A) Process A, B) Process B and C) Process C. 

The obtained results could be explained considering aniline-based 

compounds polymerization although covalent bonding with the SWCNT 

cannot be discarded. It is well-known that aniline-based compounds oxidize 

with the formation of radicals that can react giving polyaniline-type 

products
36–38

. The redox processes observed with a high reversibility are in 

agreement with the formation of polyaniline-based oligomers. In polyaniline, 

redox processes, related with the change of the oxidation states from 

leucoemeraldine to emeraldine and emeraldine to pernigraniline in the polymer 
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chain, appear at around 0.3 and 0.7 V vs. RHE in acid conditions, 

respectively
39,40

. However, the high reversibility and symmetry of the redox 

processes suggest that covalently bound redox species may also exist. In fact, 

another possibility that has to be considered is that the amine radical could also 

react with the SWCNT, promoting the formation of N-C bonds and producing 

a covalent attachment of the 4-APPA molecule on the carbon nanotubes 

surface. Polymerization could further proceed through these covalently bonded 

species. However, electroactivity for the 4-APPA molecule covalently 

attached to the SWCNT surface, if it occurs, should not result in well-defined 

redox processes as observed in Figure 3.3 due to the expected energy 

heterogeneity arisen from the different sites of the SWCNT where the 

attachment may occur (i.e., the tip or the wall of the CNT). Nevertheless, these 

interesting redox processes should be subject of further research, although it 

cannot be discarded that the strong interaction between the polymer and the 

SWCNT may be the responsible for the high reversibility observed due to an 

enhanced electron transfer. 

The first step in the polymerization of 4-APPA is the adsorption of the 

monomer on the SWCNT. At the experimental conditions used (0.5 M H2SO4) 

the monomer will be fully protonated forming phosphonic acid and anilinium 

cations. Since the SWCNT have a low oxygen content and have not been 

subjected to any oxidation treatment (pHpzc = 6.3), at the pH of the 

experiments, the surface will be positively charged. Consequently, the 

adsorption of the 4-APPA molecule will not occur through the protonated 

amine group due to repulsive electrostatic interactions and dispersive 

interactions (i.e., π-π interactions) would be the main adsorption 

mechanism
41,42

. This means that although the surface coverage by 4-APPA 

will not be high, the adsorption of the molecules will mainly occur parallel to 

the SWCNT surface. Thus, at oxidation conditions, the 4-APPA radicals could 

be formed at the surface of the SWCNT and react with other adsorbed (or 

covalently bonded) molecules forming the oligomers with the expected 

electroactivity from the N species. This possibility will be further reinforced 

with the characterization of the obtained materials presented in the next 

sections. It must be noted that 4-APPA oligomerization is not observed on 

platinum electrodes, in which polyaniline growth is straightforward, being 

necessary the addition of aniline to produce co-polimerization
43

. This suggests 
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that monomer adsorption and orientation on the electrode determine the 

polymerization reaction.  

Electrochemical properties of surface functionalities onto the SWCNT have 

an important dependence with the pH. This can be observed in Figure 3.6, for 

SWCNT electrochemically modified in different electrolytes. In general, with 

increasing the pH, the current of the processes decreases (or even disappears) 

and the peak separation increases. Thus, at neutral pH (0.1 M PBS solution at 

pH = 7.2), redox processes present an increase in the peak separation or even a 

loss of electroactivity. At alkaline pH, the reduction of the electrochemical 

activity of the redox processes is remarkable and only redox process C is 

observed. Increase in the peak separation of the electrochemical processes can 

be a result of the loss of reversibility of the surface redox processes with the 

increase of pH
44,45

. This behavior with the pH is in agreement with 

polyaniline-type products that loss their electroactivity with the increase of the 

pH.  
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Figure 3.6. Steady state voltammograms for the modified SWCNT with                  

4-APPA at: A) 1.0 V, B) 1.2 V, C) 1.4 V, D) 1.6 V and E) 1.8 V in 0.5 M 

H2SO4 (Black lines), 0.1 M PBS (pH = 7.2-Red lines) and 0.1 M KOH (Blue 

lines) at 50 mV s
-1

 under N2 atmosphere. 
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3.2. Morphological characterization of SWCNT modified electrochemically 

with P and N species 

Figure 3.7 shows the TEM images for pristine SWCNT and the same 

carbon nanotubes after electrochemical modification with 4-APPA at the 

different anodic potentials.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. TEM micrographs for SWCNT electrochemical modified with            

4-APPA at: A) Pristine, B) 1.0 V, C) 1.2 V, D) 1.4 V, E) 1.6 V and F) 1.8 V 

vs. RHE.  
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SWCNT presents the typical tubular structure formed by one-two layers of 

rolled-graphene layers (Figure 3.7-A). Once SWCNT are modified with              

4-APPA, a deposited material on the SWCNT is clearly observed, which 

morphology seems to be dependent on the applied potential during the 

functionalization. This is a direct proof of polymerization of 4-APPA onto the 

SWCNT. The formed oligomers are wrapping the CNT surface and when the 

applied potential is 1 or 1.2 V, uniform layers of the oligomers can be clearly 

observed, what is in agreement with the proposed reaction mechanism (Figure 

3.7-B and C). However, at higher potentials, the deposited material has not 

such homogeneity and even discontinuous, or not linear chains can be 

observed. This can be due to the strong oxidation conditions, which generate 

oxygen functional groups on the CNT that modifies the orientation of the           

4-APPA molecules, producing less ordered and shorter polymer chains (Figure 

3.7-D, E and F).  

Interestingly, non-important structural changes, such as broken-walls of 

SWCNTs can be observed, suggesting that, despite the high oxidative 

conditions used, destruction and morphological changes on the SWCNTs 

shape are not very important, being the oxidation mainly focused on the                

4-APPA polymerization and further attachment or adsorption on surface of the 

species generated during the functionalization. 

3.3. XPS analysis of P and N species on electrochemically modified 

SWCNT 

The degree of incorporation of O, N and P species, and the chemical nature 

of the different surface functionalities incorporated on the SWCNT were 

studied by XPS. Table 3.2 summarizes the amount of O, N and P incorporated 

in the SWCNT during the electrochemical modification.  
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Table 3.2. Chemical composition obtained from XPS of the electrochemical 

modified SWCNT with 4-APPA. 

 

 

 

 

 

 

 

*The N content of the pristine SWCNT has been subtracted for the calculation. 

The electrochemical modification at 1 V (Figure 3.3-A) shows redox 

processes in the sample, suggesting the incorporation of functionalities on the 

CNT surface. However, the low amount of N and P detected, close to the 

detection limit of the technique, makes impossible a proper quantification of 

these species in the modified SWCNT. This indicates that the electrochemical 

characterization has better sensitivity to surface modification than other 

techniques. For this reason, the data at 1 V are not included in the table. The 

results obtained for higher potentials show that the nitrogen content increases 

with the upper positive potential limit. The content of phosphorus also 

increases with the potential; however, at 1.8 V the amount of phosphorus 

decreases, probably due to the oxidation of the phosphonic groups to 

phosphoric groups that can be further hydrolyzed (See Table 3.2). The ratio 

N/P is between 1.5 and 1.9 for all the studied potentials except for 1.8 V, 

indicating that the incorporation of the 4-APPA maintains both functional 

groups although some phosphonic groups are lost at these conditions. The 

oxygen content does not experience a strong increase until the highest 

potentials are reached and at which less ordered and shorter polymer chains 

are observed. This means that at this potential, a strong oxidation of the 

polymer and also of the SWCNT may occur. 

Figure 3.8 presents the XPS N1s spectra for the SWCNT modified at 

different upper potential limits, showing different species depending on the 

applied potential. The region between 398.5 and 400.1 eV can be assigned to 

Applied potential 

[V vs. RHE] 
%O (at) %N (at) %P (at) N/P* 

Pristine 3.13 0.37 0.00 -- 

1.2 3.93 0.60 0.15 1.5 

1.4 5.03 0.83 0.24 1.9 

1.6 6.81 1.24 0.5 1.7 

1.8 12.66 1.58 0.44 2.8 
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neutral amines and imines species, respectively, generated during the oxidation 

of 4-APPA which are also observed in PANI, and are in agreement with the 

formation of oligomer/polymeric chains
40,46,47

. A third peak at around 402 eV 

is also observed in all the potentials. This peak can be associated with more 

oxidized nitrogen species
47,48

. These oxidized nitrogen species increase 

significantly in the SWCNT modified at 1.8 V, in agreement with what has 

been observed in other amine-containing molecules, electrochemically 

attached on different materials surfaces
49,50

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. N1s XPS spectra for SWCNT electrochemical modified with                    

4-APPA at different oxidation potentials: A) 1.2 V, B) 1.4 V, C) 1.6 V and D) 

1.8 V vs. RHE. 

Regarding the P2p spectra in Figure 3.9, two asymmetric doublets are 

observed (the XPS for the sample prepared at 1.2 V is not deconvoluted 

because of the low amount of P, making the spectrum very noisy). The first 

contribution at 132.6 eV can be associated with the binding energy of C-P-O 

species
51,52

, in agreement with the presence of the phosphonic group
53,54
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second contribution at 133.3 eV can be related to C-O-P species that are 

formed as consequence of the oxidation of the phosphonic group to phosphoric 

group
51,52,55,56

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. P2p XPS spectra for SWCNT electrochemical modified with                      

4-APPA at different oxidation potentials: A) 1.2 V, B) 1.4 V, C) 1.6 V and D) 

1.8 V vs. RHE. 

Table 3.3 presents the atomic percentage for each N and P species 

determined by XPS for the modified SWCNTs. In the case of nitrogen 

important changes can be observed at 1.8 V where nitrogen species, 

corresponding with neutral species, decrease with the corresponding increase 

in oxidized nitrogen species. This is especially remarkable at the highest 

potential in which different nitrogen species compared to polyaniline
35

 must be 

present at the surface. It must be noted that oxidized nitrogen is, in all the 

cases, higher than for phosphonic acid ring-substituted polyanilines prepared 

via direct chemical phosphonation
57

. Interestingly, phosphorus species 
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associated with the phosphonic moieties present a constant value until a 

positive potential limit of 1.4 V and its contribution decreases at 1.6 and 1.8 V. 

Table 3.3 shows that the main P-species corresponds to phosphoric acid 

functionality (C-O-P) as consequence of the oxidation of the phosphonic 

group. 

Table 3.3. Distribution of N1s contributions for SWCNT electrochemically 

modified with 4-APPA at different potentials. 

*All the percentages correspond with the total amount of each N1s and P2p 

determined. 

3.4. Raman spectroscopy of SWCNT electrochemically modified with                        

4-APPA 

Raman spectroscopy was employed to analyze the structural and 

physicochemical changes produced by the electrochemical modification of the 

SWCNT with 4-APPA. Raman spectra in Figure 3.10-A for pristine SWCNT 

and electrochemically modified with 4-APPA, present mainly two 

contributions associated with C-C vibration, the G (1585 cm
-1

) and D (1350 

cm
-1

) bands, corresponding to an ideal graphitic lattice vibration mode and 

with a disorder-induced band, respectively
58–60

.  

  

Potential 

applied            

[V vs. RHE] 

% Neutral N 

species (398.5 

and 400.1 eV) 

% Oxidized 

nitrogen 

(402.2 eV) 

C-O-P  

(133.3 eV) 

C-P-O  

(132.6 eV) 

1.2 73 27 71 29 

1.4 75 25 75 25 

1.6 72 28 83 17 

1.8 57 43 85 15 
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Figure 3.10. Raman spectra of SWCNT electrochemical modified with                    

4-APPA at different potentials: A) D and G band region, and B) RBM region 

of SWCNT. 
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functionalization from 1592 cm
-1

 for the pristine SWCNTs to 1589 cm
-1

 for the 

functionalized SWCNTs at 1.8V. This could indicate changes in the electronic 

structure, in doping or in the resonance conditions of the SWCNTs 

contributing to G-Band
61

. However, this shift is especially important for the 

highest potentials used at which the changes in the morphology are clearly 

observed by TEM. These changes are in agreement with the reaction with 4-

APPA species to promote the attachment, the interaction of polymer chains 

adsorbed onto the CNT and the defects induced in the CNT by 

electrooxidation. 

 

 

  

 

 

 

 

 

Figure 3.11. Plot I
D
/I

G
 relative intensities as a function of the upper potential 

limit during the electrochemical modification of SWCNT with 4-APPA. 

In the case of SWCNT, it is well-known that Radial Breathing Mode                      

(RBM) is an environment sensitive property and it is related to the diameter of 

the tube
60,62–64

. These Raman spectra regions are included in Figure 3.10-B. 
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the functionalization and only some contributions at lower frequencies present 

a decrease of the intensity with the upper potential limit of functionalization. 

The diameter of the pristine and modified SWCNT has been determined from 
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These values are in agreement with the TEM micrographs analyzed previously 
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structure without suffering strong damages during the electrochemical 

functionalization. In this sense electrochemical modification produces low 

structural changes in the CNTs with high increase in the N and P species, even 

at the high positive potential limit used for the modification, what is in 

agreement with most of the functionalization occurring by wrapping the 

SWCNT by 4-APPA-based polymer, as deduced from TEM.  

4. Conclusions 

Functionalization of SWCNT with N and P functional groups was 

achieved by electrochemical oxidation of 4-APPA by cyclic voltammetry. The 

electrochemical oxidation selectively produces attachment of electroactive 

species and oligomer layers that wrap the surface of the SWCNT. Increase in 

the positive potential of the electrochemical modification demonstrated a high 

influence in the degree of incorporation of N and P species. Thus, when an 

upper potential limit of 1.6 V is used, the highest P incorporation is reached 

and further potential increase causes loss of P-species probably due to 

hydrolysis reactions. Several surface redox processes that depend on the 

applied potential are clearly observed in the voltammograms of the 

functionalized SWCNT. These redox processes present an important pH 

dependence. The well-defined redox processes observed suggests good 

interaction between the SWCNTs and the functionalities attached and 

oligomer adsorbed homogeneously on surface. This conclusion is supported by 

TEM and Raman spectroscopy. However, the high reversibility and symmetry 

of the redox processes suggest that covalently bound redox species may also 

exist.  

The high selectivity of the electrochemical process towards monomer 

oxidation, even at high potentials, and the precise control of the degree of 

modification of the CNT surface by selecting the electrochemical conditions, 

makes this method an alternative procedure for electrochemical                                               

co-functionalization with P and N species with the generation of electroactive 

materials. 
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1. Introduction 

Carbon nanotubes (CNTs) have attracted important attention over the last 

decades in many scientific and nanotechnology applications, due to the 

remarkable chemical stability, biocompatibility, catalytic and electronic 

properties
1
. These carbon materials can be modified through non-covalent or 

covalent interactions in the tip and/or the sidewall of the nanotubes
1–3

. 

Nowadays, tailoring the type of surface functionalities incorporated is 

desirable in order to develop new properties in the CNTs and improve their 

application in different areas like electrocatalysis and biosensing, for 

example
4–6

. CNTs functionalization through covalent or non-covalent methods 

can be a route for carbon material heteroatom doping (i.e., insertion of 

heteroatoms in the carbon structure); for example, by applying further heat 

treatments. 

Heteroatom doping of the carbon surface is a promising method for 

modifying the properties of carbon materials, which has brought remarkable 

improvement, for example, in the electrocatalytic behavior towards oxidation-

reduction reactions, such as oxygen evolution reaction (OER)
7,8

, oxygen 

reduction reaction (ORR)
8,9

 and hydrogen evolution reaction (HER)
8,10

. 

Surface modification of CNTs with nitrogen groups has been widely studied. 

The unique structure and surface properties of nitrogen-doped carbon 

nanotubes leads to a better dispersion of Pt that produces higher catalytic 

activity toward ORR
11

. Additionally, recent studies have proved the high 

catalytic activity for ORR of N-doped carbon materials, rising as a promising 

alternative in the development of catalysts for fuel cells
9
. Oxygen, nitrogen 

and phosphorus-doping are promising candidates to introduce functionalities, 

which can increase the active sites for different reactions
12,13

. Regarding          

P-doping of carbon materials, Berenguer et al. showed an important 

improvement in the stability of activated carbons towards electrochemical 

oxidation
14

.  

Carbon materials functionalization can be done through covalent and non-

covalent methods
1–3

. Covalent functionalization methods employ conditions 

that may generate important structural changes, which can either deteriorate 

their structure or inhibit some of their properties. Non covalent 

functionalization methods are the preferred methods when it is necessary to 

maintain the electronic properties of the CNT.  
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Chemical methods are the most used for CNT functionalization. In these 

methods, usually the CNT are oxidized to incorporate oxygen functionalities. 

It can be carried out using wet methods (for example nitric acid water 

solutions) or dry oxidation methods where the carbon surface is exposed to an 

oxidizing gas, usually air, at mild temperatures
2
. Subsequently, those 

functionalities are either directly used or employed as intermediates to apply 

different organic chemistry routes, for example to introduce acyl-chloride 

groups and further substitution by other groups such as amines; which are 

useful for the grafting of other molecules, immobilization of bioreceptor 

elements such as DNA or the complexation of metals for sensing and 

electroanalysis applications
15-18

. Fluorination, hydrogenation, esterification, 

alkylation and cycle-addition and functionalization via in situ diazonium 

compounds, are other examples that can be found for CNTs surface chemistry 

modification
2,19-21

. Nevertheless, chemical functionalization involves in most 

of the cases aggressive conditions (i.e., oxidative media), high temperature, 

toxic chemical reagents, etc., which in some cases produce non-controlled 

functionalization degree and might promote the damaging and collapse of the 

CNT structure
22

.  

On the other hand, electrochemically assisted modification of carbon 

materials has emerged in the last two decades as a flexible, simple and 

effective tool for controlled functionalization of carbon materials
2
. These 

methods are a promising alternative for functionalization and grafting of 

molecules in carbon materials, obtaining high selectivity towards the desired 

functional group without damage of the CNT structure
6,23

.  

Considering the importance to develop procedures for CNTs surface 

functionalization, which can provide controlled and non-damaging 

modification of CNT, in this study we use electrochemical methods for surface 

functionalization of multi-walled carbon nanotubes (MWCNTs) by 

electrochemical oxidation in presence of 4-amino phenyl phosphonic acid           

(4-APPA) in aqueous solution. This will permit to incorporate both N and P 

heteroatoms on the MWCNTs which are of great interest for different 

applications. In addition, we have studied the effect of the surface oxygen 

groups of the MWCNTs on the functionalization. The results show that the 

degree of functionalization, electroactivity and stability of the different 

incorporated functionalities, is very much dependent on the surface oxygen 

groups present in the MWCNTs surface.  
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2. Experimental 

 

2.1. Reagents and materials 

Multi-Walled Carbon Nanotubes with purity 95% (8 nm of diameter) with 

10-30 µm length were purchased to Cheap Tubes Inc. (Cambridgeport, USA). 

Nitric acid (65%) from Panreac was employed to incorporate surface oxygen 

groups in the MWCNTs and also to remove the metal impurities in the CNTs. 

N, N-Dimethylformamide (DMF), extra pure, was provided by Scharlau and 

used as solvent to disperse the non-oxidized CNTs.  

Sulphuric acid (98%) analytical reagent to prepare the electrolyte, was 

obtained by VWR Chemicals. 4-amino phenyl phosphonic acid (4-APPA, 

+98%) used as modifier agent was purchased from Tokyo Chemical Industry 

co (TCI). Potassium dihydrogen phosphate (KH2PO4) was obtained from 

Merck. Dipotassium hydrogen phosphate tri hydrate (K2HPO4∙3H2O) and 

Potassium Hydroxide (KOH, 85%) were purchased from VWR Chemicals, 

respectively. All the solutions were prepared using ultrapure water (18 MΩ 

cm, Purelab Ultra Elga equipment). The gases N2 (99.999%) and H2 

(99.999%) were provided by Air Liquide. 

2.2. Electrochemical incorporation of phosphorus and nitrogen 

functionalities on CNTs 

 

2.2.1. Oxidation of pristine Multi-Walled Carbon Nanotubes 

MWCNTs were subjected to oxidation with nitric acid solution, according 

to the following procedure. In a two-necked, round-bottom flask, 200 mg of 

MWCNT were added in 100 mL of 3 M HNO3 at 120ºC for 24 hours under 

reflux conditions. MWCNTs were separated after 24 hours, filtered, washed 

with ultrapure water until the pH was neutral and dried in vacuum at 60ºC for 

24 hours, and weighed. The sample was named as fMWCNTs.  

2.2.2. Functionalization of MWCNTs and fMWCNTs with 4-APPA 

Working electrode was prepared using 1 mg mL
-1

 of a dispersion of each 

type of CNTs. DMF was used for MWCNTs and water for fMWCNTs, 

because the presence of surface oxygen groups improves the dispersibility in 

aqueous solution. Prior to the deposition of CNTs, glassy carbon electrode 



152 

surface (3 mm diameter) was sanded with emery paper and polished using 1 

and 0.05 µm alumina slurries and then rinsed with ultrapure water. Afterwards, 

10 µL aliquot of the dispersion was dropped onto the glassy carbon (GC) 

surface and dried under an infrared lamp to remove the solvent.  

Electrochemical modification was performed by cyclic voltammetry in 

presence of 4-APPA, using an eDAQ Potentiostat (EA163 model) coupled to a 

wave generator (EG&G Parc Model 175) and the data acquisition was done 

with an eDAQ e-corder 410 unit (Chart and Scope Software), using a standard                    

three-electrode cell configuration. The CNTs were the working electrode 

(WE), a graphite rod was used as counter electrode (CE) and a reversible 

hydrogen electrode (RHE) introduced in the same electrolyte without 4-APPA, 

was the reference electrode (RE). Electrochemical modification was carried 

out in 0.5 M H2SO4 + 1 mM 4-APPA aqueous solution in a deoxygenated cell 

by bubbling nitrogen. The CNTs were submitted to 10 cycles at 10 mV s
-1

 by 

cyclic voltammetry using different positive potential limits. After 

electrochemical treatment, carbon electrodes were washed with excess of 

water, removing the remaining electrolyte.  

2.2.3. Electrochemical characterization 

Electrochemical behavior of the CNTs functionalized with 4-APPA were 

evaluated in 0.5 M H2SO4 solution without 4-APPA, employing a three-

electrode configuration cell. The potential range was fixed between 0 and                  

1.0 V vs. RHE at 50 mV s
-1

. 

2.3. Physicochemical characterization 

X-Ray photoelectron spectroscopy (XPS) was performed in a                                     

VG-Microtech Mutilab 3000 spectrometer and Al Kα radiation (1253.6 eV). 

The deconvolution of the XPS P2p and N1s peaks was done by least squares 

fitting using Gaussian-Lorentzian curves, while a Shirley line was used for the 

background determination. The P2p spectra have been analyzed considering 

the spin-orbit splitting into P2p3/2 and P2p1/2 with a 2:1 peak area ratio and                                

0.87 eV splitting
24

. 

Transmission electron microscopy measurements (TEM) were carried out 

using JEOL TEM, JEM-2010 model, INCA Energy TEM 100 model, and 

GATAN acquisition camera.  
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Temperature programmed desorption (TPD) experiments were performed 

in a DSC-TGA equipment (TA Instruments, SDT 2960 Simultaneous) coupled 

to a mass spectrometer (Thermostar, Balzers, GSD 300 T3) which was used to 

follow the m/z lines ascribed to the decomposition of surface functional groups 

from the surface of the carbon materials. The thermobalance was purged for 2 

hours under a helium flow rate of 100 mL min
-1

 and then heated up to 950°C 

(heating rate 20°C min
-1

).  

The textural properties of the materials have been evaluated by N2 

adsorption isotherms at -196 °C in an automatic adsorption system                       

(Autosorb-6, Quantachrome). Prior to the measurements, the samples were 

degassed at 250 °C for 4 h. Apparent surface areas have been determined by 

BET method (SBET) and total micropore volumes (pores of size < 2 nm) have 

been assessed by applying the Dubinin-Radushkevich (DR) equation to the N2 

adsorption isotherms. Mesoporous volume (Vmeso) was determined from the 

difference between the volume of microporous (VDR) and the volume adsorbed 

at a relative pressure of 0.9. 

Raman spectra were collected with a Jasco NRS-5100 spectrometer. A 3.9 

mW He-Ne laser at 633 nm was used. The spectra were acquired for 120 s. 

The detector was a Peltier cooled charge coupled device (CCD) (1024 x 255 

pixels). Calibration of the spectrometer was performed with a Si slice (521 ± 2 

cm
-1

).  

 

3. Results and discussion 

 

3.1. Physicochemical characterization of pristine MWCNTs and fMWCNT 

MWCNTs and fMWCNTs were studied by temperature programmed 

desorption (TPD) in order to analyze the surface oxygen groups incorporated 

during the oxidation with HNO3. Figure 4.1 shows the evolution of CO and 

CO2 during the TPD for pristine MWCNTs and fMWCNTs. Table 4.1 reports 

the amount of CO and CO2 desorbed, as well as the total oxygen amount 

(calculated as CO + 2CO2) obtained from the TPD experiments for both 

samples. In the case of pristine MWCNTs CO and CO2 desorptions are very 

small and can be associated with the presence of some surface oxygen groups, 

most of them, at the end-tips of the CNTs. In the case of fMWCNT, the 

oxidation treatment increases the amount of surface oxygen groups, as 
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deduced from the increase of CO and CO2 evolution. Surface oxygen groups 

decompose as CO2 between 200-400ºC, 400-550ºC and 700-900ºC associated 

with carboxylic acid, anhydrides and lactones, respectively
25–27

. The CO 

profile of fMWCNT shows main desorption peaks above 600ºC associated 

with phenol and carbonyl/quinone groups
25–29

. The contribution below 600ºC 

corresponds to anhydrides
27,29

. The results from the nitric acid treatment are in 

agreement with previous studies from our research group
29

 and the abundant 

literature regarding wet oxidation of porous carbons (See for example, 

references
25,26,28

). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. TPD profiles for: A) CO2 and B) CO for pristine MWCNTs and 

fMWCNTs. 

Additionally, this oxidation treatment causes an increase in the specific 

surface of the MWCNTs from 208 m
2
 g

-1 
for pristine MWCNTs to 460 m

2
 g

-1 

for fMWCNTs as can be observed in the N2 isotherms in Figure 4.2 and Table 

4.1.  
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Figure 4.2. N2 adsorption isotherms at -196 ºC for MWCNTs and fMWCNTs 

samples. 

Table 4.1. Porous texture and surface chemistry characterization for both 

carbon nanotubes. 
Surface chemistry  

Sample 
CO2 / 

µmol g
-1

 

CO / 

µmol g
-1

 

Total O / 

µmol g
-1

 

MWCNT 148 954 1250 

fMWCNT 2477 3502 8456 

Textural properties 

Sample SBET / m
2 
g

-1
 VDR (N2) / cm

3 
g

-1
 Vmeso (N2) / cm

3 
g

-1
 

MWCNT 208 0.08 0.29 

fMWCNT 460 0.18 0.57 

3.2. Electrochemical modification with 4-APPA 

Optimal electrochemical functionalization conditions for MWCNTs and 

fMWCNTs with 4-amino phenyl phosphonic acid were established by               

step-wise opening of the upper potential limit of the cyclic voltammogram 

from 0.8 to 1.8 V, in presence and absence of the 4-APPA (Figure 4.3). 

The voltammograms for MWCNT until 1.2 V present the typical 

rectangular-shape capacitive behavior with lack of redox processes
30,31

; 

however, when the upper potential limit increases over 1.4 V, 

oxidation/reduction processes appear at around 0.6 V, which can be associated 

with the surface oxygen groups produced during the oxidation of the CNTs at 

high potentials
32

. In contrast, fMWCNTs present from the first cycle the 

oxidation/reduction processes at around 0.6 V, which are related with the 

surface oxygen groups produced with the nitric acid treatment
29,32

. In this case, 
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treatment with nitric acid solution induces the formation of different oxygen 

functionalities, among which quinone species have electrochemical activity at 

those potential ranges
29

. Interestingly, negligible increase in the current of 

these processes is observed when the upper potential limit increases; 

suggesting that additional oxidation of the fMWCNTs during the 

electrochemical treatment is not significant.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Cyclic voltammograms of the open step-wise positive potential 

limit for: A) MWCNT in 0.5 M H2SO4, B) MWCNT in 0.5 M H2SO4 + 1 mM 

4-APPA, C) fMWCNT in 0.5 M H2SO4 and D) fMWCNT in 0.5 M H2SO4 + 1 

mM 4-APPA. 

Once, 4-APPA is incorporated in the electrolyte (Figures 4.3-B and 4.3-D), 

no variation of the electrochemical behavior for both carbon nanotube samples 

occurs until 1.0 V. When the potential increases to values higher than 1 V, an 

over oxidation current at higher potentials occurs and different redox processes 

are observed in the voltammograms at around 0.75, 0.31 and 0.12 V, 
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suggesting the formation of different electrochemical species from the               

4-APPA oxidation. Continuous increase in the upper potential limit generates 

other redox processes in the whole voltammogram, which at the same time 

shows an important increase in the electric charge with cycling. 

From these results, the direct oxidation of both CNTs was performed with 

different samples in absence (black line) and presence (red line) of the             

4-APPA in the electrolyte and at different positive potential limits (Figures 4.4 

and 4.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Electrochemical functionalization of MWCNT in 0.5 M H2SO4 

(Black line) and 0.5 M H2SO4 + 1 mM 4-APPA (Red line) at 10 mV s
-1

, 10 

cycles under N2 atmosphere at different potentials: A) 1.2, B) 1.4, C) 1.6 and 

D) 1.8 V. 

Interestingly, both CNTs show the formation of different redox processes 

during the oxidation of 4-APPA, and the increase in their current with cycling. 
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polymerization of the molecule through the formation of aniline-type 

polymers
33,34

. Then, the oxidation of 4-APPA can promote the formation of 

species that can be covalently anchored on the CNT surface or oligomers, 

composed of more than two molecules of 4-APPA, that interact with the 

surface of the CNTs through non-covalent interaction. However, the 

electrochemical homopolymerization of 4-APPA on platinum electrodes is not 

produced, being necessary the copolymerization with aniline
35

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Electrochemical functionalization of fMWCNT in 0.5 M H2SO4 

(Black line) and 0.5 M H2SO4 + 1 mM 4-APPA (Red line) at 10 mV s
-1

, 10 

cycles under N2 atmosphere at different potentials: A) 1.2, B) 1.4, C) 1.6 and 

d) 1.8 V. 
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observed at high potential (processes B and C) in the electrochemically 

modified MWCNTs do not appear in the electrochemically modified 

fMWCNTs, where only process A is clearly distinguished. In this last case, an 

increase in the charge is observed with respect to the fMWCNT treated up to 

the same potential limit; however, the shapes of the voltammograms are 

similar to that of the fMWCNTs. These results indicate that the presence of the 

surface oxygen groups in the fMWCNTs affects the electrochemical oxidation 

of 4-APPA and the interaction with the CNT surface.  
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Figure 4.6. Cyclic voltammograms in 0.5 M H2SO4 at 50 mV s
-1

 of both CNTs 

after electrochemical modification in absence (black line) and presence (red 

line) of 4-APPA: A) MWCNTs modified at 1.2 V, B) fMWCNTs modified at 

1.2 V, C) MWCNTs modified at 1.4 V, D) fMWCNTs modified at 1.4 V, E) 

MWCNTs modified at 1.6 V, F) fMWCNTs modified at 1.6 V, G) MWCNTs 

modified at 1.8 V, and H) fMWCNTs modified at 1.8 V. 
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As has been proposed for SWCNT, two different phenomena can be 

considered during the electrochemical oxidation in presence of 4-APPA. The 

first one, could be associated with a covalent attachment of the amino phenyl 

phosphonic acid onto the carbon nanotube through the formation of CCNT-N. 

The second one phenomenon that can occur during the electrochemical 

functionalization, is the formation and growing of different oligomers, which 

can interact with the carbon nanotube walls. At the conditions used in the 

electrochemical oxidation, the phosphonic and the amine groups are 

protonated and the interaction with the surface of pristine MWCNT should 

mainly occur through π-π interactions between the aromatic ring of the                    

4-APPA molecule and the surface of the CNTs
36

, what may favor 

oligomerization reactions, thus producing electroactive species as observed in 

the voltammograms. In the case of the oxidized MWCNT, the presence of 

surface oxygen groups decreases the point of zero charge of the fMWCNT 

sample what would favor 4-APPA adsorption. However, the presence of 

electron withdrawing oxygen groups decreases the π electron density of the 

fMWCNT and, consequently the dispersive potential, what may result in an 

important decrease in 4-APPA adsorption, since the adsorption of aromatic 

compounds in carbon materials may be determined by dispersive forces
37

. In 

addition, the surface oxygen groups may also modify the orientation of the                 

4-APPA molecule, thus reducing the incorporation of 4-APPA parallel to the 

surface of the CNTs. All these factors contribute to impeding the 

oligomerization reaction. 

The current peak of the different redox processes observed in the 

voltammograms of the MWCNTs and fMWCNTs functionalized with 4-APPA 

(See Figure 4.7 and 4.8), shows a linear-dependence with the scan rate what 

indicates that redox processes are surface-controlled processes
38

. At the same 

time, the values of the peak potential separation for all the redox processes are 

lower than 50 mV and the ratio of the peak currents (Iox/Ired) is near 1 for redox 

processes B and C (See Table 4.2) suggesting a reversible behavior. Slope of 

the linear-fitting with the scan rate (vscan) can be associated with the coverage 

of the active species on the surface
38

. The decrease in the slope with the 

potential (See Figure 4.8), observed in process B for MWCNTs, suggests that 

a high oxidation potential over 1.4 V causes a decrease in the concentration of 

the surface species. This could be a consequence of an over oxidation of those 

species generated during the electrochemical functionalization onto the CNTs. 
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Thus, in the case of the oxidation in absence of 4-APPA, the no appearance of 

clear redox processes in the voltammograms indicates the formation 

pseudocapacitive processes due to electroactive species with slightly different 

energy formed at the MWCNT surface, that is, electroactive oxygen functional 

groups. However, in presence of 4-APPA and for pristine MWCNTs, a highly 

homogenous material seems to be formed what is in agreement with 

oligomerization. Some contribution from covalent 4-APPA molecules 

attachment on the CNT wall should not be discarded in both cases although the 

heterogeneity of the different sites where the reaction may occur would 

produce wider peaks. 

Table 4.2. Electrochemical parameters for the different electrochemical 

processes on carbon nanotubes modified with 4-APPA at different potentials 

in 0.5 M H2SO4.  

All the values were determined for the CVs at vscan =50 mV s
-1

. 

 

  

Carbon 

nanotube 

Upper potential 

limit [V vs. RHE] 

E
A 

[mV] 

E
B 

[mV] 

E
C 

[mV] 

I
ox

/I
red

A I
ox

/I
red

B 

MWCNT 

1.2 1.5 4.9 -- 0.81 0.88 

1.4 3.4 6.1 -- 0.83 0.97 

1.6 5.0 4.5 -- 0.76 0.91 

1.8 10 -- -- 0.65 -- 

fMWCNT 

1.2 -- 5.5 11.4 -- 1 

1.4 4.2 7.1 13.9 0.76 0.96 

1.6 8.0 8.2 0 0.72 1 

1.8 8.0 -- -- 0.72 -- 
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Figure 4.7. Cyclic voltammograms in 0.5 M H2SO4 at different vscan (black: 

10, red: 20, blue: 50, pink: 100
 
and green: 200 mV s

-1
) after electrochemical 

modification with 4-APPA for: A) MWCNTs modified at 1.2 V, B) 

fMWCNTs modified at 1.2 V, C) MWCNTs modified at 1.4 V, D) fMWCNTs 

modified at 1.4 V, E) MWCNTs modified at 1.6 V, F) fMWCNTs modified at 

1.6 V, G) MWCNTs modified at 1.8 V, and H) fMWCNTs modified at 1.8 V. 
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Figure 4.8. Plot of cathodic and anodic peaks vs. vscan for process A and B in 

different carbon nanotubes electromodified at different potential with 4-APPA 

in 0.5 M H2SO4: A) Process A of MWCNTs, B) Process B of MWCNTs and 

C) Process A of fMWCNTs. 
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3.3. Morphological characterization 

Figure 4.9 shows the TEM images of the pristine MWCNTs, the 

fMWCNTs and after electrochemical functionalization at different potentials.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. TEM images of: A) MWCNTs, B) fMWCNTs, C) MWCNTs 

modified at 1.2 V, D) fMWCNTs modified at 1.2 V, E) MWCNTs modified at 

1.6 V, F) fMWCNTs modified at 1.6 V, G) MWCNTs modified at 1.8 V and             

H) fMWCNTs modified at 1.8 V. All the modified CNT in presence of                 

4-APPA. 

D) 

Broken-walls 
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Pristine MWCNTs in Figure 4.9-A show a typical tubular shape; on the 

other hand, fMWCNTs, which were oxidized with nitric acid, present 

important morphological changes with high amount of wall defects, as can be 

observed in Figure 4.9-B, where broken-walls can be found. These results are 

in agreement with the N2 adsorption results in which the BET surface area 

increases with the nitric acid treatment. Then, this treatment may permit that 

the inner side of the nanotubes could be accessible to the electrolyte.  

Figures 4.9-C to 4.9-H show the TEM images of the CNTs modified by 

electrochemical oxidation in presence of 4-APPA at different upper potential 

limits. The formation of agglomerates can be clearly observed onto the surface 

of samples MWCNT in all the positive potential limits used. These 

agglomerates are clearly observed in the MWCNTs surface compared to 

fMWCNTs, suggesting that oligomer chains are formed during the 

electrochemical modification with the 4-APPA, which can be anchored and 

adsorbed on the surface of the MWCNTs. Interestingly, no important 

structural changes, as broken-walls in the graphene layers of the MWCNT 

sample can be observed, suggesting that despite the oxidative conditions used 

during the electrochemical modification most of the oxidation occurs in the               

4-APPA molecules which have higher reactivity.  

In the case of fMWCNTs the same structures surrounding the CNT walls 

are also observed although in lower quantities; however, in these samples, the 

presence of these oligomers seem to be also observed in some cases inside the 

nanotubes (Figures 4.9-F and 4.9-H), what is in agreement with the wall 

discontinuities observed for this material that permit the monomer and 

electrolyte molecules to enter into the inner part of the fMWCNT.  

3.4. XPS characterization 

Incorporation of different species on the CNTs surface was studied by XPS 

analysis. Table 4.3 summarizes the amount of O, N and P incorporated in the 

CNTs.  
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Table 4.3. Composition obtained from XPS of the electrochemical modified 

MWCNTs and fMWCNT with 4-APPA at different positive potentials. 

 

Oxygen content increases with the upper potential limit in modified 

MWCNTs sample. This can be understood considering that, at the same time 

that functionalization and oligomer-chains formation take place, oxidative 

conditions promote the over oxidation of the oligomers and of the CNT in 

some extent. However, in the case of fMWCNTs the oxygen content seems to 

reach a maximum value for oxidation potentials above 1.4 V. Due to the initial 

strong degree of oxidation of this material, the incorporation of further oxygen 

species is smaller compared to the MWCNTs sample which has an initial low 

oxygen content (Table 4.3). In the case of nitrogen content, it reaches a 

maximum value for oxidation potentials above 1.4 V for both CNTs samples. 

On the contrary, phosphorus species show a maximum value of concentration 

at 1.4 V, for both materials. Therefore, a desorption or decomposition process 

of the phosphorus groups take place at higher upper potential limits probably 

due to oxidation of phosphonic groups followed by hydrolysis reactions. 

Figure 4.10 presents the XPS spectra for the CNTs modified at different 

positive potentials. Both CNTs show a N1s signal that can be deconvoluted 

into two or three contributions, which relative intensity is dependent on the 

functionalization potential. The three contributions observed appear at 398.5, 

Carbon 

nanotube 

Upper potential limit   

[V vs. RHE] 

O 

(at%) 

N 

(at%) 

P 

(at%) 

MWCNT 

Pristine 1.79 0.0 0.0 

1.2 2.53 0.49 0.25 

1.4 5.35 0.97 0.58 

1.6 7.00 1.05 0.46 

1.8 10.64 1.10 0.27 

fMWCNT 

Pristine 8.60 0.65 0.02 

1.2 9.30 0.89 0.15 

1.4 13.68 2.17 0.82 

1.6 10.28 1.56 0.47 

1.8 13.67 1.90 0.43 
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400 and 402.2 eV. The first and second can be assigned to imine and amine 

species, respectively, related to the formation of oligomers similar to 

polyaniline structure
39,40

. The peak at 402.2 eV appears for oxidation potentials 

over 1.2 V for the MWCNTs and increases with increasing the oxidation 

potential. It can be associated with oxidized and positively charged nitrogen 

species formed from the over oxidation of the oligomers at these high 

potentials. This tendency is also observed for the modified fMWCNTs sample; 

however, it must be noted that this material already contains N corresponding 

mainly to oxidized N species due to the nitric acid oxidation pretreatment (See 

Table 4.1), what explains that this peak is also observed for the lowest 

oxidation potential used.  
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Figure 4.10. N1s XPS spectra for CNT electrochemically modified with                

4-APPA at different applied potentials: A), C), E) and G) corresponds with 

MWCNTs, B), D), F) and H) corresponds with fMWCNTs. 
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Regarding the P2p spectra of the functionalized CNTs, phosphorus species 

present a main peak at 133.5 eV that can be deconvoluted into two 

contributions (Figure 4.11). The first doublet at 132.6 and 133.5 eV is 

associated with C-P-O species, corresponding to phosphonic group
35,41,42

. A 

second major contribution at 133.3 and 134.2 eV is clearly observed that can 

be associated to phosphoric species (C-O-P)
43

 as consequence of the oxidation 

of the phosphonic group during the electrochemical oxidation conditions. 
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Figure 4.11. P2p XPS spectra for CNT electrochemically modified with            

4-APPA at different upper positive limits: plots on right correspond with 

MWCNTs and plots in left correspond with fMWCNTs. 
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Table 4.4 shows the percentage of distribution for the main N and P species 

determined by XPS for the different functionalized CNTs. In the case of 

MWCNTs sample, the amount of neutral N species decreases with potential 

with a corresponding increase in oxidized N. However, in fMWCNT the 

amount of neutral nitrogen species is lower since the lowest potential used and 

do not suffer critical oxidation, suggesting that an important amount of            

4-APPA is bonded to the CNT through reactions with surface oxygen groups 

or surface defects. In the case of phosphorus species, most of them correspond 

to oxidized phosphorus species.  

Table 4.4. Distribution of N1s and P2p contributions for MWCNT and 

fMWCNT electrochemical modified with 4-APPA at different potentials. 

*All the percentages correspond with the total amount of each N1s and P2p 

determined. 

3.5. Raman spectroscopy 

Structural and physicochemical changes were studied by Raman 

spectroscopy for the pristine MWCNTs and after the electrochemical 

modification. Figure 4.12 presents the Raman spectra recorded for MWCNTs, 

fMWCNTs and after electrochemical modification with 4-APPA. The first-

order G and D bands (at around 1585 and 1350 cm
-1

, respectively) are 

observed in all the spectra. These bands are characteristic of graphene based 

carbon materials, the G band corresponds to an ideal graphitic lattice vibration 

Carbon 

nanotube 

Upper 

potential 

limit 

 [V vs. RHE] 

% Neutral 

N species  

% Oxidized 

nitrogen  

% C-O-P 

(133.3 eV) 

% C-P-O 

(132.6 eV) 

MWCNT 

1.2 93 7 86 14 

1.4 71 29 89 11 

1.6 72 28 87 13 

1.8 46 54 83 17 

fMWCNT 

1.2 67 33 -- -- 

1.4 75 25 89 11 

1.6 70 30 94 6 

1.8 60 40 74 26 
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mode and the D band is related to the presence of defects
44-47

. More 

specifically, D band is related to the presence of amorphous carbon
45

. In the 

case of fMWCNTs, the D band increases compared to MWCNTs due to the 

nitric acid treatment that produces important damage and carbon material 

removal from the tube walls. In the fMWCNTs sample a shoulder at around 

1620 cm
-1

 is observed that can be associated to D‘ band (Figure 4.12-D) due to 

defects along the tube induced by functionalization and strain in the C-C 

carbon bonds
45-46

. 

A low intensity band at around 1150 cm
-1

 can be clearly observed for 

MWCNTs after modification with 4-APPA (Figure 4.12-A). This band can be 

associated to C-O stretching mode in P-O-Caromatic species
48

 or to C-N-C 

asymmetric stretching in quinoid structure
34,48-50

. This feature is in agreement 

with oligomer formation; however, this band is not clearly distinguished for 

fMWCNTs derived materials, what is in agreement with the lower degree of 

oligomer incorporation that can be achieved for the functionalized material. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12. Raman spectra of carbon nanotubes electrochemically modified 

with 4-APPA at different positive potentials: A) MWCNTs, B) fMWCNTs, C) 

enlargement of G and D` region for MWCNTs and D) enlargement of G and 

D` region for fMWCNTs. 
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Once MWCNTs and fMWCNTs are submitted to a high anodic 

polarization in presence of 4-APPA, the D and D‘ bands increase. In the case 

of MWCNTs a shoulder at around 1620 cm
-1

 can be distinguished and the D‘ 

band increases importantly for fMWCNTs. The anodic polarization is inducing 

the formation of defects which is more important for fMWCNT. Those 

defects, which are present in a higher concentration for fMWCNTs, can be 

anchoring points for 4-APPA thus unfavouring the oligomerization process. 

Figure 4.13 presents the I
D
/I

G
 and I

D`
/I

G
 ratios calculated after 

deconvolution of the G band. For curve fitting, Lorentzian shape has been used 

for G band and Gaussian shape for D‘ band
51

. The evolution of I
D
/I

G
 and I

D`
/I

G
 

ratios with potential follows a similar trend; in the case of MWCNT materials 

they increase with potential and for fMWCNTs it goes through a maximum. In 

addition, the I
D
/I

G
 and I

D`
/I

G
 ratios are higher for fMWCNTs derived materials 

for all the potentials studied except for the sample prepared at 1.8 V. The 

increase in the ratio of bands for functionalized MWCNTs indicates some 

oxidation of the pristine MWCNTs generating defects. It must be noted that 

there is an important increase after modifying the material at 1.2 V compared 

to the pristine MWCNTs and, afterwards, the increase is not important until 

1.6 V. However, the increase of the ratio from the pristine fMWCNTs to the 

modification at 1.2 V is not so high because the functionalization with HNO3 

already produces important amount of defects in the MWCNT. Upon 

modification of fMWCNTs with increasing potential the ratios I
D
/I

G
 and I

D`
/I

G
 

goes through a maximum indicating that at such potential some removal of the 

most reactive carbon sites and amorphous carbon may occur through carbon 

gasification reactions or the formation of species in solution. This is in 

agreement with previous observations with nanostructured carbon materials
47

. 
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Figure 4.13. A) I
D
/I

G
 ratio and B) I

D`
/I

G
, both as a function of the positive 

potential limit used in the electrochemical modification with 4-APPA. 

4. Conclusions 

MWCNTs and fMWCNTs were functionalized successfully with N and P 

species during electrochemical oxidation of 4-APPA employing cyclic 

voltammetry. The oxidation of 4-APPA promotes the formation of 

electroactive oligomers onto the CNT surface; however, covalently bonded 

redox species cannot be discharged. It has been observed a negative effect of 

the surface oxygen groups in the degree of functionalization. Thus for the 

fMWCNT the amount of phosphorus incorporated is lower than in the non-

oxidized MWCNTs. However, the amount of P incorporated shows a 

maximum in both CNTs at an upper potential limit of 1.4 V; further potential 

increase causes an over oxidation of the oligomers or the oxidation of the 

phosphorus groups without producing sever damage of the carbon nanotube 

structure. 

In the case of MWCNTs, different redox processes with high reversibility 

are observed, which produces a remarkable increase in the electric charge 

stored compared to the pristine MWCNTs. In addition, oligomer chains are 

clearly observed by TEM. In the case of the fMWCNTs, the oligomerization 

reaction is not favored compared to the pristine MWCNTs. In this material, the 

presence of electron withdrawing oxygen groups that decrease the π electron 
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density of the CNTs and modify the orientation of the 4-APPA molecule, thus 

reducing the incorporation of 4-APPA parallel to the surface of the CNTs, 

impeding the oligomerization reaction.  

The evolution of I
D
/I

G
 and I

D`
/I

G
 Raman band ratios with potential in 

presence of 4-APPA follows a similar trend for functionalized MWCNTs and 

functionalized fMWCNTs. For MWCNTs they increase importantly from              

1.4 V, indicating that some oxidation of the MWCNTs occurs from this 

potential, generating defects. However, in the case of fMWCNTs these ratios 

go through a maximum indicating that some loss of carbon material occurs 

through carbon gasification reactions or the formation of species in solution. 

These reactions may also make difficult the functionalization by 4-APPA. 

Thus, the presence of surface oxygen groups in the MWCNTs is 

detrimental to achieve the functionalization through oligomerization reactions, 

being covalent attachment the prevailing mechanism. 
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1. Experimental 

 

1.1. Reagents 

Sulphuric acid (98%) analytical reagent was obtained from VWR 

Chemicals. 4-amino phenyl phosphonic acid (4-APPA, +98%), used as 

modifier agent, was purchased from Tokyo Chemical Industry co (TCI). 

Sodium sulfate (Na2SO4) (99%) was obtained from Merck. All the solutions 

were prepared using ultrapure water (18 MOhms cm, Purelab Ultra Elga 

equipment). The gases N2 (99.999%) and H2 (99.999%) were provided by Air 

Liquide. 

1.2. Synthesis of graphene-based materials 

 

1.2.1. Graphene oxide 

Synthesis of graphene oxide (GO) was performed using the modified 

Hummers method
1
. Graphite powder is treated under acidic and oxidant 

conditions to promote the exfoliation of the graphene-sheets, incorporating 

high amount of surface oxygen groups, making easy the dispersion in polar 

media.  

The working electrode for electrochemical modification was prepared using 

glassy carbon (GC), as support, modified with the GO. 1 mg of GO was 

dispersed in ultrapure water employing an ultrasonic cold-bath for 45 minutes, 

achieving a dispersion of 1 mg mL
-1

 of GO. Prior to the casting, the glassy 

carbon electrode surface (3 mm diameter) was sanded with emery paper and 

polished using 1 and 0.05 µm alumina slurries, then rinsed with ultrapure 

water. Afterwards, 5 µL aliquot of the dispersion was dropped onto the glassy 

carbon surface and dried under an infrared lamp to remove the solvent. This 

procedure was repeated twice.  

1.2.2. Graphene oxide electrochemically reduced 

The electrochemical reduction of GO was carried out by cyclic 

voltammetry conditions using an eDAQ Potentiostat (EA163 model) coupled 

to a EG&G Parc Model 175 wave generator and the data acquisition was 

performed with a eDAQ e-corder 410 unit (Chart and Scope Software), using a 

standard three-electrode cell configuration. The glassy carbon electrode 
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modified with GO was the working electrode (WE), a graphite rod as counter 

electrode (CE) and a reversible hydrogen electrode (RHE), introduced in the 

working electrolyte, the reference electrode. The procedure consisted in the 

application of 20 cycles in a potential range between -1.0 to 1.0 V, at a scan 

rate of 50 mV s
-1

 in a deoxygenated solution of 0.1 M Na2SO4
2
. Afterwards 

electrodes are washed with excess of ultrapure water and stored for further 

modification or characterization.  

1.2.3. Graphene 

Graphene suspensions were obtained following the procedure previously 

reported
3
: 500 mg of graphite were heated at 930°C for 1 h under                                     

100 mL min
-1

 flow of nitrogen. Subsequently, graphite was dispersed in               

100 mL of N-Methyl-2-Pyrrolidone (NMP) and sonicated in an ultrasound 

bath for 2 h. Insoluble particles are removed after letting stand the suspension 

for 5 days. Supernatant is collected and weighed, determining the final 

concentration of the suspension at about 0.3 mg mL
-1

. 5 µL of graphene 

suspension in NMP was deposited on the polished glassy carbon electrode 

surface and dried in vacuum. This procedure was repeated 6 times to achieve a 

total mass of 9 µg. Graphene samples are named as K14. 

1.3. Electrochemical modification with 4-amino phenyl phosphonic acid 

Electrochemical modification of graphene-based materials was performed 

using an Autolab PGSTAT 302 (Metrohm Netherlands) potentiostat, with a 

standard three-electrode cell configuration, in which the glassy carbon 

electrode modified with graphene-based materials was the working electrode 

(WE), a graphite rod was used as counter electrode and a reversible hydrogen 

electrode introduced in the same electrolyte but without 4-APPA, was used as 

reference electrode. Electrochemical modification was carried out in aqueous 

solution 0.5 M H2SO4 + 1 mM APPA in a deoxygenated cell by bubbling 

nitrogen. Electrochemical modification of graphene-based materials was 

achieved by cyclic voltammetry submitting the sample to 10 cycles at                      

10 mV s
-1

, in different potential windows. After electrochemical treatment, 

electrodes were washed with excess of water, removing remaining electrolyte. 
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1.4. Electrochemical characterization 

Electrochemical behavior of the graphene-based materials unmodified and 

modified with 4-APPA was evaluated by cyclic voltammetry in acid medium, 

employing a three electrode configuration cell, where, glassy carbon modified 

with graphene-based materials functionalized with 4-APPA, was the working 

electrode (WE), a graphite rod was the counter electrode (CE) and a reversible 

hydrogen electrode (RHE) introduced in the same electrolyte, was the 

reference electrode (RE). Potential range was fixed between 0 and 1 V at                

50 mV s
-1

, for all the characterization. 

1.5. Physicochemical characterization 

X-Ray photoelectron spectroscopy (XPS) was performed in a VG-

Microtech Mutilab 3000 spectrometer using an Al Kα radiation (1253.6 eV). 

The deconvolution of the XPS peaks for C1s, O2p, P2p and N1s was done by 

least squares fitting using Gaussian-Lorentzian curves, while a Shirley line 

was used for the background determination. The P2p spectra have been 

analyzed considering the spin-orbit splitting into P2p3/2 and P2p1/2 with a 2:1 

peak area ratio and an energy separation of 0.87 eV
4
. 

2. Results and discussion 

 
2.1. Electrochemical reduction of GO under neutral conditions 

Figure A-4.1 shows the voltammogram performed during the 

electrochemical reduction of GO in an extended potential cycling (-1.0 to 1.0 

V vs. RHE) in neutral conditions. During the first cycle of polarization at 

lower potential limit a high reduction current with an on-set potential at -0.5 V 

is observed, due to the reduction of GO. The intensity of this current decreases 

with cycling. Additionally, two different phenomena take place during the 

electrochemical reduction of GO. The first one, involves the increase in the 

voltammetric charge associated with the double-layer process and the second 

includes the appearance of one redox process at 0.6 V during the positive scan 

which intensity increases with cycling. After 20 cycles at these conditions, the 

reduced graphene oxide is obtained (rGO). 
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Figure A-4.1. Cyclic voltammograms of electrochemical reduction of GO 

electrode in 0.1 M Na2SO4 at 50 mV s
-1

, 20 consecutive cycles. 

Figure A-4.2 shows the voltammograms obtained during the 20 cycle for 

GO and rGO in 0.5 M H2SO4.  

 

 

 

 

 

 

 

Figure A-4.2. Cyclic voltammograms for: A) GO and B) rGO (after 

electrochemical reduction) in 0.5 M H2SO4 at 50 mV s
-1

 under N2 atmosphere. 

The GO presents the voltammogram of a carbon material with low 

conductivity, a tilted voltammogram and low value of double layer 

capacitance, as consequence of the high concentration of defects in the 

graphene layer (Figure A-4.2-A). However, the voltammogram for rGO shows 

important differences with respect to the GO. First, an important increase in 

the current is observed, which is related with a higher surface area after the 

electrochemical reduction. Furthermore, one redox process at around 0.65 V in 
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the positive scan, with a separation of peak potential of 0.4 V can be related 

with remaining electroactive surface oxygen groups in the graphene layer
5,6

. 

2.2. Surface functionalization with 4-APPA 

Figure A-4.3 shows the cyclic voltammograms of the upper potential limit 

stepwise opened from 1.0 to 1.8 V in presence of 4-APPA (Figure A-4.3-B 

and A-4.3-D) and in absence of 4-APPA (Figure A-4.3, A and C) for GO and 

rGO, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-4.3. Cyclic voltammograms during the first cycle of the open 

stepwise potential window for: A) GO in 0.5 M H2SO4, B) GO in                                                   

0.5 M H2SO4+ 1 mM 4-APPA, C) rGO in 0.5 M H2SO4 and D) rGO in                                       

0.5 M H2SO4+ 1 mM 4-APPA. 

In presence of 4-APPA, GO and rGO present a different voltammetric 

behavior. Thus, the oxidation of 4-APPA on GO electrode shows a clear 

irreversible oxidation peak at 1.35 V. After this oxidation peak, several redox 

processes appear in the voltammogram during the negative scan to less 

positive potentials. However, the voltammetric profiles of the rGO in presence 
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of 4-APPA are very similar to those obtained with rGO in absence of 4-APPA 

(Figure A-4.3-C and A-4.3-D). 

Higher polarization above 1.2 V generates an irreversible anodic peak 

associated with the oxidation of 4-APPA in the two carbon materials, being 

less important its contribution in the rGO. In the reverse scan, different redox 

processes at 0.75, 0.35 and 0.12 V appear in the GO. In contrast, rGO does not 

show significant redox processes to those observed during the oxidation of 

rGO in absence of 4-APPA (See Figure A-4.3-C), suggesting that a growing 

and deposition of the oligomer layer occurs in a less extension than in the case 

of GO and the oxidation of the rGO is more important than the oxidation of                    

4-APPA. 

The electrochemical modification of 4-APPA was performed using K14 

sample, as can be observed in the cyclic voltammograms (Figure A-4.4) from 

0.5 to 1.8 V vs. RHE. It can be observed a similar voltammetric behavior to 

GO, being observed in this case the presence of an oxidation current at the 

same potential than for GO. 

 

 

 

 

 

 

 

 

 

 

Figure A-4.4. Cyclic voltammograms during the first cycle of the open step-

wise potential window for: A) graphene K14 in 0.5 M H2SO4 and B) graphene 

K14 in 0.5 M H2SO4+ 1 mM 4-APPA at 50 mV s
-1

. 

Based on the stepwise upper potential limit study, two upper potential 

limits were chosen (1.5 and 1.8 V) for the functionalization of the materials. 

Figure A-4.5 shows the voltammograms for GO and rGO during the oxidation 

in absence (black voltammograms) and in presence of 4-APPA (red 

voltammograms) in the solution. Once electrochemical modification with                     

4-APPA is carried out (red lines CVs in Figure A-4.5) a clear oxidation peak is 
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observed in GO; however, this oxidation is overlapped with the oxidation of 

the carbon material in the case of rGO. For K14 graphene, the oxidation of               

4-APPA at 1.5 and 1.8 V (Data not shown) presents similar behavior to that 

observed with GO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-4.5. Cyclic voltammograms obtained during 10 cycles for a GO and 

rGO electrodes in 0.5 M H2SO4 (Black lines) and 0.5 M H2SO4 + 1 mM            

4-APPA (Red lines) at 10 mV s
-1

 under N2 atmosphere at different positive 

potential limits: A) GO-1.5 V, B) GO-1.8 V, C) rGO-1.5 V and D) rGO-1.8 V. 

The clear irreversible oxidation current observed in the case of GO at              

1.35 V has not been observed in previous studies with CNTs (chapter 3 and 

chapter 4). In this carbon material, the development of redox processes with an 

oxidation peak at 0.77 V and the corresponding reduction peaks at 0.75 and 

0.58 V are clearly observed. 

Figure A-4.6 shows the voltammograms in 0.5 M H2SO4 for the carbon 

material after the electrochemical modification. The black lines correspond to 
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the voltammograms of the carbon materials oxidized at the same potential but 

in absence of 4-APPA in the solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-4.6. Steady state CVs in 0.5 M H2SO4, for graphene-based materials 

electrochemically modified in absence (black line) and in presence (red line) 

of 4-APPA: A) GO, 1.5 V, B) GO, 1.8 V, C) rGO, 1.5 V, D) rGO, 1.8 V E) 

graphene K14 modified at 1.5 V and F) graphene K14 modified at 1.8 V, at            

50 mV s
-1
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For GO the appearance of different redox processes at 0.77 and 0.65 V (the 

reduction processes appear at 0.56, 0.35 and 0.11 V) are the most 

representatives. The increase in the potential limit of modification does not 

produce an important change in the voltammogram, only a decrease in the 

voltammetric charge can be appreciated, which could be related with a 

degradation of the oligomers produced during the oxidation of 4-APPA as has 

been observed for other substituted polyaliniles
7-10

. Interestingly, for K14 

electrodes (Figure A-4.6, E and F), the voltammograms show reversible redox 

processes at 0.67 and 0.38 V in both potentials studied. On the other hand, a 

third contribution at lower potential 0.11 V appears when the upper potential 

limit is 1.8 V. In case of graphene oxidized at 1.8 V in absence of 4-APPA, a 

tilted voltammogram is observed indicative of a resistive behavior as 

consequence of the oxidation of the graphene structure. However, once 

functionalization with 4-APPA is carried out, the resistive behavior is not 

observed despite the high conditions of oxidation and reversible redox 

processes are clearly observed. In this sense, the polymer/oligomer formed on 

the graphene surface can hinder its oxidation, protecting the material from the 

degradation. 

For rGO, no significant differences can be observed in the voltammograms 

with respect to the obtained after oxidation in absence of 4-APPA (Figure                     

A-4.6, C and D), only a small increase in voltammetric charge can be 

appreciated when the oxidation is produced in presence of 4-APPA. In this 

case, a small and reversible redox process at a 0.12 V is observed after the 

electrochemical treatment in presence of 4-APPA at 1.8 V. This result 

indicates that in this rGO the oxidation of the carbon material is produced in 

larger extension than the oxidation of 4-APPA. 

2.3. XPS analysis of P and N species on electrochemically modified 

graphene-based materials 

The amount of N and P species, and their chemical nature, incorporated on 

the GO and rGO were studied by XPS. Table A-4.1 summarizes the amount of 

O, N and P incorporated in the graphene-based materials during the 

electrochemical modification.  
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Table A-4.1. Chemical composition obtained from XPS of electrochemical 

modified graphene-based materials with 4-APPA. 

 

It can be observed that for GO the amount of nitrogen increases with the 

upper potential limit from 1.5 to 1.8 V (Table A-4.1). Nevertheless, high 

polarization over 1.5 V causes a decrease in the concentration of phosphorus 

content, probably due to the overoxidation of the polymeric species formed 

during the oxidation and the oxidation of the phosphonic groups to phosphoric 

groups that can be hydrolyzed. The XPS data of N and P for rGO show a low 

amount of these two species in the surface. This result is in agreement with the 

behavior observed in voltammograms, where similar electrochemical behavior 

was observed in absence and in presence of 4-APPA in the solution, which 

could suggest a low degree of functionalization. Moreover, in the case of rGO 

a non-clear dependence with the upper potential limit is observed. In the case 

of K14 sample, a high amount of N and P is obtained at lower potential limit 

that decreases with the increase in potential (Table A-4.1). However, in case of 

GO and rGO, the amount of N mainly at 1.5 V cannot be distinguished from 

the amount of the pristine sample, indicating that the functionalization is more 

difficult than in the case of carbon nanotubes.  

Deconvolution of N1s spectra in Figure A-4.7 presents the different species 

of nitrogen produced after the electrochemical modification of GO, rGO and 

K14 with 4-APPA at the two potentials evaluated. In case of both GO and 

rGO, the main peak can be deconvoluted in two peaks with binding energy of 

Graphene-based 

material 

Upper limit 

potential 

[V vs. RHE] 

O 

(at%) 

N 

(at%) 

P 

(at%) 

GO 

Pristine 24.3 0.86 -- 

1.5 22.2 0.71 1.14 

1.8 29.7 1.54 0.61 

rGO 

Pristine 20.1 1.39 -- 

1.5 23.0 1.37 0.52 

1.8 21.5 1.03 0.65 

Graphene K14 
1.5 22.9 2.96 0.78 

1.8 12.6 1.6 0.55 
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399.8 and 402 eV, which can be assigned with the presence of amine and 

oxidized nitrogen species, consequence of the formation of 

oligomer/polymeric chains and N functionalities on the surface
10-13,14

. 

Nevertheless, rGO shows an additional contribution at lower energy binding at 

around (~398.5 eV) related with presence of imines. The second contribution 

at 402 eV increases with the increase of the upper potential limit due to 

oxidation of N species into oxidized nitrogen species
9, 11

. The same behavior as 

for GO is observed for K14.  

Regarding the P2p spectra, deconvolution of the phosphorus species might 

be carried out in one or two asymmetric doublets, as can be observed in Figure 

A-4.8. For GO and rGO electrode modified at a potential of 1.5 V, the spectra 

show a first contribution at 132.6 eV, associated in the literature with the 

binding energy of C-P-O species
15, 16

, in agreement with the presence of the 

phosphonic group. Furthermore, a second contribution at 133.3 eV related with 

the C-O-P species appears that increases with the upper potential limit, as 

consequence of the oxidation of the phosphonic group to phosphoric group. 

However, when GO is electrochemically modified at a potential of 1.8 V, 

phosphorus species shows an important shift to higher binding energy at                         

134.1 eV, related with oxidized phosphorus species in which higher oxygen 

interaction is present, in concordance with values reported in literature for this 

species in carbon materials
11, 17,18

.  

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

Graphene-

based 

material 

Upper 

potential 

limit 

[V vs. RHE] 

More 

oxidized P 

(134.1 eV) 

C-O-P 

(133.3 eV) 

C-P-O 

(132.6 eV) 

Imines 

(398.5 eV) 

Neutral 

amines 

(399.8 eV) 

Oxidized 

nitrogen species 

(~402 eV) 

GO 
1.5 - 44 56 -- 87 13 

1.8 100 - - -- 40 60 

rGO 
1.5 - 66 34 12 74 14 

1.8 - 53 47 11 77 12 

Graphene 

K14 

1.5 - 60 40 -- 59 41 

1.8 - 66 34 -- 21 79 

1
9

8 

Table A-4.2. Chemical distribution of the N and P species obtained from XPS of electrochemical modified 

graphene-based materials with 4-APPA. 
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Figure A-4.7. N1s XPS spectra deconvoluted for GO and rGO 

electrochemical modified with 4-APPA at different oxidation potential: A) GO 

modified at 1.5 V, B) GO modified at 1.8 V, C) rGO modified at 1.5 V, D) 

rGO modified at 1.8 V, E) graphene K14 modified at 1.5 V and F) graphene 

K14 modified at 1.8 V. 
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FigureA-4.8. P2p XPS spectra for GO, rGO and K14 electrochemical 

modified with 4-APPA at different oxidation potential: A) GO modified at 1.5 

V, B) GO modified at 1.8 V, C) rGO modified at 1.5 V, D) rGO modified at 

1.8 V, E) graphene K14 modified at 1.5 V and F) graphene K14 modified at 

1.8 V. 
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1. Introduction  

In many applications, electron-transfer (ET) between the enzymatic 

element immobilized in an electrode and the substrate is so far the triggering 

factor for an optimal operation of any bioelectrochemical devices. 

Nevertheless, the embedded redox-active center of the enzyme, for example 

oxidoreductases, in the amino acids structure makes difficult the direct 

electron transfer (DET) in the biocatalyst electrode
1,2

. Therefore, continued 

efforts have focused on facilitating and promoting the ET from the redox 

center in the enzyme towards the electrode. Different immobilization methods 

have been extensively used to keep the activity of the enzyme, improving the 

orientation of the enzyme or even ―wiring‖ the active center of the enzyme 

with the transducer, providing a path for a DET mechanism
3–6

. Unfortunately, 

denaturalization and conformational changes in the bioenzymatic element are 

produced during the immobilization process, that can decrease their stability 

and catalytic behavior
6
.  

Carbon nanotubes (CNTs) have been employed as platforms in the 

development of biocatalysts in biosensing and bioelectrodes for 

electrochemical energy generation due to the remarkable chemical stability, 

biocompatibility, catalytic and electronic properties
7,8

. Moreover, some studies 

have suggested that the structural features of the CNTs can reduce the distance 

between the active-center of the enzyme and the electrode surface
8,9

. One 

important aspect that promotes the versatility of CNTs applications, lies in 

their tunable-surface chemistry that can be done through different procedures 

including non-covalent or covalent functionalization methods
10,11

. In this 

sense, modification of CNTs by surface functionalities provides an outstanding 

route for synthesis of active materials with enhanced properties for specific 

applications. 

First approaches of functionalization were focused in the oxidation of 

CNTs, employing acid solutions to incorporate oxygen functionalities, such as 

carboxylic moieties, which can anchor the amine-terminal groups in the 

enzyme structure with the CNT surface, promoting the immobilization of the 

bioelement
12

. Nowadays, other reactions, (i.e. amidation, hydrogenation, 

electrografting, etc.), based on the generation of radical species of high 

reactivity that can react with the carbon atoms in the CNT structure, have 
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become a promising route in the assembling of building blocks for the 

synthesis of improved biocatalysts
13–16

.  

Functionalization of CNTs surface with different type of active species by 

chemical and electrochemical modification procedures have demonstrated 

being effective for anchoring surface functionalities that can interact 

covalently with amino acids in the enzymes
13,17–19

. For example, carbon 

nanotube surface modified with maleimide groups by electrografting of 

primary amines, were used to elaborate the surface-modified electrode which 

shows high catalytic currents and long-term storage stability
5
.  

In this work, Multi Wall Carbon Nanotubes (MWCNTs) electrochemically 

functionalized with N and P species have been synthesized, obtaining 

electroactive species for the development of bioelectrodes as platforms for 

biosensors and biofuel cell applications. The functional carbon materials 

promote a good electron-transfer between a quinone oxidoreductase glucose 

dehydrogenase (PQQ-GDH), employed as enzymatic model element, and the 

electrode. Thus, a biofunctional metal-free MWCNTs electrode is developed 

in which the amount phosphorus and nitrogen species introduced on the carbon 

nanotube surface can be controlled. Depending of the upper potential limit of 

electrochemical modification, operational stability, electron-transfer kinetics, 

catalytic activity and sensitivity towards glucose oxidation can be significantly 

improved, providing an interesting platform for developing high performance 

bioelectrodes with good interaction with the enzymatic element. 

2. Experimental section 

 

2.1. Materials 

MWCNT with purity 95% (8 nm of diameter), 10-30 µm of length were 

purchased to Cheap Tubes Inc. (Cambridgeport, USA).                                                          

N,N-Dimethylformamide (DMF), extra pure, provided by Scharlau, was used 

as solvent to disperse the CNTs. Specific surface area, obtained from N2 

adsorption isotherms at -196 °C in an automatic adsorption system (Autosorb-

6, Quantachrome) and using the Brunauer, Emmett and Teller (BET) method, 

is 208 m
2 
g

-1
. 

Soluble apo-enzyme glucose dehydrogenase (sGDH) was provided by 

Roche Diagnostics (Germany). Sulphuric acid (98%) analytical reagent to 

https://www.sciencedirect.com/topics/chemistry/glucose
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dehydrogenase
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prepare the electrolyte, was obtained from VWR Chemicals. 4-amino phenyl 

phosphonic acid (4-APPA, +98%) was purchased to Tokyo Chemical Industry 

co (TCI-Belgium). Potassium dihydrogen phosphate (KH2PO4) and 

dipotassium hydrogen phosphate tri hydrate (K2HPO4∙3H2O), obtained from 

VWR Chemicals, were used to prepare phosphate buffer solution (0.1 M PBS, 

pH=7.2). (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) 

(≥99.5%-titration), D-(+)-Glucose ACS reagent and pyrroloquinoline quinone 

(PQQ) (≥95%-HPLC) were purchased from Sigma-Aldrich. All the solutions 

were prepared using ultrapure water (18 MOhms cm, Purelab Ultra Elga 

equipment). The gases Ar (99.999%) and H2 (99.999%) were provided by Air 

Liquide. 

Electrochemical measurements were performed in a BIOLOGIC SP-300 

potentiostat and a standard three-electrode cell configuration, in which glassy 

carbon (GC) electrodes modified with the MWCNTs were the working 

electrode (WE), a graphite rod was used as counter electrode (CE) and a 

Ag/AgCl (3 M KCl) introduced in the same electrolyte and connected with the 

working solution through a Lugging capillary, was used as reference electrode 

(RE). The potentials are referred to this reference electrode, and in order to 

compare with the potentials used in the other chapters of this PhD Thesis, the 

following equivalence should be applied: 0.97, 1.17 and 1.37 V correspond to 

1.2, 1.4 and 1.6 V vs. RHE, respectively.  

2.2. Electrochemical modification of MWCNTs with 4-amino phenyl 

phosphonic acid. 

Dispersions of 1 mg mL
-1

 of MWCNTs in DMF were prepared. Prior to the 

deposition of MWCNTs, the glassy carbon (GC) surface (3 mm diameter) was 

sanded with emery paper and polished using 1 and 0.05 µm alumina slurries, 

then rinsed with ultrapure water. Afterwards, 5 µL aliquot of the MWCNTs 

dispersion was dropped onto the GC surface and dried under an infrared lamp 

to remove the solvent. This procedure was repeated twice until completing           

10 µL of the carbon material suspension on the electrode. 

The electrochemical modification of MWCNTs was performed by cyclic 

voltammetry in a deoxygenated 0.5 M H2SO4 + 1 mM 4-APPA aqueous 

solution. During the measurement inert gas (Ar) flow was maintained. 

Modification of carbon material was achieved submitting the sample to 10 
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cycles at 10 mV s
-1

, reaching different upper potential limit. After 

electrochemical treatment, carbon electrodes were washed with excess of 

ultrapure water, removing remaining electrolyte.  

 

1.3 Physicochemical characterization. 

X-Ray photoelectron spectroscopy (XPS) was performed in a VG-

Microtech Mutilab 3000 spectrometer and Al Kα radiation (1253.6 eV). The 

P2p spectra have been analyzed considering the spin-orbit splitting into P2p3/2 

and P2p1/2 with a 2:1 peak area ratio and 0.87 eV splitting
20

. 

Scanning electron micrographs were taken using an ORIUS SC600 model 

Field Emission Scanning Electron Microscopy (FE-SEM) and a ZEISS 

microscope, Merlin VP Compact model. Samples are coated with a thin layer 

of carbon to avoid decomposition of the enzyme and the different oligomers 

incorporated by the electrochemical modification of 4-APPA. 

2.4. Multi wall carbon nanotubes electrochemically modified with 4-APPA 

and PQQ-GDH 

Glassy carbon electrodes modified with MWCNT functionalized with                     

4-APPA were modified with PQQ-GDH as a bioactive species. 

Firstly, the s-GDH were reconstructed with PQQ, following this procedure: 

36 mg of s-GDH were dissolved in 10 mM HEPES Buffer solution (pH=7.0), 

150 mM CaCl2·2H2O and 520 µM of PQQ freshly prepared, attaining a 

concentration of 36 mg mL
-1

 of PQQ-GDH. In this procedure, PQQ cofactor is 

introduced in the apo-enzyme structure as active center, and the complex is 

stabilized by the presence of three calcium cations
21

. At the same time, one of 

the calcium cations is required for the activation of the cofactor and oxidation 

with the substrate (glucose). Enzymatic solution was treated at 1600 rpm for 

30 min in vortex and stored at 4ºC till being used. 

Bioelectrodes were synthesized dropping 5 µL aliquot of the enzymatic 

solution onto the MWCNT functionalized with 4-APPA. The aliquot was dried 

at 4ºC for 1 hour, promoting the incubation process of the enzyme onto the 

surface electrode. Subsequent washing with 0.1 M PBS (pH=7.2) removes the 

non-immobilized enzymes and the electrode was dried under Ar flow. Surface 
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concentration of PQQ-GDH was calculated from the redox processes in the 

voltammogram using Eq. 5.1. 

  
 

   
                                                               Eq. 5.1 

Where Γ is the surface concentration of PQQ-GDH (mol m
-2

), n is the 

number of electrons in the redox reaction, F is the Faraday constant (C mol
-1

), 

A is the electrode-surface area (m
2
) and Q is the charge (C) obtained from the 

integration of the anodic peak associated with the redox process of the 

enzyme. 

Apparent electron-transfer constant (ks
app

) for the redox-active center of the 

PQQ-GDH in the electrochemically modified MWCNTs with 4-APPA at 

different upper potential limits, was estimated using the Laviron´s model
22

. 

Values of ks
app

 were estimated for each electrode prepared in this work 

considering the Laviron´s formalism based on the classical Butler−Volmer 

theory
23

.  

2.5. Electrochemical characterization and biocatalytic activity towards 

glucose oxidation 

Electrochemical behavior of MWCNTs modified with 4-APPA and                     

PQQ-GDH (MWCNT-PQQ-GDH) was evaluated in 0.1 M PBS solution 

(pH=7.2), in absence and presence of glucose using cyclic voltammetry.  

On the other hand, electrochemical catalytic behavior towards glucose 

oxidation was studied by chronoamperometry in the same electrochemical cell 

configuration. Considering that oxidation process of glucose by the PQQ-GDH 

has no oxygen dependence, room atmosphere conditions were used. The 

different electrodes were stabilized at 0.35 V in 0.1 M PBS (pH=7.2) solution 

during 1 h previous to the addition of glucose. After this time, aliquots of             

0.1 M glucose solution were added to the electrochemical cell, obtaining 

concentrations between 5 µM to 6 mM. During the chronoamperometry, 

stirring conditions are maintained to improve the flux of glucose towards the 

electrode surface. Scheme 5.1 shows the electrochemical set-up. Cyclic 

voltammetry was employed at the beginning and at the end of the test to 

control that the characteristic of the electrode is maintained during the study. 

All measurements were carried out in triplicate with three electrodes prepared 



212 

in the same conditions. Moreover, the limit of detection (LOD) was 

determined empirically, by progressively measuring more diluted 

concentrations of the analyte. The LOD was the lowest concentration whose 

signal could be clearly distinguished from the blank. Moreover, the limit of 

quantification (LOQ) was calculated as 3.3 times the LOD (LOQ = 3.3LOD).  

 

 

 

 

 

 

Scheme 5.1. Electrochemical set-up configuration for studying the catalytic 

activity of MWCNT electrochemical modified with 4-APPA and PQQ-GDH 

towards glucose oxidation. 

In this work, the electrodes prepared are named as MWCNT-APPA-X for 

those prepared without enzyme, being X the upper potential limit that was 

employed for the electrochemical modification, and MWCNT-APPA-X-GDH 

for the electrode with the PQQ-GDH immobilized. 

Electrochemical stability of the different electrodes was determined by two 

different chronoamperometry experiments. In the first experiment,                          

MWCNT-APPA-X-GDH electrodes were polarized from the open circuit 

potential to 0.35 V. In case of the first stability test, the electrodes are 

maintained for 10 min at this potential, then an aliquot of 0.1 M of glucose is 

added to achieve a concentration of 20 mM. The electrodes were stored at 4ºC 

and tested each day in the same conditions for 8 days. The second stability test 

consists on maintaining the electrode at the potential of 0.35 V for 24 hours 

without addition of glucose under continued stirring conditions. 

3. Results and discussion 

 

3.1. Electrochemical modification of MWCTN with 4-APPA 
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Cyclic voltammograms during electrochemical oxidation of 4-APPA on 

MWCNT at different upper potential limits are shown in Figure 5.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 5.1. Cyclic voltammograms of MWCNT in 0.5 M H2SO4 + 1 mM 

4-APPA at 10 mV s
-1

, 10 cycles under Ar atmosphere at different upper 

potential limits: A) 0.97 V, C) 1.17 V and E) 1.37 V. Cyclic 

voltammograms for MWCNT-APPA-X electrodes in 0.5 M H2SO4, B) 

MWCNT-APPA-0.97, D) MWCNT-APPA-1.17 and                                               

F) MWCNT-APPA-1.37 at 50 mV s
-1

, under Ar atmosphere. 

Irreversible oxidation peaks can be observed at potentials higher than 0.8 V 

that correspond to the oxidation of 4-APPA (Fig. 5.1-A, 5.1-D and 5.1-E). 

During oxidation of 4-APPA, oligomer chains as well as covalently bonded 

species to the surface of the MWCNTs can be produced
24

. Presence of those 
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species on the surface can generate different highly reversible redox processes 

in the voltammogram in absence of 4-APPA in the solution (Figure 5.1-B, 5.1-

D and 5.1-F). 

Continuous cycling of the electrode in presence of 4-APPA generates an 

increase in the charge of the different reversible redox processes observed 

between -0.2 and 0.7 V. Figure 5.2-A shows the value of charge determined 

from the voltammogram normalized to the amount of MWCNT deposited. It 

can be observed that these values increase with the upper potential limit used 

in the oxidation of 4-APPA reaching values twice of the initial for the 

MWCNTs only with the polarization at 0.97 V and more than 4 times for the 

highest potential studied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. A) Charge normalized vs. upper potential limit used in the 4-

APPA oxidation, B) Amount of oxygen vs. upper potential limit, C) Amount 

of nitrogen vs. upper potential limit and D) Amount of phosphorus vs. upper 

potential limit. Note: Charge was determined in a potential range of 0.63 V 

and at scan rate of 50 mV s
-1

, under Ar atmosphere. 
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Figure 5.2-B, 5.2-C and 5.2-D shows the amount of oxygen, nitrogen and 

phosphorus determined by XPS, respectively, for the MWCNT-APPA 

electrodes at different upper potential limits. Quantification by XPS elucidates 

the degree of modification and incorporation of heteroatoms on the MWCNT 

surface (See Figure 4.10 and 4.11) 

The amount of oxygen and nitrogen on the MWCNT-APPA-X surfaces 

(Figures 5.2-B and 5.2-C), shows a direct dependence with the upper potential 

limit used in the oxidation. The oxidative conditions at higher potential 

promotes the incorporation of oxygen functionalities in the MWCNT, 

oligomer chains adsorbed on the surface and covalently bonded APPA 

species
24

. Interestingly, phosphorus content shows a maximum value of 

incorporation at 1.17 V, suggesting that oxidation at higher potentials favors 

phosphonic acid oxidation and desorption due to hydrolysis reactions. 

3.2. Electrochemical characterization of MWCNT modified with 4-APPA 

and PQQ-GDH 

The bioelectrodes should be stable at pH close to the physiological one, 

then it is important to characterize the synthesized electrodes under these 

conditions. Figure 5.3 shows the electrochemical response of MWCNT-

APPA-X electrodes in 0.1 M PBS (pH=7.2). Pristine MWCNTs presents a 

quasi-rectangular shape at these conditions; however, the MWCNT-APPA-X 

samples show different redox processes as in the case of acidic conditions but 

with lower current, thus indicating that they maintain the electroactivity at this 

pH. 
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Figure 5.3. Cyclic voltammograms for the MWCNT and                            

MWCNT-APPA-X electrodes in 0.1 M PBS (pH = 7.2) at 50 mV s
-1

 under Ar 

atmosphere. 

Figure 5.4 shows the cyclic voltammograms of the electrodes after 

immobilization of the PQQ-GDH. It can be observed a small decrease of the 

double-layer charge with respect to the MWCNT-APPA-X for all the 

electrodes. Additionally, a clear electrochemical redox couple is observed in 

all the modified MWCNT-APPA-X-GDH electrodes, at the same formal 

potential (E
0
) of about -0.12 V, which can be assigned to the two-electron 

redox process of the PQQ in the active-redox center of the holo-enzyme PQQ-

GDH in neutral conditions
25

. This result is in agreement with other 

electrochemical behaviors observed for immobilized PQQ-GDH using 

different electrodes
26,27

. 
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Figure 5.4. Cyclic voltammograms of MWCNT-APPA and MWCNT-APPA-

X-GDH at different upper potential limits of modification: A) 0.97 V,               

B) 1.17 V and C) 1.37 V in 0.1 M PBS (pH = 7.2), at 5 mV s
-1

 under Ar 

atmosphere. 

The peak potential separation associated with the PQQ active center in the 

holo-enzyme has values corresponding to a theoretical reversible two-electron 

transfer process at 5 mV s
-1

 (~29 mV)
28

, which is in agreement with the values 

of the Ianodic/Icathodic ratio 1. Taking into account the pH conditions, the redox 

process of the cofactor in the enzyme can be a process in which the formation 

of intermediate quinone species and one protonation of the PQQ can take 

place
29

. 

Table 5.1 shows the values of surface coverage of PQQ-GDH for the 

different electrodes. These values change similarly as the phosphorus content 
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(Figure 5.2-D), reaching the maximum value for the MWCNT modified with 

APPA at 1.17 V, which is the one with the highest phosphorus content. This 

can be consequence of the electrostatic interaction between the PQQ-GDH, 

which presents a net positive charge at the pH conditions employed during the 

immobilization process
30

 and the different deprotonated terminal groups in the 

phosphorus moieties
31

 incorporated on the MWCNTs surface. 

Table 5.1. Electrochemical parameters associated with the PQQ-GDH 

electron-transfer process on MWCNT-APPA-X-GDH electrodes.  

*Anodic and cathodic current density and charge of the PQQ-GDH were 

determined subtracting the contribution of the MWCNT-APPA-X without enzyme. 

**Values determined at 5 mV s
-1

 

Electrochemical study with the scan rate shows a linear-dependence 

behavior of the oxidation and reduction currents, associated with the two 

electron-transfer process for the active redox center of the enzyme 

immobilized onto the modified MWCNTs (See Figures 5.5). This corresponds 

to a surface confined redox process
32–34

, confirming the confinement of the 

enzyme by the functional groups on the MWCNT surface. Interestingly, the 

slope of the linear-fitting with the scan rate (vscan), could be related with the 

concentration of the active species on the surface (coverage of PQQ-GDH)
35,36

, 

which shows a maximum value for the MWCNT-APPA-1.17 electrode, in 

agreement with the results in Table 5.1, which confirms that a higher 

concentration of enzyme is reached with this electrode.  
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Figure 5.5. A-C) Cyclic voltammetry of MWCNT-APPA-X-GDH electrodes 

synthetized at different upper potential limits: A) 0.97, B) 1.17 and C) 1.37 V 

in 0.1 M PBS (pH = 7.2) at different vscan (black: 1 mV s
-1

, red:                          

2 mV s
-1

, blue: 5 mV s
-1

, pink: 10 mV s
-1

 and green: 20 mV s
-1

) under Ar 

atmosphere. D) Plot of cathodic and anodic peak currents vs. vscan for the redox 

processes of the PQQ-GDH in MWCNT-APPA-X-GDH electrodes in 0.1 M 

PBS (pH = 7.2).  

The apparent rate constant, ks
app

, (Table 5.1) was calculated, and values 

between 69 and 82 s
-1

 are obtained from the Trumpet-plots (See Figure 5.6). 

An increase of the ks
app

 with the upper potential limit suggests that the 

interaction between the MWCNT-APPA electrodes and PQQ-GDH is 

improved, providing a fast electron-transfer between the electrode and the 

redox-active center of the enzyme. 
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Figure 5.6. Trumpet plots of the anodic and cathodic peak potential (Ep) vs. 

the logarithm of scan rate (log10 νscan), the linear fitting at scan rates from            

1 mV s
−1

 to 200 mV s
−1

 for MWCNT-APPA-X-GDH at different upper 

potential limits: A) 0.97, B) 1.17 and C) 1.37 V. 

The morphological characterization obtained by FESEM of the                      

MWCNT-APPA-X and MWCNT-APPA-GDH synthesized are presented in 

Figure 5.7. 
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Figure 5.7. FESEM micrographs of A) MWCNT, B) MWCNT-APPA-0.97, 

D) MWCNT-APPA-1.17 and F) MW CNT-APPA-1.37 V. C)                                 

MWCNT-APPA-0.97-GDH, E) MWCNT-APPA-1.17-GDH and G)                      

MWCNT-APPA-1.37-GDH. 

Morphology of the deposits of MWCNTs modified with 4-APPA can be 

observed in Figure 5.7. Typical bundles can be observed in the deposits of 

MWCNTs (see Figure 5.7-A) and the modified MWCNTs with 4-APPA. 
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However, the oxidation of MWCNTs in presence of 4-APPA causes the 

formation of a thin film and small deposits on the MWCNTs surface, related 

with the oligomer chains formed. Once, PQQ-GDH is immobilized on the 

MWCNTs electrochemically modified (See Figure 5.7-B, 5.7-D and 5.7-F), 

the formation of a continuous enzymatic coating can be appreciated in all the 

electrodes; nevertheless, depending on the applied potential for the 

modification with APPA, the morphology of the coating changes considerably. 

Electrodes modified at 0.97 V presents a coating of PQQ-GDH, which 

resembles the roughness and bundles-like structure of the MWCNTs; 

suggesting a low thickness of the enzymatic coating. Increase of the applied 

potential promotes the immobilization of a dense and thick coating with 

presence of porosity and sponge-like texture for the potential of 1.17 V and a 

more defined globular morphology is observed at 1.37 V. 

3.3. Electrocatalytic response of MWCNT-APPA-X-GDH electrodes 

towards glucose oxidation 

Figure 5.8-A, 5.8-C and 5.8-E shows the cyclic voltammograms in 

presence and absence of glucose for the MWCNT-APPA-X-GDH electrodes. 

It can be observed for the three electrodes the appearance of an oxidation 

current upon addition of glucose. The current starts from a potential of about -

120 mV and increases with respect to the blank voltammogram (in absence of 

glucose) with the potential. The non-functionalized MWCNTs do not show 

this oxidation current in presence of glucose (Data not shown). Figures 5.8-B, 

5.8-D and 5.8-F show the chronoamperogram obtained with the same 

electrodes at 0.35 V and the response when the glucose is added in a 

concentration of 20 mM. After the addition of glucose, the current increases as 

consequence of the catalytic activity of the enzyme. The bioelectrode modified 

at 1.37 V shows the highest values of current change (Δi) of 1.47 A·gMWCNT
-1

 

by cyclic voltammetry and 3.06 µA by chronoamperometry; in contrast with 

the other potentials studied for the modification of the MWCNTs, where this 

value is 0.49 AMWCNT·g
-1

 and 0.89 µA for both electrodes. This behavior can 

be correlated with the apparent rate constant (Table 5.1). It can be observed 

that this value is higher for the MWCNT-APPA-1.37-GDH electrode. In this 

sense, despite the lower amount of immobilized enzyme in the MWCNT-

APPA-1.37-GDH electrode, the enzyme has better orientation what permits 

that the redox-active center of PQQ-GDH be located closer to the surface, 

improving the direct electron transfer to the electrode.  
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Figure 5.8. Cyclic voltammograms for MWCNT-APPA-X-GDH electrodes in 

0.1 M PBS (pH = 7.2) in absence (black line) and presence (red line) of          

20 mM glucose at 5 mV s
-1

 under Ar atmosphere: A) 0.97, C) 1.17 and                       

E) 1.37 V. Amperometric response at 0.35 V of MWCNT-APPA-X-GDH 

modified at B) 0.97, D) 1.17 and F) 1.37 V, after the addition of 0.1 M of 

glucose in 0.1 M PBS (pH = 7.2) to achieve 20 mM of glucose in solution 

under room atmosphere and stirring conditions. 
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Regarding the electrocatalytic behavior and activity of the enzyme 

immobilized in the different modified MWCNT electrodes, Figures 5.9-A,                 

5.9-C and 5.9-E show the chronoamperometry profiles carried out at 0.35 V 

under stirring condition for glucose oxidation in the concentration range 

between 5.0 µM and 6.0 mM in PBS (pH = 7.2). All the electrodes present a 

rapid response to the change in the glucose concentration. Limit of detection 

(LOD) was determined empirically, as the lowest concentration of glucose 

whose signal can be clearly distinguished from the background current, 

showing for the electrodes modified at 1.17 and 1.37 V values of 5µM. In 

contrast, bioelectrodes synthesized at 0.97 V presents a LOD of 10 µM.  

Figure 5.9-B, 5.9-D and 5.9-F shows the calibration curves for the 

MWCNT-APPA-X-GDH electrodes that present a Michaelis-Menten 

behavior, in which a linear range at low glucose concentration is observed; 

afterwards, a plateau zone appears corresponding to the saturation of the 

enzyme. In the case of MWCNT-APPA-1.17-GDH and MWCNT-APPA-1.37-

GDH electrodes, calibration curves at low values of glucose concentration 

(less than 0.1 M) show a change in the slope, which can suggest that either 

surface chemistry changes or modifications in the oligomer chain structure, 

due to swelling for example, can produce modification in the interaction 

enzyme-electrode, affecting the diffusion of the substrate and product towards 

the enzyme and through the electrode surface
39,40

. Thus, best linear calibration 

range was determined between 0.1 and 1.0 mM for all the electrodes.   
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Figure 5.9. Chronoamperometry profiles at 0.35 V in 0.1 M PBS (pH=7.2) to 

successive addition of glucose (marked with arrows), from 5µM to 6 mM, A) 

MWCNT-APPA-0.97-GDH, C) MWCNT-APPA-1.17-GDH and E) MWCNT-

APPA-1.37-GDH. Calibration curves: B) MWCNT-APPA-0.97-GDH, D) 

MWCNT-APPA-1.17-GDH and F) MWCNT-APPA-1.37-GDH. Inset: 

Calibration curve in the concentration range between 0.1 to 1.0 mM. 
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Interestingly, sensitivity of the electrodes presents an important 

enhancement with the increase in the upper potential limit used in the 

electrochemical modification of MWCNTs, obtaining at 1.37 V a value 37% 

higher than for the electrode modified at 0.97 V (Table 5.2). This is most 

likely due to the faster kinetics in the electron-transfer process between the 

enzyme redox-active center and the electrode surface, in agreement with the 

increase in the ks
app

. Moreover, taking into account that the active center of the 

enzyme is a probe with external-electron transfer mechanism, the 

functionalities incorporated during the electrochemical modification, could 

facilitate the transfer of electrons, as a mediating process, because the redox 

processes observed in the functionalized MWCNT-APPA appear at higher 

potentials than the redox process associated to the redox active center of the 

enzyme
41

. 

Table 5.2. Analytical figures of merit for the quantification of glucose for                                               

MWCNT-APPA-X-GDH electrodes. 

*All the parameters were determined employing 3 different electrodes synthesized 

at the same electrochemical conditions. 

The apparent Michaelis-Menten constant (Km
app

) (Table 5.2), characteristic 

parameter for the enzyme-electrode interaction, was experimentally 

determined by the Lineweaver-Burk fitting, obtaining values of 2.5, 2.7 and 

1.6 mM for the three electrodes electrochemical modified at 0.97, 1.17 and 

1.37 V, respectively (Figure 5.10). These values are in agreement with the 

values for PQQ-GDH in solution, which is between 0.5-22 mM, and also with 

Parameter 

Upper potential limit 

of synthesis 

[V vs. Ag/AgCl] 

0.97 1.17 1.37 

Sensitivity 

[mA gMWCNT
-1

 mM
-1

] 
39.2 ± 2.8 42.2 ± 4.5 53.6 ± 4.7 

R
2
 0.995 0.990 0.992 

Linear range (mM) 0.1-1.2 0.1-1.2 0.1-1.2 

LOD (mM) 0.01 0.005 0.005 

LOQ (mM) 0.033 0.0165 0.0165 

Km
app

 (mM) 2.5 2.7 1.6 
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previous works in which this parameter presents values between 0.2 to 3 mM
42

 

when the enzyme is immobilized. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. Lineweaver-Burk fitting MWCNT-APPA-X-GDH synthetized at 

different upper potential limits: A) 0.97, B) 1.17 and C) 1.37 V. 
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The lower value is obtained with MWCNT-APPA-1.37-GDH electrode, 

what indicates the high affinity of the enzyme to the substrate (glucose in this 

case). Despite the fact that a strong interaction between the enzyme and the 

substrate decreases the concentration of saturation of the enzyme towards 

glucose detection, as consequence of the impediment effect towards the 

interaction with the glucose, this interaction produces an increase in the 

sensitivity of the bioelectrode. Then, low values of Km
app

 from an analytical 

point of view are correlated with an increase in the sensitivity and a reduction 

in the concentration of saturation
43

.  

3.4. Stability of MWCNT-APPA-X-GDH electrodes 

Operational long-term stability was evaluated by measuring the current 

change (with respect to the current of the blank) after the addition 20 mM 

glucose, for 8 days. Bioelectrodes were stored at 4ºC in 0.1 M PBS (pH=7.2). 

Figure 5.11-A shows the evolution of the catalytic glucose oxidation current 

each day.  

 

 

 

 

 

 

 

Figure 5.11. A) Stability of MWCNT-APPA-X-GDH electrodes. Conditions: 

Chronoamperometry at 0.35 V in 0.1 M PBS (pH=7.2) in presence of 20 mM 

glucose evaluated for 8 days and B) Chronoamperometry during glucose 

oxidation on MWCNT-APPA-X-GDH electrodes in 0.1 M PBS (pH=7.2) at 

0.35 V, under stirring conditions and room atmosphere. 

The figure shows a decrease in the 8th day of around 90% of the initial 

current for all the bioelectrodes. This decrease is more important in the 

MWCNT-APPA-1.37-GDH electrode. The decrease in the catalytic activity 

seems to be related mainly to a possible desorption of the enzyme immobilized 
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on the electrode which could be related with the protonation of the phosphorus 

species on the MWCNT surface, as result of a local pH change generated 

during oxidation of glucose
44

. Then, electrostatic interaction between the 

positively charged enzyme and the phosphorus groups could be responsible for 

the immobilization of the enzyme. This behavior can also be confirmed by the 

decrease in the charge associated with the redox process of the active center of 

the enzyme (PQQ), after 3 hours at 0.35 V in presence of 6 mM glucose 

(Figure not shown). 

It is important to point out that MWCNT-APPA-1.37-GDH electrode 

presents the highest decrease in the catalytic current with time, but this 

electrode still provides the highest current during the test. 

Additional long-term stability test under continuous operation during 24 

hours in 0.1 M PBS (pH=7.2) solution at 0.35 V was also carried out (Figure 

5.11-B), demonstrating that no important change in the current is observed in 

all the electrodes. 

4. Conclusions 

The electrochemical modification of MWCNT with 4-APPA has 

demonstrated the incorporation of different phosphorus and nitrogen surface 

species which promote the immobilization of PQQ-GDH. The bioelectrodes 

have been used in the oxidation of glucose at physiological pH. Depending of 

the upper potential limit used in the electrochemical modification of 

MWCNTs, morphological features of the enzymatic coating and interaction 

with the enzymatic element improve the electron-transfer kinetics, obtaining 

values for apparent electron transfer rate constants from 69 to 82 s
-1

. This good 

electron transfer could be associated with a better orientation of the redox-

active center of the enzyme to the electrode. Moreover, the different 

biocatalytic electrodes show different amounts of immobilized enzyme, 

oxidation catalytic current and sensitivity towards glucose oxidation. 

The MWCNT-APPA-1.37-GDH bioelectrode shows the highest values of 

glucose oxidation current (1.47 A g
-1

 obtained by cyclic voltammetry and 3.06 

µA obtained by chronoamperometry). The sensitivity obtained for this 

electrode is 53.63 ± 4.72 mA gMWCNT
-1

 mM
-1

. Therefore, the electrochemical 

modification of MWCNTs with phosphorus and nitrogen species coming from 

oxidation of 4-APPA, can be considered as a promising alternative to control 
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and improve the electrochemical performance of biocatalysts for further 

applications as biosensors. 
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1. Introduction  

The design of bioelectrodes has received great attention as a fundamental 

part in technologies for green-energy production based on electrochemical 

biofuel cells (EBFC), food chemistry and biosensing
1–3

. These active 

bioelectrodes are important to obtain fast response, high sensitivity and stable 

biocatalysts. In this sense, the current research has mainly focused in the 

development of scalable, controlled and reproducible procedures of biocatalyst 

synthesis, which may also enhance the interaction between the enzyme and the 

electrode, promoting an efficient electron-transfer
4–6

. Unfortunately, the 

electron-transfer between the redox center in the enzyme, like glucose oxidase 

(GOx), glucose dehydrogenase (s-GDH), laccase oxidase (Lc), etc., and the 

electrode is normally hindered by the structure of the enzyme, that buries the 

redox cofactor
7–9

.  

Herein lies the importance of development of immobilization methods 

during the synthesis of the biocatalyst, in which the appropriate assembling of 

confined enzymatic element without affecting its catalytic activity is of great 

relevance
1,10

. Besides, orientation and even interconnection of the redox 

cofactor with the electrode surface can provide platforms for fast and efficient 

electron transfer
11,12

 by an electron-hopping mechanism
5,13,14

 or direct electron 

transfer
15,16

, which confers high efficiency and performance of the 

bioelectrode.  

Despite the wide variety of immobilization procedures, like covalent 

linkage, adsorption, electrostatic interaction and crosslinking, the confining of 

the enzyme into an inorganic (i.e. sol-gel) or polymeric matrix provides an 

interesting route to generate a close interaction between the electrode and the 

enzyme
9,17,18

. Additionally, entrapment assisted by electrochemical methods 

affords an easy, scalable and controlled preparation of the bioelectrode
1,19–21

. 

The entrapment based on the electrochemical deposition of a polymer with 

other components like chitosan is considered as a simple, fast, uniform and 

controllable immobilization route
22,23

. However, in these examples, the 

polymers have low conductivity and lack of electroactivity, what makes that 

the mediation of electron transfer is impeded. However, the entrapment in 

redox active polymers based on osmium complex or its copolymers with non-

electroactive polymers have demonstrated outstanding performance not only in 

the proper immobilization of the enzymatic element, but also in the 
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improvement of the electron transfer
11,13,24

. Moreover, other redox species like 

ferrocene-derivatives, methyl viologen or Ru-complex have also been 

employed with remarkable results
25–27

.  

Conjugated polymers, such as polyaniline (PANI), polypyrrole (Py) and 

poly(3-4 ethylenedioxythiophene) (PEDOT), can offer a good platform as 

matrix for electrochemical enzyme entrapment, especially considering the easy 

and well-known polymerization mechanism and remarkable conductivity
28–31

. 

Moreover, the incorporation of redox species and the use of substituents in the 

monomer precursor have improved the redox behavior of the polymer, 

generating electrochemical functional groups which facilitates the electron 

transfer
31,32

. 

In the present work, two different routes for the synthesis of bioelectrodes 

have been studied. In these routes, electrochemical entrapment of 

pyrroloquinoline quinone dependent glucose dehydrogenase (s-GDH) during 

oxidation of 4-APPA on single wall carbon nanotubes electrodes, has been 

employed. The proposed method provides a methodology for electrochemical 

immobilization of the enzyme by one-step, in which the direct entrapment of 

the reconstructed enzyme can be done. Interestingly, catalytic activity of the 

bioelectrode depends on the upper potential limit used in the electrochemical 

entrapment. The synthesized electrodes have demonstrated a good 

performance towards glucose oxidation with good sensitivity and 

reproducibility. 

2. Experimental 

 

2.1. Reagents and equipment 

Single Wall Carbon nanotubes (SWCNT) with purity 99% (1-4 nm of 

diameter) with 3-30 µm length were purchased to Cheap Tubes Inc. 

(Cambridgeport, USA). Specific surface area, obtained by the Brunauer, 

Emmett and Teller (BET) method, is 587 m
2
 g

-1
.  

Soluble apo-enzyme glucose dehydrogenase (s-GDH) was obtained from 

Roche Diagnostics (Germany). 4-amino phenyl phosphonic acid (4-APPA, 

+98%) used as modifier agent was purchased to Tokyo Chemical Industry co 

(TCI-Belgium). Potassium dihydrogen phosphate (KH2PO4) and dipotassium 

hydrogen phosphate tri hydrate (K2HPO4∙3H2O) were purchased from VWR 
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Chemicals, and they were used to prepare phosphate buffer solution (0.1M 

PBS, pH = 7.2). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

(≥99.5%-titration), D-(+)-Glucose ACS reagent, pyrroloquinoline quinone 

(≥95%-HPLC) and dimethylformamide (DMF) were purchased from Sigma-

Aldrich. All the solutions were prepared using ultrapure water (18 MOhms cm, 

Purelab Ultra Elga equipment). Ar (99.999%) and H2 (99.999%) were 

provided by Air Liquide. 

2.2. Electrochemical entrapment of enzyme 

2.2.1. Enzymatic electrolyte solutions  

Firstly, 10 mM HEPES aqueous buffer solution (pH = 5.0) was prepared 

which contains 150 mM CaCl2, 0.1 M KCl and 1 mM 4-APPA. This solution 

is named as HEPES electrolyte. Depending on the synthesis procedure 

(Scheme 1), the model enzyme (soluble glucose dehydrogenase) can be 

incorporated into the buffer solution in different ways as follows: 

Solution 1 for procedure 1: apo-enzyme s-GDH is dissolved in the 

HEPES electrolyte until a concentration of 5 mg mL
-1

 is obtained. 

Solution 2 for procedure 2: Firstly, reconstruction of the s-GDH is carried 

out with PQQ following the next steps. Step 1, 36 mg of apo-enzyme s-GDH 

was dissolved in 10 mM HEPES buffer solution (pH = 7.0) with 150 mM 

CaCl2 and 520 µM of PQQ freshly prepared, attaining a concentration of                 

36 mg mL
-1

. This enzymatic solution was mixed at 1600 rpm for 30 min in 

vortex and stored at 4ºC until its use. In this procedure, PQQ cofactor is 

introduced in the apo-enzyme structure as active center and the complex is 

stabilized by the presence of three calcium cations
33

. Step 2, in order to avoid 

further mediating effects of the free PQQ which can be adsorbed onto the 

electrode surface, a purification process is carried out. The 36 mg mL
-1

 

solution of PQQ-GDH was treated in a centrifugal concentrator Eppendorf 

(VIVASPIN 500) with a membrane of 10 kDa. Centrifugation is carried out at 

8000 rpm during 25 min. Step 3, an aliquot of this enzymatic PQQ-GDH 

solution is added in the 10 mM HEPES (pH = 7.0), 150 mM CaCl2 and 0.1 M 

KCl solution to attain a final concentration of 5 mg mL
-1 

by vortex at 1200 

rpm. All the enzyme solutions are stored at 4ºC until its use. 
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2.2.2. One-step electrochemical synthesis of the bioelectrodes 

The working electrode for the electrochemical modification was prepared 

using a glassy carbon rod (GC) as support, modified with the SWCNT. 1 mg 

of SWCNT was dispersed in DMF employing an ultrasonic cold-bath for 45 

minutes, achieving a dispersion of 1 mg mL
-1

 SWCNTs. Prior to the deposition 

of SWCNTs, glassy carbon electrode surface (3 mm diameter) was sanded 

with emery paper and polished using 1 and 0.05 µm alumina slurries, then 

rinsed with ultrapure water in ultrasonic bath. Afterwards, 5 µL aliquot of the 

dispersion was dropped onto the glassy carbon surface and dried under an 

infrared lamp to remove the solvent. This procedure was repeated twice until 

completing 10 µL of the SWCNT suspension on the surface.  

Electrochemical entrapment of the enzyme on the SWCNT electrode was 

performed using two procedures by cyclic voltammetry submitting the sample 

to 50 cycles at 50 mV s
-1

, at different upper potential limits. The equipment 

used was an Autolab PGSTAT 302 (Metrohm Netherlands) bipotentiostat 

station, in which glassy carbon electrode modified with the SMCNTs was the 

working electrode (WE), a platinum wire as counter electrode (CE) and a 

Ag/AgCl (3 M KCl) introduced in a Lugging capillary with the same 

electrolyte without 4-APPA and enzyme, as reference electrode (RE). 

Electrolyte employed was a deoxygenated HEPES electrolyte with 5 mg mL
-1

 

of the enzyme in both procedures.   

Solution 1 and solution 2 are used in the electrochemical immobilization 

using procedure 1 and procedure 2, respectively. Depending on the procedure 

employed (Scheme 1), after the electrochemical immobilization, the 

bioelectrodes were washed with excess of 0.1 M PBS solution (pH = 7.2) 

(procedure 2) or with 10 mM HEPES, 150 mM CaCl2 (procedure 1). In 

procedure 1, after electrochemical immobilization, an aliquot of 5 µL of a 

solution of 40 µM PQQ in buffer solution (10 mM HEPES, 150 mM CaCl2) 

was dropped on the electrode and incubated at 4ºC for 30 min
34

. Afterwards, 

the electrodes were rinsed with 0.1 M PBS solution (pH = 7.2).  

In procedure 2, the electrochemical immobilization of the GDH and PQQ is 

done in one step. 

Stepwise representation for the synthesis of the bioelectrodes, employing 

both procedures is presented in Scheme 6.1.   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 6.1. Electrochemical immobilization of s-GDH on SWCNT with 4-APPA using two procedures.  

2
4

3
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In procedure 1, the electrodes are named as SWCNT-APPA-X@GDH and 

SWCNT-APPA-X@GDH/PQQ before and after the addition of PQQ, 

respectively. In the case of procedure 2, the electrodes are named as             

SWCNT-APPA-X@PQQ-GDH. For electrodes synthesized in the same 

conditions but without the presence of enzyme the nomenclature employed 

was SWCNT-APPA-X. In all the cases, X represents the upper potential limit 

that was employed for the electrochemical entrapment.  

An additional SWCNT-APPA-1.15 electrode was prepared for comparison 

purposes in which the enzyme was immobilized by drop-casting of 5 µL of               

36 mg mL
-1

 of PQQ-GDH (SWCNT-APPA-X@PQQ-GDHdrop casting).  

The surface concentration of the PQQ that is related with the reconstructed 

enzyme, was determined from the charge of the redox process in the cyclic 

voltammograms using the following equation (Eq. 6.1): 

  
 

   
                                                                 Eq. 6.1 

Where Γ is the surface concentration of PQQ-GDH (mol cm
-2

), n is the 

number of transferred electrons, F is the Faraday constant (96485 C mol
-1

), A 

is the active surface area (m
2
), which was determined using the specific 

surface area of the deposited SWCNT in the same electrolyte. Q is the 

electrical charge obtained from the integration of the anodic peak associated 

with the cofactor in the enzyme. The charge contribution of the                         

SWCNT-APPA-X electrode without enzyme was subtracted. 

2.3. Physicochemical characterization 

X-Ray photoelectron spectroscopy (XPS) was performed in a VG-

Microtech Mutilab 3000 spectrometer using Al Kα radiation (1253.6 eV). The 

deconvolution of the XPS C1s, O2p, P2p and N1s was done by least squares 

fitting using Gaussian-Lorentzian curves, while a Shirley line was used for the 

background determination. The P2p spectra have been analyzed considering 

the spin-orbit splitting into 2p3/2 and 2p1/2 with a 2:1 peak area ratio and             

0.87 eV splitting
35

. 

Scanning electron micrographs were taken using an ORIUS SC600 model 

Field Emission Scanning Electron Microscopy (FESEM) and a ZEISS 

microscope, Merlin VP Compact model. Samples are coated with a thin layer 
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of carbon to avoid decomposition of the enzyme and the different oligomers 

incorporated by the electrochemical modification of 4-APPA. 

AFM images were obtained from an atomic force microscope NT-MDT 

model Ntegra, coupled with high resolution Silicon AFM cantilever (NSG01 

type), with a resonant frequency close to 150 kHz. It was employed in semi-

contact mode for the measurements of 10 x 10 µm. Scan rate of the cantilever 

was 0.5 Hz with a resolution of 256 points in the images.   

2.4. Electrochemical characterization and catalytic activity towards 

glucose oxidation 

Electrochemical behavior of biocatalyst was evaluated in 0.1 M PBS (pH = 

7.2) solution, in presence and absence of glucose, employing a three electrode 

configuration cell, where, bioelectrodes were the working electrode (WE), a 

platinum wire as counter electrode (CE) and a Ag/AgCl (3 M KCl) electrode 

introduced in the electrochemical cell as reference electrode (RE). In order to 

compare with the other chapters of this PhD Thesis, the following equivalence 

should be done: 0.75, 0.95 and 1.15 correspond to 1.2, 1.4 and 1.6 V vs. RHE, 

respectively. Characterization was performed at room atmosphere conditions, 

taking into account the non O2-dependence of the enzyme. 

Electrochemical catalytic behavior towards glucose oxidation was 

determined by chronoamperometry, in the same electrochemical cell 

configuration previously mentioned. In a typical measurement, before the 

addition of glucose, the working electrode is stabilized at 0.35 V in 0.1M PBS 

(pH = 7.2) solution under room atmosphere conditions and, subsequently, 

aliquots from a 0.1 M glucose solution were added to the electrochemical cell, 

obtaining glucose concentrations between 5 µM to 10 mM. The time between 

aliquots was established in 5 min, to guarantee a stabilization of the current 

after glucose addition. During the chronoamperometry, stirring conditions are 

maintained during all the experiment. Cyclic voltammetry was employed at the 

beginning and the end of the chronoamperometry to follow changes in the 

electrode. 

Moreover, for comparison purposes, SWCNTs were used without any 

modification as support of the PQQ-GDH. The characterization of this 

electrode by cyclic voltammetry and chronoamperometry in presence and 



246 

absence of glucose is presented in Figure A-6.1; the results confirm that this 

electrode is not active for oxidation of glucose. 

3. Results and discussion 

 

3.1. Electrochemical entrapment of s-GDH on SWCNT with 4-APPA using 

procedure 1. 

The potenciodynamic electrochemical entrapment of apo-enzyme s-GDH 

using procedure 1 at different upper potential limits (See Figure A-6.2), shows 

the presence of an irreversible oxidation peak at 0.69 V in the first cycle, 

which can be associated with the oxidation of the 4-APPA. After this first 

cycle, different redox processes appear in the voltammogram at lower 

potentials which charge increases with cycling the electrode; at the same time, 

the current associated with the oxidation of the 4-APPA decreases. This 

voltammetric behavior is similar to that observed in absence of GDH in the 

solution and it has been previously observed in acid media
36

. The observed 

processes were associated to the functionalization of SWCNT with the species 

produced during oxidation of 4-APPA. In presence of the apo-enzyme no 

significant changes are observed in the voltammograms and similar redox 

process are observed, what indicates that the electrochemical functionalization 

of SWCNT is also being produced. 

Figure 6.1 shows the electrochemical characterization of the different 

electrodes in PBS electrolyte (pH=7.2) obtained in presence and absence of 

GDH at different upper potential limits. It can be observed in all cases that the 

oxidation of 4-APPA (Figure 6.1-A) generates stable electrochemical surface 

redox processes related with the species formed during SWCNT 

functionalization. These redox processes are reversible, and their charge 

increases with the upper potential limit used in the functionalization. 

Moreover, these redox processes are stable at this pH. When the 

electrochemical functionalization is done in presence of s-GDH (Figure 6.1-

B), the double layer charge between -0.2 and 0 V, decreases that can be 

associated to the blockage of the SWCNT surface by the enzyme. Moreover, 

an additional redox peak (A-A`) is observed in the SWCNT-APPA-X@GDH 

electrodes. The presence of the apo-enzyme in the electrode tends to generate a 

more resistive behavior, observed in the slightly tilted voltammograms, but the 
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main redox processes are clearly observed in the voltammogram (See Figure 

6.1-B).  

 

 

 

 

 

 

 

 

Figure 6.1. Cyclic voltammograms of: A) SWCNT-APPA-X and B) SWCNT-

APPA-X@GDH electrodes. Electrochemical modification was carried out at 

different upper potential limits (0.75 V in black line, 0.95 V in red line and 

1.15 V in blue line) at 50 mV s
-1

 for 50 cycles under Ar atmosphere. 0.1 M 

PBS (pH = 7.2) under room atmosphere conditions at 5 mV s
-1

 

Table 6.1 shows the XPS quantification for SWCNT-APPA-X electrodes. 

It can be observed that the amount of N is always higher than that of P and that 

the amount of N remains almost constant from an upper potential limit of                 

0.75 V, whereas the amount of P increases with the upper potential limit. This 

behavior is different to the observed during the functionalization in sulfuric 

acid
36

, in which an increase of both N and P were observed. In this HEPES 

electrolyte, the amount of both P and N is higher than the incorporated in 

acidic conditions and, interestingly, the amount of P is significantly higher 

than in acidic conditions. No further potentials were evaluated because an 

additional experiment of electrochemical polarization at 1.35 V produced the 

disappearance of the redox process and a large oxidation current (See Figure 

A-6.3). 
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*The N content of the pristine SWCNT has been subtracted for the calculation. 

  

Upper 

potential limit 

[V vs. Ag/AgCl       

(3 M KCl)] 

Ca 

(at%) 

O 

(at%) 

N 

(at%) 

P 

(at%) 
N/P* 

% Neutral 

N species 

(398.5 and 

400.1 eV) 

% Oxidized 

nitrogen 

(401.5 eV) 

% C-O-P 

(133.3 eV) 

% C-P-O 

(132.6 eV) 

Pristine -- 3.1 0.37 0.0 -- -- -- -- -- 

0.75 -- 7.2 1.67 0.23 5.7 94 6 67 33 

0.95 0.24 8.0 1.41 0.51 2.0 95 5 59 41 

1.15 0.48 8.5 1.70 0.88 1.5 90 10 61 39 

2
4

8 

Table 6.1. Quantification of surface species by XPS and distribution of N and P contributions for SWCNT-

APPA-X modified in HEPES electrolyte at different potentials. 
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In terms of the different contributions of N and P species, XPS N1s spectra 

shows (Figure A-6.4) a peak at around 400.1 eV in all the potentials studied. 

The main important contributions are related with the presence of neutral 

amines and imines species with binding energies at around 400.1 and                    

398.5 eV, respectively
36,37

. Furthermore, a small contribution associated with 

oxidized nitrogen species at binding energy around 401.5 eV are observed. 

Despite the polarization conditions used, no important changes are appreciated 

in the distribution of the species in the electrode. 

In case of P2p spectra (Figure A-6.5), two asymmetric doublets appear. The 

first one at 132.6 eV, associated with the binding energy of C-P-O species, in 

agreement with the phosphonic group of the 4-APPA precursor
36

, and the 

second at 133.3 eV related to phosphoric species (C-O-P) generated from the 

electrochemical oxidation of the phosphonic group at the anodic polarization 

conditions
36,38

. 

3.1.1. Glucose oxidation on SWCNT-APPA-X@GDH/PQQ electrodes 

The electrodes prepared using procedure 1 have been used in the oxidation 

of glucose in order to check their electrocatalytic activity. The                        

SWCNT-APPA-X@GDH electrodes do not oxidize glucose (See Figure A-

6.6), due to the absence of the cofactor (PQQ). In all cases, a decrease in the 

charge of the different redox processes are observed. 

Therefore, the heterogeneous reconstitution of the GDH enzyme, 

considering that it is immobilized on the electrode surface, was carried out by 

drop-casting of the cofactor (PQQ) onto the SWCNT-APPA-X@GDH 

electrodes (procedure 1)
39

. Figures 6.2-A, 6.2-C and 6.2-E (dotted lines) show 

the cyclic voltammograms for the SWCNT-APPA-X@GDH/PQQ electrodes. 

It can be clearly observed the appearance of a redox couple at around -0.11 V, 

which can be assigned to the two-electron transfer of the PQQ
40,41

, suggesting 

that the entrapped apo-enzyme was successfully reconstructed
42,43

.  
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Figure 6.2. Electrocatalytic performance of SWCNT-APPA-X@GDH/PQQ 

towards glucose oxidation synthesized at different upper potential limits (0.75 

(A,B), 0.95 (C,D) and 1.15 (E,F)). A, C and E) Cyclic voltammogram in 

absence (dotted line) and presence (solid line) of 4 mM glucose, in 0.1 M PBS 

(pH = 7.2) at room atmosphere conditions at 5 mV s
-1

 (n=3). B, D and F) 

Chronoamperometry response of SWCNT-APPA-X@GDH/PQQ in 0.1 M 

PBS (pH = 7.2) at room atmosphere conditions at a fixed potential of 0.35 V 

before and after the addition of 1.6 mM glucose. 
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In presence of glucose (Figures 6.2-A, 6.2-C and 6.2-E, solid lines), the 

voltammetric charges decrease, and the SWCNT-APPA-1.15@GDH/PQQ 

electrode (Figure 6.2-E) shows an oxidation current at more positive 

potentials, which can be associated to the oxidation of glucose in solution, 

producing an oxidation current of 2.3 µA at 0.4 V. Chronoamperometry 

response at 0.35 V (Figures 6.2-B, 6.2-D and 6.2-F) demonstrates that when 

glucose is introduced in the solution in a concentration of 1.6 mM, all the 

electrodes present electrocatalytic activity towards glucose oxidation, 

confirming that the immobilized enzyme maintains its catalytic activity.  

The electrocatalytic activity is higher for the sample functionalized at                        

1.15 V. This can be explained considering either that the amount of 

immobilized enzyme is higher when the potential reaches a value of 1.15 V 

(the amount of functionalities in the SWCNT-APPA-1.15/GDH electrode is 

the highest, See Figure 6.1) or that the chemical interaction between the 

enzyme and the functionalized SWCNT favors the most adequate orientation 

of the enzyme that improves the electron transfer with the electrode.  

The favored interaction between the enzyme and the functionalized 

SWCNT can be understood considering that at the pH conditions used, the 

acidic phosphorus groups are deprotonated whereas the enzyme (with an 

isoelectric point ~9.5) presents a net positive charge
30,44

. In this sense, P 

species can facilitate the electron transfer with the electrode, as has been 

observed with other negatively charged functional groups in polyaniline-based 

polymers and sulphonic-containing electrodes
45,46

 and phosphorus-containing 

electrodes and other redox enzymes
47,48

. 

Surface concentration () of the enzyme was calculated from the reversible 

redox process at -0.11V and the values obtained for the SWCNT-APPA-

X@GDH/PQQ electrodes are at around 2.57 ± 0.73 x 10
-10

 mol cm
-2

. Then, in 

the three electrodes the amount of reconstructed enzyme is similar; however, 

the electrocatalytic response towards glucose oxidation is higher in the 

SWCNT-APPA-1.15X@GDH/PQQ electrode. Then, this electrode is used for 

the glucose oxidation with different concentrations. Figure 6.3-A shows the 

chronoamperometry curves obtained at 0.35 V under stirring condition for 

glucose concentrations between 5.0 µM and 4.0 mM in 0.1 M PBS (pH = 7.2) 

for the SWCNT-APPA-1.15@GDH/PQQ electrode. It can be observed an 

increase in the current after the addition of aliquots of glucose.  
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Figure 6.3. A) Chronoamperometric curve for SWCNT-APPA-

1.15@GDH/PQQ electrode at 0.35 V for different concentrations of glucose: 

0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 

0.8, 0.9, 1, 1.5, 2, 2.5, 3 and 4 mM under room atmosphere conditions, B) 

Cyclic voltammograms of SWCNT-APPA-1.15@GDH/PQQ electrode before 

(dash line) and after (solid line) the oxidation of glucose, C) Calibration curve. 

Inset: Lineweaver-Burk plot and D) Linear regression fitting. 

Cyclic voltammograms before and after the detection of glucose in Figure 

6.3-B confirms the stability of the electrode. Figure 6.3-C shows the 

calibration curve (variation of the current normalized to the surface 

concentration of enzyme versus glucose concentration) which presents the 

Michaelis-Menten behavior. The linear fitting for the electrode is obtained in 

the concentration range between 10 µM to 300 µM, with a sensitivity of                   

3.07 µA cm
2
 mol

-1
 mM

-1
 (R

2
=0.99) as can be observed in Figure 6.3-D. The 

limit of detection (LOD) was determined empirically, as the lowest 

concentration of glucose whose signal can be clearly distinguished from the 

background current, having a value of 5 µM. Apparent Michaelis-Menten 
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constant (Km
app

) for the enzymatic biosensor, which is an important parameter 

regarding the interaction between the immobilized enzyme and its substrate, 

was experimentally estimated by the Lineweaver-Burk fitting of the double 

reciprocal plot, obtaining a value of around 0.42 mM (See Figure 6.3-C-Inset), 

which is similar to the values in solution (0.5-22 mM)
30

, but lower than those 

reported previously for other biosensors
42,49

. The low value of Km
app

 obtained 

suggests high affinity between the enzyme and the substrate. 

Once electrochemical behavior previously studied, demonstrated the 

applicability of the electrochemical entrapment of s-GDH employing anodic 

oxidation with 4-APPA, and subsequent reconstruction of the enzyme 

(procedure 1), experiments with direct electrochemical entrapment of 

reconstructed PQQ-GDG were carried out (procedure 2) in order to analyze 

the viability of a one-step synthesis of the biocatalyst.  

3.2. Immobilization of PQQ-GDH using procedure 2.  

 

3.2.1. Electrochemical synthesis of SWCNT-APPA-X@PQQ-GDH 

electrodes 

Figures 6.4-A, 6.4-C and 6.4-E show the cyclic voltammograms of the 

electrochemical entrapment of reconstructed glucose dehydrogenase using 

procedure 2 at different upper potential limits. Irreversible oxidation of          

4-APPA is observed from 0.69 V as well as several redox processes at less 

positive potentials which intensity increases with cycling. The voltammetric 

profiles obtained are similar to those resulting in procedure 1, although there 

are some differences in the relative intensities of the redox processes. 

Similarly, to what was observed in procedure 1 the immobilization of the 

enzyme and electrochemical functionalization of the SWCNTs occur at the 

same time. 

Figures 6.4-B, 6.4-D and 6.4-F contain the voltammograms of the 

SWCNT-APPA-X@PQQ-GDH electrodes in 0.1M PBS (pH = 7.2). It can be 

observed in all the cases the presence of a redox processes at -0.11 V 

associated to the PQQ in the enzyme
40,50

. This indicates the adequate electron 

transfer between the enzyme and the electrode. In this case, the surface 

concentration obtained is 5.77 ± 0.80 x 10
-11

 mol cm
-2

 for SWCNT-APPA-

1.15@PQQ-GDH, a value lower than the obtained with procedure 1. 



254 

Moreover, the redox process associated with the functionalities produced by 

oxidation of 4-APPA appear in all voltammograms at 0.13 V.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4. Cyclic voltammograms during electrochemical entrapment of 

purified PQQ-GDH solution on SWCNT at different upper potential limit 

(0.75 (A,B), 0.95 (C,D) and 1.15 (E,F)) in HEPES electrolyte + 5 mg mL
-1

 

PQQ-GDH (pH=5.0) at 50 mV s
-1

 for 50 cycles under Ar atmosphere:                         

A) 0.75 V, C) 0.95 V and E) 1.15 V. Electrochemical characterization by 

cyclic voltammetry of SWCNT-APPA-X@PQQ-GDH in absence (dashed 

line) and presence (solid line) of 4 mM of glucose in 0.1 M PBS (pH = 7.2) 

under room atmosphere conditions at 5 mV s
-1

 (n=3), being: B) 0.75 V,                    

D) 0.95 V and F) 1.15 V. 
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3.2.2. Physicochemical characterization of SWCNT-APPA-X@PQQ-

GDH electrodes 

The results of XPS analysis of the bioelectrodes are shown in Table 6.2. 

The amount of nitrogen detected is much higher than the observed in the 

functionalized SWCNT in absence of enzyme (SWCNT-APPA-X electrodes 

in Table 6.1), showing the incorporation of the enzyme and the contribution of 

the nitrogen-containing groups to N1s peak. The XPS spectra presented in 

Figure A-6.7 for all the samples, show the presence of two N species at around 

398.5 eV and 400 eV. The species at 400 eV, which is the one with the highest 

intensity, can be assigned to the amide species of the peptide chain and the 

peak at 398.5 eV could be related to imine species
51

. 

In the case of P2p spectra (Figure A-6.8), two asymmetric doublets appear 

in all the electrodes. The position of these peaks is similar to the observed in 

the SWCNT-APPA-X electrodes (Table 6.1); however, the percentage of these 

species changes and depends on the potential conditions used (Table 6.2). 

Interestingly, when the entrapment is done at 0.95 or 1.15 V, the main P peak 

is that corresponding to phosphonic species (i.e., C-P-O 2p3/2 peak at 132.5 

eV). This result indicates that the presence of enzyme stabilizes the 

phosphonic group avoiding their oxidation which can be a consequence of the 

interaction between this group and the enzyme.  

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Upper potential 

limit 

[V vs. Ag/AgCl       

(3 M KCl)] 

Ca 

(at%) 

O 

(at%) 

N 

(at%) 

P 

(at%) 

% Imines  

(398.5 eV) 

% Amides 

(400 eV) 

C-O-P 

133.3 eV 

C-P-O 

132.6 eV 

Pristine -- 3.1 0.37 0.0 -- -- -- -- 

0.75 0.19 9.9 6.4 1.7 -- 100 62 38 

0.95 0.12 18.6 25.9 0.5 34 66 10 90 

1.15 0.56 24.1 13.6 3.1 12 88 14 86 

Table 6.2. Quantification of surface species by XPS and distribution of N, Ca, O and P contributions for                       

SWCNT-APPA-X@PQQ-GDH synthesized in HEPES electrolyte at different potentials in presence of 5 mg mL
-1

 

PQQ-GDH. 

2
5

6
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Figure 6.5 shows the morphology of the SWCNT-APPA-X@PQQ-GDH 

electrodes synthesized at the different upper potential limits. Once 

electrochemical entrapment is performed, the surface of the SWCNT is 

covered by a smooth and globular coating, which morphology and thickness 

depends on the upper potential limit employed during the entrapment. In case 

of SWCNT-APPA-0.75@PQQ-GDH (Figure 6.5-B) the appearance of isolated 

enzymatic/APPA deposits can be observed between the interconnected 

bundles of the SWCNTs. However, when potential increases, the amount of 

deposit, distribution and thickness increase and the formation of a smooth 

surface can be observed (Figures 6.5-C to 6.5-F). However, the morphology is 

different to the electrode prepared in absence of enzyme (see sample SWCNT-

APPA-1.15, Figures A-6.9-C and A-6.9-D). The formation of the 

enzymatic/APPA deposit on the electrode surface is the responsible for the 

strong changes in morphology observed. The presence of the enzyme during 

the electrochemical entrapment generates a globular-like structure that makes 

smoother the surface as observed by AFM microscopy (Figure A-6.10). 
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Figure 6.5. FESEM of bioelectrodes SWCNT-APPA-X@PQQ-GDH 

synthesized at different upper potential limits: A-B) X= 0.75, C-D) X=0.95 

and E-F) X=1.15 V. Electrodes were modified under the following conditions: 

HEPES electrolyte + 5 mg mL
-1

 PQQ-GDH (pH=5.0) at 50 mV s
-1

 for 50 

cycles under Ar atmosphere. 
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3.2.3. Glucose oxidation on SWCNT-APPA-X@GDH-PQQ electrodes 

As it was observed in procedure 1, the electrodes synthesized at 0.75 and 

0.95 V present a lack of reproducibility, saturation at low concentration of 

glucose and unstable behavior during the electrocatalytic activity towards 

glucose oxidation. Then, in the case of procedure 2, the study of the response 

towards glucose oxidation at different concentrations has only been done with 

the electrode synthesized at 1.15 V (electrode SWCNT-APPA-1.15@PQQ-

GDH). Figure 6.6-A shows the cyclic voltammogram of this bioelectrode in                 

0.1 M PBS (pH = 7.2) in absence and presence of glucose. In presence of 

glucose, an additional contribution in the oxidation current is appreciated 

(471.23 nA at 0.4 V). 

Chronoamperometry response of the SWCNT-APPA-1.15@PQQ-GDH 

electrode (Figure 6.6-B) shows an increase in the oxidation current after each 

addition of glucose aliquots. The variation of the current referred to the 

enzyme concentration versus the glucose concentration presents a typical 

Michaelis-Menten behavior. Lineweaver-Burk fitting allowed determining the 

value of Km, which is 0.083 mM (See inset Figure 6.6-C). This value is lower 

than the obtained with procedure 1, suggesting a stronger interaction between 

the enzyme and the substrate. Linear detection range of the electrode was 

determined between 0.4 and 10 mM (See Figures 6.6-C and 6.6-D), obtaining 

a sensitivity normalized by the enzyme concentration of                                                               

4.28 µA cm
2
 mol

-1
 mM

-1
 (R

2
=0.98). The measured LOD has a value of 5µM

20
. 
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Figure 6.6.A) Cyclic voltammograms of electrode SWCNT-APPA-

1.15@GDH/PQQ before and after the detection of glucose, B) 

Chronoamperometric response of SWCNT-APPA-1.15@GDH/PQQ at 0.35 V 

for different concentrations of glucose: 0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 

0.06, 0.07, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.5, 2 and 4 mM under 

room atmosphere conditions, C) Calibration curve. Inset: Lineweaver-Burk 

fitting for enzyme immobilization by Michaelis-Menten constant and D) 

Linear regression fitting.  

3.2.4. Stability and reproducibility 

Reproducibility of the glucose biosensor SWCNT-APPA-1.15@PQQ-GDH 

was investigated by detection of 10 mM glucose at a constant potential of                        

0.35 V in 0.1 M PBS (pH = 7.2) in room atmosphere conditions for 3 different 

electrodes synthesized. As can be observed, electrochemical entrapment and 

electrochemical characterization in neutral conditions do not show important 

differences between them (See Figure A-6.11). Relative standard deviation 
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(RSD) of the current density variation at positive potential of the electrode was 

10%, demonstrating a good reproducibility of the electrocatalytic response of 

the bioelectrode towards glucose oxidation. Cyclic voltammograms (See 

Figure A-6.12) in absence and presence of 10 mM glucose shows that the 

electrodes stored for 24 hours present a retention of the 89% (363.5 ± 10.3 nA) 

in the current density variation at higher potential, in comparison with the 

fresh-prepared electrode.  

3.3. Comparison between both procedures and drop-casting method.  

Comparison of the calibration curves for the electrodes prepared by 

electrochemical entrapment with 4-APPA by both procedures and an electrode 

modified with 4-APPA at 1.15 V and adding PQQ-GDH by drop-casting 

(SWCNT-APPA-1.15@PQQ-GDHdrop-casting electrode) are presented in Figure 

6.7. The voltammogram of the drop-casting prepared electrode and the 

chronoamperometry profile towards glucose oxidation can be observed in 

Figure A-6.13.  

 

 

 

 

 

 

 

 

 

Figure 6.7. Calibration curves for the SWCNT synthesized by electrochemical 

entrapment of PQQ-GDH with 4-APPA for the two procedures developed and 

conventional manual procedure (drop casting). 
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amount of enzyme in the concentration range between 0.04-0.3 mM in 

comparison with the electrode prepared by drop-casting (see Figure 6.7 and 

Table A-6.1). Enhancement in the sensitivity values are more notorious in the 

samples prepared by procedure 2. Therefore, procedure 2 provides a platform 

to interconnect the enzyme and enhance the electron transfer, which is in 

agreement with the lower values of Km obtained. Possibly, the strong 

interaction between phosphorus functionalities and the enzyme might favor the 

electron-transfer, what would improve the electrocatalytic activity towards 

glucose oxidation
30,45

. It is important to highlight that the proposed method of 

electrochemical entrapment can produce bioelectrodes employing considerably 

low amount of enzyme, without affecting analytical parameters such as linear 

range. Interestingly, the electrode synthesized by drop-casting using the same 

amount of enzyme (5 mg mL
-1 

PQQ-GDH) presents a catalytic current 6.8 

times lower than the observed for the electrochemical method developed in 

this study.  

4. Conclusions 

The electrochemical entrapment of either s-GDH or PQQ-GDH during 

oxidation of para-aminophenyl phosphonic acid (4-APPA) provides a simple 

method for the immobilization of the enzyme onto the SWCNT surface. 

During the electrochemical immobilization, the functionalization of the 

SWCNT with phosphorus and nitrogen groups also occurs. The adequate 

interaction between the functionalized SWCNT and the enzyme seems to the 

determined by the phosphorus groups incorporated in the material during the 

electrochemical co-deposition films. In the presence of the enzyme substrate a 

catalytic current is obtained showing the efficient enzyme-electrode contact. 

These bioelectrodes show an enhancement in the electrocatalytic current 

density and consequently in the sensitivity towards glucose oxidation in 

comparison with the electrode prepared by drop-casting. The sensitivity shows 

a high dependence with the upper potential limit employed for the enzyme 

immobilization being higher at high potential. The bioelectrode prepared with 

a one-step process (procedure 2), shows a sensitivity, referred to the amount of 

enzyme, around double than the electrode prepared using procedure 1 and six 

times higher than the bioelectrode prepared by drop-casting.  

The proposed methodology offers a platform for enzymatic electrode 

preparation under mild conditions of synthesis on nanostructured carbon-based 
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materials, employing low loading of enzyme on the electrode surface and with 

high sensitivity. This methodology could be extended to other soluble 

enzymes, assuring good reproducibility, scalability and improved direct 

electron transfer, which may have potential application as anode in biofuel 

cells. 
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Figure A-6.1. A) Cyclic voltammograms of SWCNT modified with                 

5 mg mL
-1

 PQQ-GDH by drop-casting incubated in absence (dash line) and 

presence (solid line) of glucose in 0.1 M PBS (pH = 7.2) under room 

atmosphere at 5 mV·s
-1

 (n=3) and B) Chronoamperometry at 0.35 V in 0.1 M 

PBS (pH=7.2) after addition of 10 mM glucose, under O2 room atmosphere 

and stirring condition.  
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Figure A-6.2. Cyclic voltammograms of electrochemical entrapment in 

absence of apo-enzyme s-GDH (A, C and E) and presence of 5 mg mL
-1

 of 

apo-enzyme s-GDH (B, D and F) on SWCNT electrodes at different upper 

potential limit in HEPES electrolyte at 50 mV s
-1

 for 50 cycles under Ar 

atmosphere: A-B) 0.75 V, C-D) 0.95 V and E-F) 1.15 V, at 50 mV s
-1

. All 

potentials are referred to the Ag/AgCl (3 M KCl) electrode reference at           

pH = 5.0. 
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Figure A-6.3. Cyclic voltammogram of electrochemical entrapment in 

absence of apo-enzyme s-GDH on SWCNT electrodes at 1.35 V in HEPES 

electrolyte at 50 mV s
-1

 for 50 cycles under Ar atmosphere. 
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Figure A-6.4. N1s XPS spectra of SWCNT-APPA-X electrodes at different 

oxidation potentials, being: A) X=0.75 V, B) X=0.95 V, and C) X=1.15 V.   
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Figure A-6.5. P2p XPS spectra of SWCNT-APPA-X electrodes at different 

oxidation potentials being: A) X= 0.75 V, B) X= 0.95 V, and C) X= 1.15 V. 
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Figure A-6.6. Cyclic voltammograms of SWCNT-APPA-X@GDH electrodes 

synthesized at different upper potential limit: A) X=0.75, B) X=0.95 and C) 

X=1.15 V, in absence (black line) and presence (red line) of 4 mM glucose in 

0.1 M PBS (pH = 7.2) under room atmosphere at 5 mV s
-1

 (n=3).  
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Figure A-6.7. N1s XPS spectra for bioelectrodes SWCNT-APPA-X@PQQ-

GDH (red line) at different upper potential limits: A) 0.75, B) 0.95, C) 1.15 V.   
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Figure A-6.8. P2p XPS spectra for bioelectrodes SWCNT-APPA-X@PQQ-

GDH (red line) at different upper potential limits: A) 0.75, B) 0.95, C) 1.15 V.   
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Figure A-6.9. FESEM micrographs of: A-B) SWCNT deposited onto glassy 

carbon electrode and C-D) SWCNT-APPA-1.15 electrode synthesized under 

the following conditions: HEPES electrolyte (pH=5.0) at 50 mV s
-1

 for 50 

cycles under Ar atmosphere. 

In order to guarantee that deposits observed in SWCNT-APPA-

1.15@PQQ-GDH electrode prepared in presence of PQQ-GDH can be 

correlated with the formation of an enzyme/APPA deposit, a control electrode 

synthesized at 1.15 V (SWCNT-APPA-1.15) in the same conditions in absence 

of the enzyme was performed (See Figure A-6.9-C and A-6.9-D). Morphology 

of this electrode shows that during the electrochemical functionalization, 

products generated by the electrooxidation of 4-APPA cover homogeneously 

the surface of the SWCNTs.  

A) B) 

C) D) 
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Figure A-6.10. AFM micrographs for A) pristine SWCNT and B) SWCNT-

APPA-1.15@PQQ-GDH electrode. Electrode B) was synthesized under the 

following conditions: HEPES electrolyte in absence (A) and presence (B) of           

5 mg mL
-1

 PQQ-GDH (pH=5.0) at 50 mV s
-1

 for 50 cycles under Ar 

atmosphere. 
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Figure A-6.11. A, C and E) Cyclic voltammograms of electrochemical 

entrapment of PQQ-GDH in 3 different electrodes synthesized in the same 

conditions: HEPES electrolyte and 5 mg mL
-1

 of PQQ-GDH at 50 mV s
-1

 for 

50 cycles under Ar atmosphere until 1.15 V. B, D and F) Cyclic 

voltammograms of corresponding 3 electrodes E1, E2 and E3 synthesized at 

the same conditions (SWCNT-APPA-1.15@PQQ-GDH) in absence (black 

line) and presence (red line) of 10 mM glucose, in 0.1 M PBS (pH = 7.2) 

under room atmosphere conditions at 5 mV s
-1

 (n=3).  
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Figure A-6.12. Cyclic voltammograms of three different electrodes of                                                      

SWCNT-APPA-1.15@PQQ-GDH in absence (black line) and presence (red 

line) of 10 mM glucose: A), C) and E) freshly prepared and B), D) and F) after 

24 hours of storage in 0.1 M PBS (pH=7.2). Inset: Enlargement of the high 

potential zone.  
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Figure A-6.13. Chronoamperometric curves of                                                   

SWCNT-APPA-1.15@PQQ-GDHdrop casting electrode at 0.35V at different 

concentrations of glucose under O2 room atmosphere. Inset: Cyclic 

voltammograms of the electrode in 0.1 M PBS (pH = 7.2) under room 

atmosphere at 5 mV s
-1

 (n=3). 
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Parameter 

Bioelectrode 

SWCNT-APPA-

1.15@GDH/PQQ 

SWCNT-APPA-

1.15@PQQ-GDH 

SWCNT-APPA-1.15-

PQQ-GDH Drop casting 

Coating of enzyme 

[mol cm
-2

] 
2.57 x 10

-10
 5.77 x 10

-11
 6.07 x10

-10
 

Sensitivity 

[µA cm
2
 mol

-1
 mM

-1
] 

2.29 4.28 0.66 

R
2
 0.99 0.98 0.97 

Linear range (mM) 0.01-0.3 0.01-0.3 0.01-0.3 

Km
app

 (mM) 0.42 0.083 0.59 

2
8

6 

Table A-6.1. Analytical figures of merit for the quantification of glucose for electrodes 

prepared by entrapment in this work (procedure 1 and procedure 2) and a control electrode 

synthetized by drop-casting. 
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1. Introduction 

Glucose concentration is a reliable indicator to identify metabolic disorder 

in the production of insulin (diabetes) and other diseases in human being; then, 

monitoring its concentration in physiological fluids has received attention in 

the last century
1-3

. Moreover, the determination of glucose is important in a 

variety of fields such as food chemistry, environmental protection and 

biotechnology
4
. For that reason, the development of electronic devices for 

effective detection and accurate quantification of glucose has been extensively 

studied, being the enzymatic electrochemical biosensors the most developed 

and commercialized
3,5

. The enzymatic glucose detection is based on the 

indirect measurement of generated hydrogen peroxide (H2O2), molecular 

oxygen (O2) consumption or the oxidation changes generated by an artificial 

redox mediator species
6,7

. In this sense, development of different 

electrocatalytic materials that may provide high sensitivity and selectivity but 

working at low potentials, to minimize the interference effects, has received 

substantial interest
7,8

. Different electrode materials have been used for this 

application like metal containing electrodes
9-11

, conducting polymers
12-14

 and 

carbon-based modified electrodes
15-17

, among others.  

Several first generation electrochemical biosensors have demonstrated an 

outstanding performance for indirect glucose detection
17,18

. However, a non-

effective selectivity, high overpotential and pH-dependence of the catalytic 

performance have limited the proper applicability of these first generation 

biosensors
19

. One outstanding strategy to reduce the working potential, thus 

avoiding the effect of external interference, has been proposed by Wang et. al 
10,20,21

, and consists in the use of noble metal nanoparticles, generally platinum 

(Pt), supported on a carbon-based material, together with the immobilization 

of the enzyme. Metal nanoparticles provide many advantages like high surface 

activity, but the strong adsorption of the biomolecules after their 

immobilization can affect the performance of the biosensors. 

The use of carbon materials for the synthesis of biosensors has gained an 

increasing attention, considering their remarkable catalytic activity, high 

surface area and easy processing
22,23

. Additionally, tailoring the surface 

chemistry of carbon materials by different functionalization procedures 

provides routes for proper enzyme immobilization, which improve its 

electrocatalytic activity11,24. Previous works have shown that nanostructured 
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carbon materials, such as carbon nanotubes (CNTs) and graphene-based 

materials present a remarkable electrocatalytic activity to promote the 

detection of  glucose, uric acid and ascorbic acid, without interference effect 

between them
25,26

. Recently, carbon-based materials doped with heteroatoms 

have shown outstanding electrocatalytic behavior for oxidation and reduction 

reactions. The presence of heteroatoms in the carbon network provides active 

sites for specific oxidation/reduction reactions and an improved electron 

transfer in the interface electrode/electrolyte
27-29

. For instance, catalytic 

activity of carbon nanotubes doped with nitrogen towards ascorbic acid and 

uric acid oxidation, allowed the successful quantification in different 

physiological fluids of those species without matrix effects
30

. Additionally, 

functionalities in carbon materials may have a good interaction with the 

enzymatic element, acting as an anchoring point with the amino acid residues
31

 

or even may connect the cofactor of the enzyme with the electrode facilitating 

the direct-electron transfer (DET)
32

.  

In this work, we present a low-cost enzymatic metal-free biosensor based 

on nitrogen doped carbon materials, obtained after thermal treatment of 

polyaniline, for enzymatic amperometric detection of glucose in real samples 

like urine and commercial sugary drinks. Interestingly, high sensitivity of the 

biosensor towards changes in molecular oxygen concentration provides an 

accurate procedure for glucose determination.  

2. Experimental section 

2.1. Materials 

Chemical synthesis of polyaniline (PANI) was carried out from distilled 

aniline, ACS reagent (≥99.5%). Ammonium persulphate (≥98%-BioXtra), D-

(+)-Glucose ACS reagent, D-(+)-Gluconic acid δ-lactone (≥99%), Nafion® 

117 solution (~5% in mixture of lower aliphatic alcohols in water), 

glutaraldehyde (GA) solution (50 wt. % in H2O), L-Ascorbic acid reagent 

grade-Crystalline, Uric acid (≥99%-Crystalline), Dopamine hydrochloride 

(+98%) and glucose oxidase (GOx) from Aspergillus Niger (50K Units), were 

purchased from Sigma-Aldrich.  

Hydrochloric acid (37%) was obtained from VWR Chemicals. Potassium 

dihydrogen phosphate (KH2PO4) and ammonia solution (25%) was obtained 

from Merck. Dipotassium hydrogen phosphate (K2HPO4) was purchased from 
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VWR Chemicals. Both potassium salts were used to prepare phosphate buffer 

solutions (0.1 M PBS, pH=7.2). All the solutions were prepared using 

ultrapure water (18 MOhm cm, Millipore® Milli-Q® water). The gases N2 

(99.999%) and H2 (99.999%) were provided by Air Liquide. 

2.2. Synthesis of PANI-TT 

The preparation of the nitrogen doped carbon material was carried out 

employing PANI that was synthesized by chemical polymerization using the 

following procedure. In a two-neck bottom flask with 0.67 M of aniline in 1 M 

HCl solution, ammonium persulphate is added in a stoichiometric ratio. The 

mixture was put under stirring for 3 hours in an ice-bath system at 0ºC. De-

doped PANI was obtained treating the filtered and dried polymer with 1 M 

NH4OH for 24 hours. The synthesized PANI was washed several times with 

distilled water and dried at 80 ºC overnight. 

The nitrogen doped carbon material was obtained after thermal treatment of 

PANI following the procedure published elsewhere
33

, which consists on 

putting 150 mg of PANI in a tubular furnace and applying a two-step thermal 

treatment. In the first step, PANI is heated at 1000ºC for 1h using a heating 

rate of 5ºC min
-1

 in an oxygen-containing atmosphere (5000 ppm O2/N2) with 

a flow rate of 100 ml min
-1

. After cooling at 10ºC min
-1

 until room 

temperature, a second heating step was carried out at 5ºC min
-1

 from room 

temperature to 1200ºC in a nitrogen atmosphere with a flow rate of 100 ml 

min
-1

 during the treatment. The nitrogen doped carbon material obtained is 

named as PANI-TT (polyaniline thermally treated). 

2.3. Preparation of PANI-TT-GOx modified electrode 

A schematic diagram of the stepwise assembly procedure of the biosensor 

is shown in Scheme 7.1. Prior to the modification, a glassy carbon electrode 

surface (3 mm diameter) was sanded with emery paper and polished using 1 

and 0.05 µm alumina slurries, then rinsed with ultrapure water. PANI-TT was 

dispersed in a 0.002% of Nafion® solution in water:isopropanol (80:20) in 

order to attain a concentration of 1mg mL
-1

, with the aid of ultrasonic bath for 

45 minutes and using an ice bath to avoid heating during the sonication. A 5 

µL aliquot of the dispersion was dropped onto the glassy carbon (GC) surface 

and dried under an infrared lamp to remove the solvents. This procedure was 
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repeated twice for a total of 10 µg of PANI-TT. In the second step, 5 µL of            

10 mg mL
-1

 GOx in 0.1 M PBS (pH = 7.2) were added onto the electrode 

surface and incubated at room temperature till all the drop was dried, reaching 

an enzyme loading of 5.0 µgGOx µg
-1

PANI-TT. The third step includes the 

immobilization process, which was carried out employing 2 µL of 0.25 w/w% 

GA in 0.1 M PBS (pH=7.2) to promote crosslinking. Finally, enzymatic 

coating was entrapped by adding of 2 µL of 2.5 w/w% of Nafion®. This 

procedure was previously used with carbon nanotubes
22

. Afterwards, the 

electrodes are stored in PBS (0.1 M, pH = 7.2) for 24 hours at 4ºC previous to 

its use for electrochemical evaluation. The electrodes are called as                                 

PANI-TT-GOx. 

 

 

 

 

 

 

 

 

 

Scheme 7.1. Illustration of the stepwise process for glucose biosensor 

electrode fabrication and detection of glucose based on PANI-TT-GOx 

electrodes. 

2.4. Physicochemical characterization 

X-Ray photoelectron spectroscopy (XPS) was performed in a VG-

Microtech Mutilab 3000 spectrometer using an Al Kα radiation (1253.6 eV). 

The deconvolution of the XPS peaks for C1s, O2p and N1s was done by least 

squares fitting using Gaussian-Lorentzian curves, while a Shirley line was 

used for the background determination. 
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Transmission electron microscopic measurements (TEM) were carried out 

using JEOL TEM, JEM-2010 model, and GATAN acquisition camera.  

Scanning electron micrographs were taken using an ORIUS SC600 model 

Field Emission Scanning Electron Microscopy (FE-SEM) and a ZEISS 

microscope, Merlin VP Compact model. Samples were coated with a thin layer 

of carbon to avoid decomposition of the enzyme and the different components 

employed during the fabrication of the biosensor. 

The textural properties of the PANI-TT were evaluated by N2 adsorption 

isotherms at -196°C in an automatic adsorption system (Autosorb-6, 

Quantachrome). Prior to the measurements, the sample was degassed at 250°C 

for 4 hours. Apparent surface area has been determined by BET method (SBET) 

and total micropore volume (pores of size < 2 nm) has been assessed by 

applying the Dubinin-Radushkevich (DR) equation to the N2 adsorption 

isotherm. 

2.5. Electrochemical characterization. 

The electrochemical characterization and catalytic activity evaluation was 

performed employing a conventional 3 electrode cell: the glassy carbon 

electrode modified with PANI-TT or PANI-TT-GOx was used as working 

electrode (WE), a Pt coil-wire was used as counter electrode (CE) and a 

Ag/AgCl (3 M KCl) was used as reference electrode (RE). Considering the 

oxygen dependence of the detection process, both oxygen saturated solution 

and just laboratory atmosphere conditions were selected for the 

electrochemical evaluation towards glucose determination. The 

chronoamperometry was performed in a stirring 0.1 M PBS (pH=7.2) solution 

using the PANI-TT-GOx as working electrode. Aliquots of glucose solution, 

from a concentrated glucose solution (0.1 M) prepared in 0.1M PBS, were 

added to the electrochemical cell to reach the desired concentrations between 

0.005 to 20 mM. Between aliquots, 5 minutes are left until current 

stabilization. Cyclic voltammetry was employed at the beginning and the end 

of the glucose determination to control changes in the electrode. All the 

measurements were carried out in triplicate (n=3). All electrochemical 

measurements were carried out in a BIOLOGIC SP-300 potentiostat. 
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3. Results and discussion 

 

3.1. Physicochemical characterization of PANI-TT 

The synthesis of the N-doped carbon material has been previously 

published and consists of a double-stage heat treatment of PANI under O2/N2 

and N2 atmosphere
33

. This procedure promotes the development of porosity 

during the heat treatment of the polymer precursor. N2 adsorption isotherm for 

sample PANI-TT (Figure 7.1-A) corresponds to a type I isotherm typical of 

microporous solids. The BET surface area of this carbon material is                              

1360 m
2
 g

-1 
and the micropore volume is 0.51 cm

3
 g

-1
. TEM image in Figure 

7.1-B shows that the carbon material has a laminar morphology and that the 

heat treatment applied up to 1200ºC does not produce a relevant increase in the 

long-range structural order, in agreement with previous results
34,35

. 

 

 

 

 

 

 

Figure 7.1. A) N2 adsorption isotherm at 77K of PANI-TT N-doped carbon 

material and B) TEM image of PANI-TT N-doped carbon material. 

It was previously reported that the heat treatment first in an oxygen 

containing atmosphere and second in N2 up to 1200 ºC, has important effects 

on the textural and structural properties of the carbon material. This heat 

treatment program increases both the yield of the process, since stabilization 

reactions are favored, and the porosity due to the slightly oxidizing atmosphere 

employed and, finally, it promotes structural changes in the obtained N 

species, resulting in the conversion of pyridine and pyridone species into 

quaternary nitrogen species (also named graphitic nitrogen)
33

. Figure 7.2 

shows the XPS N1s spectrum in which it can be observed that the heat 

treatment program applied to PANI results in the selective formation of 
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quaternary nitrogen species with an energy binding at 401.2 eV with a nitrogen 

content of around 1 atom%. Previous works have shown that the quaternary 

nitrogen species are responsible for the generation of active sites for the 

oxygen reduction reaction with a high catalytic activity
33,34

.  

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2. N1s XPS spectrum for PANI-TT. 

3.2. Electrochemical behavior of PANI-TT-GOX. 

Figure 7.3 shows the electrochemical characterization by cyclic 

voltammetry of N-doped carbon material (PANI-TT) and PANI-TT-GOx 

electrodes in neutral conditions (0.1 M PBS, pH=7.2) and at different 

atmosphere conditions in order to analyze the electrocatalytic activity to ORR. 

The voltammogram of PANI-TT electrode presents under N2 saturated 

conditions (Figure 7.3-A) a rectangular shape from -0.62 to 0.05 V due to the 

formation of the electrical double-layer. 
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Figure 7.3. Cyclic voltammograms of PANI-TT and PANI-TT-GOx in 0.1 M 

PBS (pH = 7.2) at 50 mV s
-1

: A) solution saturated in N2, B) solution saturated 

in O2, C) Cyclic voltammograms at different scan rates (from 1 to 500 mV s
-1

) 

in N2 saturated solution and D) Plot of peak current against scan rate. 

The voltammograms obtained with increasing the upper potential limit can 

be observed in Figure 7.4-A. Further anodic polarization to potentials higher 

than 0.6 V produces the electrochemical oxidation of the carbon material. 

Under O2-saturated conditions the cyclic voltammograms of PANI-TT (Figure 

7.3-B and Figure 7.4-B) presents a reduction peak with an onset potential at 

around -0.2 V vs. Ag/AgCl (3 M KCl) corresponding to the oxygen reduction 

reaction (ORR). The PANI-TT-GOx electrode (Figure 7.3-A) shows a highly 

reversible redox process (ΔE~33 mV) at around -0.42 V, which can be 

associated with the redox processes of the two electron-transfer of the GOx 

cofactor (FAD/FADH2)
15,27

. This process, as can be observed in the Figure                 

7.3-C and 7.3-D, shows a linear dependence with the scan rate, suggesting that 

the redox process of FAD/FADH2 corresponds to a surface-controlled redox 
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process, what shows the adequate immobilization of the enzyme
36-38

. However, 

the incorporation of the GOx results in a decrease in the catalytic activity 

towards the oxygen reduction reaction, as observed with the shift to less 

positive potentials of the cathodic peak at around -0.42 V associated to ORR 

(Figure 7.3-B); which might be a consequence of a partial blocking of the 

actives sites in the carbon material by the enzyme coating
39

. 

 

 

 

 

 

 

 

Figure 7.4. Cyclic voltammograms at different potential limits for PANI-TT 

in 0.1 M PBS (pH = 7.2) at 50 mV s
-1

: A) under N2 atmosphere and B) under 

O2-saturated conditions. 

Morphological characterization of the biosensors was carried out by 

FESEM (Figure 7.5) and it shows a homogeneous surface coating, during the 

different steps of preparation of the bioelectrode. Initially, PANI-TT deposited 

onto the glassy carbon electrode presents a rough surface morphology. Once 

the enzyme is incorporated in the modified electrode, the presence of a thin 

layer of the glucose oxidase onto the carbon material is observed that produces 

a smoother surface. Further cross-linking with glutaraldehyde and Nafion® 

results in the formation of a thick and homogenous layer onto the electrode 

surface with presence of cracks that can be generated during drying. The 

incorporation of these two layers entraps the enzyme, suppressing the leaching 

of the bioelement. Higher magnifications for both coatings of glutaraldehyde 

and Nafion® show that the surface presents some roughness and pores (See 

Figure 7.5-E and 7.5-F) that may facilitate diffusion of the substrate and 

molecular oxygen towards the PANI-TT-GOx. 
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Figure 7.5. FESEM micrographs of glassy carbon electrode modified during 

the different steps for the glucose biosensor fabrication: A) PANI-TT, B) 

PANI-TT-GOx, C) PANI-TT-GOx-GA, D) PANI-TT-GOx-GA-Nafion®, E) 

magnification at 10.000 X of PANI-TT-GOx-GA and F) magnification at 

10.000 X of PANI-TT-GOx-GA-Nafion®  

A) B) 

C) D) 

E) F) 
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Figure 7.6 shows the voltammetric response of the PANI-TT-GOx electrode 

with different concentrations of glucose. It can be observed that the presence 

of glucose in solution generates an important decrease in the reduction current 

associated to the reduction of molecular oxygen, observed at the onset 

potential of around -0.3 V. This decrease can be related with the decrease of 

the concentration of molecular oxygen in solution as consequence of the 

enzymatic reaction. At the same time, an oxidation current at more positive 

potentials than -0.10 V suggests that the oxidation of H2O2 is also produced
5
. 

In both cases, the enzymatic reaction of glucose involves the molecular 

oxygen consumption and hydrogen peroxide formation; these results confirm 

the electrocatalytic activity of the biosensor towards glucose oxidation.  

 

 

 

 

 

 

 

Figure 7.6. Cyclic voltammograms of PANI-TT-GOx in 0.1M PBS                    

(pH = 7.2) at 50 mV s
-1

, saturated in O2 and different concentrations of 

glucose. 
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by cyclic voltammetry at -0.4 V in presence of glucose (See Figure 7.7-B) and 

the chronoamperometry detection in Figure 7.7-C and 7.7-D at different 
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normally existing in the sample fluids, which can be oxidized at positive 

polarization of the electrode
5,10

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.7. A) Cyclic voltammograms for PANI-TT-GOx in presence of 

different concentration of H2O2. Inset: enlargement of the positive potential 

region of H2O2. B) Cyclic voltammograms for PANI-TT-GOx in 0.1M PBS 

(pH = 7.2) at 50 mV s
-1

, under O2-saturated conditions in absence (red line) 

and presence (black line) of 20 mM glucose. Chronoamperometry profiles of 

PANI-TT-GOx electrode at different potentials: A) -0.06 V and B) -0.4 V, 

under O2-saturated conditions and under stirring before and after the addition 

of 10 mM of glucose. 0.1 M PBS (pH = 7.2). 
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between 5 µM and 10 mM in 0.1 M PBS (pH = 7.2). As can be observed in 

Figure 7.8-A for O2-saturated conditions, the presence of glucose in solution 

generates a rapid decrease in the reduction current associated to ORR, 

reaching a steady-state value after 25 seconds. Taking into account that during 

glucose oxidation, the molecular oxygen participates as oxidant in the reaction, 

the decrease in the current density can be correlated with the decrease of the 

concentration of oxygen in the electrolyte
22,40

. Considering that N-doped 

carbon material has a remarkable activity towards ORR, the decrease in the 

oxygen concentration is the responsible for the change in the observed current 

density in the PANI-TT-GOx electrode.   
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Figure 7.8. A) Chronoamperometric curves of PANI-TT-GOx at                

-0.4 V for different concentrations of glucose: 0.001, 0.005, 0.01, 0.05, 

0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.8, 2, 2.5, 3, 3.5, 4, 5, 6, 7, 8, 9, 

10 mM under saturated O2 conditions. Inset: enlargement at low 

concentrations, B) Calibration curve, C) Linear calibration curve 

obtained for glucose detection, D) Lineweaver-Burk fitting for enzyme 

immobilization by Michaelis-Menten kinetics and E) Interference 

study at spiking level of 0.8 mM glucose, 1μM DP, 1.5 mM glucose, 

132 μM AA, 2.5 mM glucose, 833 μM UA, 4 mM glucose, 159 µM    

L-Gluconic acid and 4.6 mM glucose at−0.4 V under saturated O2 

conditions. 0.1M PBS (pH = 7.2).  
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Figure 7.9. A) Chronoamperometric profiles for PANI-TT-GOx electrode at      

-0.4 V for different concentrations of glucose: 0.001, 0.005, 0.01, 0.05, 0.1, 

0.2, 0.3, 0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.8 and 2, 2.5 mM under room atmosphere 

conditions, B) Calibration curve obtained for glucose detection and C) 

Lineweaver-Burk fitting for enzyme immobilization by Michaelis-Menten 

kinetics. 0.1 M PBS (pH = 7.2). 

The calibration curves (Fig. 7.8-B) for the PANI-TT-GOx biosensor are in 

agreement with a Michaelis-Menten kinetics behavior, in which an initial 

linear range of the variation in the catalytic current can be observed before a 

saturation of the catalytic activity of the enzyme towards glucose oxidation, 

which is observed as a region with constant current density. Similar 

electrochemical behavior was observed in the chronoamperometry profiles for 

the PANI-TT-GOx electrode tested at room atmosphere conditions; however, 

the constant current values are reached for lower concentrations (See Figure 

7.9-A and 7.9-B). Interestingly, samples in O2-saturated conditions show a 

wide linear range between 5µM and 5 mM as can be observed in Figure 7.9-C, 

compared to the sample measured under room atmosphere conditions in which 

both linear range (10µM to 1.0 mM) and concentration of saturation reach 
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lower values (See Figure 7.9-B). In case of limit of detection (LOD), it was 

determined empirically by measuring progressively more diluted 

concentrations of glucose. The LOD was the lowest concentration whose 

signal could be clearly distinguished from the blank solution. Electrodes in  

O2-saturated conditions present a lower LOD, around 1 µM, ten times lower 

than at room atmosphere conditions. Based on the previous result, the limit of 

quantification (LOQ) was calculated as 3.3 times the LOD
41

. Regression 

model of the calibration curve in the linear range was applied to determine the 

slope and intercept of the linear calibration curve, obtaining close values of 

sensitivity for O2-saturated and room atmosphere conditions                                 

(23.57±1.77 A
 
cm

-2
 mM

-1
 and 24.29±1.12 A

 
cm

-2
 mM

-1
, respectively).  

Table 7.1 summarizes the most relevant parameters obtained for the 

glucose biosensor prepared with PANI-TT-GOx electrode. Considering the 

linear detection range and LOD obtained for the proposed sensor of glucose, it 

may be employed in the detection of glucose in different physiological fluids 

such as blood (3.9-5.6 mM)
42

, urine (2.8-5 mM)
43

 and even perspiration 

(0.0056-2.2 mM)
44

. 

Table 7.1. Analytical parameters obtained for the PANI-TT-GOx towards 

glucose detection. 

The apparent Michaelis-Menten constant (Km
app

), which is an important 

parameter related to the interaction between the immobilized enzyme and the 

substrate, and can be used to evaluate the biological activity of the 

immobilized enzyme, was calculated by the Lineweaver-Burk fitting (Eq. 7.1), 

obtaining values of 2.70 mM and 2.83 mM for O2-saturated and room 

atmosphere conditions, respectively (Figure 7.8-D and 7.9-C, for O2 saturated 

Parameter O2-Saturated Room atmosphere 

Sensitivity [ µA mM
-1

 cm
-2

] 23.57±1.77 24.29±1.12 

Intercept [µA cm
-2

] 6.05±9.17 0.7±1.17 

R
2
 0.994 0.997 

n 3 3 

Linear range [mM] 5 µM-5 mM 10 µM -1.0 mM 

LOD [µM] 1 µM 10 µM 

LOQ [µM] 3.3 µM 33 µM 
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and room atmosphere conditions, respectively). Similar values are obtained at 

both atmosphere conditions. This is an expected result because the biosensor is 

the same and the only difference is the change in oxygen concentration in both 

conditions. The Km
app

 obtained suggests that after the immobilization process, 

the biosensor maintains a proper substrate-enzyme interaction
45

. Moreover, the 

Km
app

 is smaller than the values reported previously for other biosensors and 

nitrogen-doped carbon nanotubes biosensor
30,37

 and the values obtained in 

solution
46

.  

 

   
 

 

    
 

  
   

            
                                Eq. 7.1 

Where Iss is the steady-state current reached after glucose 

addition, Cglucose is the glucose concentration and IMax is the maximum current 

observed at glucose saturation. 

The effect of possible interfering species on glucose detection was 

examined using dopamine, ascorbic acid, uric acid and L-gluconic acid, which 

can interfere in the electrochemical detection of glucose
47

. Specifically, the 

following concentrations were studied to check for possible interference: 1 µM 

Dopamine (DP), 132 µM ascorbic acid (AA) and 833 µM uric acid (UA). 

Furthermore, effect of the L-gluconic acid produced during the reaction was 

also evaluated in the performance of the biosensor towards glucose detection 

by adding an aliquot of this compound until reaching a concentration of 159 

µM. Study of interference was carried out by chronoamperometry at the 

working potential of -0.4 V vs. Ag/AgCl (3 M KCl). Between the additions of 

each aliquot of interference compound, different amounts of glucose were 

added to guarantee that the catalytic activity towards glucose oxidation is 

maintained. As can be observed in the chronoamperometry profile in Figure 

7.8-E, no interference effect is observed at the concentrations evaluated for 

AA, DP and L-Gluconic acid. In contrast, uric acid tends to produce a small 

interference; however, observed current variation (~0.18µA) compared with 

the signal produced after glucose addition suggests that the main current 

variation is consequence of the molecular oxygen consumed by the enzymatic 

reaction. It is important to highlight that concentration levels chosen for the 

analysis correspond with the highest values presented in physiological fluids 

like urine
43

. 
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3.4. Real samples 

Urine samples were collected in the first excretion in the morning before 

any ingestion of meals from a volunteer (healthy man around thirties) with no 

medical problems related with diabetes. Urine sample was previously filtrated. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.10. A) Chronoamperometric profiles for PANI-TT-GOx electrode at -

0.4 V for different concentrations of glucose in urine samples: 0.75, 0.95, 1.36, 

1.97, 2.98 and 4 mM under O2-saturated conditions by standard addition 

method, B) Cyclic voltammograms of biosensors before and after the detection 

of glucose in urine samples and C) Calibration curve for glucose detection in 

urine. 

Determination of glucose concentration in urine sample was done by the 

standard addition method due to matrix effects and without any need of sample 

pretreatment except a dilution step
48

. In this sense, calibration curves for 

glucose were obtained at a working potential of -0.4 V under O2-saturated 

conditions (See Figure 7.10). Value of glucose concentration in the sample 

was 2.89 ± 0.27 mM, a concentration which is within the normal glucose 

levels of healthy human being [2.8-5.6 mM]
43

. 

30 40 50
-120

-100

-80

-60

-40

C
u
rr

e
n
t 
d
e
n
s
it
y
 [


A
 c

m
-2
]

Time [min]

-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1

-500

-450

-400

-350

-300

-250

-200

-150

-100

-50

0

50

100

 PANI-TT-GO
x
 before detection

 PANI-TT-GO
x
 after detection

C
u

rr
e

n
t 

d
e

n
s
it
y
 [


A
 c

m
-2
]

Potential [V vs. Ag/AgCl (3 M KCl)]

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
50

60

70

80

90

100

110

i = 15.67 * C
glucose

 + 45.363

           R
2
 = 0.995

 Raw data

 Calibration curve

C
u

rr
e

n
t 

d
e

n
s
it
y
 v

a
ri
a

ti
o

n
 [


A
 c

m
-2
]

Glucose concentration [mM]

A) B) 

C) 



 

309 

Given the high complexity of the urine matrix, glucose detection was 

carried out in a commercial sugary drink where matrix effects should not 

affect the biosensor performance (see sample S1 in Figure 7.11). Trueness of 

the glucose detection was evaluated adding a known concentration of glucose 

during the chronoamperometry (Figure 7.11).  

 

 

 

 

 

 

 

 

Figure 7.11. A) Chronoamperometry profile for PANI-TT-GOx electrode in 

S1 solution at -0.4 V vs. Ag/AgCl (3 M KCl) under O2-saturated conditions. 

Acceptable values of recovery for the analyte studied of around 101% 

(Table 7.2), proves that in a less complex matrix, external calibration curve 

can be employed with highly accurate results. Concentration of glucose for 

sample S1 was determined to be 0.34 M of glucose. According to the 

nutritional information reported by the company, total concentration of sugar 

is 0.58 M. Nevertheless, not all the sugar in sample S1 is glucose, in addition, 

saccharose and fructose contribute to the sugar amount in sample S1. 

 Table 7.2. Recovery values in the chronoamperometric detection of sample 

S1 using the PANI-TT-GOx electrode. 

3.5. Reproducibility and stability of PANI-TT-GOx biosensors 

The stability of the electrodes towards glucose detection was tested at 

different times after their preparation. The glucose detection was investigated 

in a 4 mM glucose solution at -0.4 V vs. Ag/AgCl (3 M KCl) in O2 saturated 

Sample Dilution Spiked (mM) Found (mM) Recovery (%) 

S1 1:580 3 3.39 101 
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0.1 M PBS (pH = 7.2). Between measurements, electrode was stored in 0.1 M 

PBS (pH = 7.2) at 4ºC. Relative standard deviation (RSD) of the current 

density variation of the electrode was 3%, demonstrating a good 

reproducibility of the biosensor. Additionally, RSD of current density 

variations for measurements of 4 mM glucose in 3 independently electrodes 

was 10%, proving an acceptable reproducibility of the biosensor. The 

electrodes show a good stability and their initial activity is maintained after 15 

days stored in 0.1 M PBS (pH = 7.2). Chronoamperometry profiles (see Figure 

7.12) after 15 days present a retention of the 91.3% in the current density 

variation compared to a fresh-prepared electrode. 

 

 

 

 

 

 

 

 

 

Figure 7.12. Chronoamperometry profiles for PANI-TT-GOx electrode in 0.1 

M PBS (pH= 7.1) and 4 mM glucose at -0.4 V vs. Ag/AgCl (3 M KCl) under 

O2 saturated conditions: fresh prepared electrode (black line) and stored 15 

days (red line). 

Table 7.3 shows a comparison of some analytical parameters obtained in 

this work, with data published in the literature. In most of the cases, the 

sensitivity is similar or higher than the published, being the proposed 

electrochemical biosensor competitive with respect to previously reported 

electrochemical sensors. Moreover, the obtained sensitivity and LOD are 

better than those obtained with different N-doped carbon materials 

MWCNTs
37, 54

. 
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Table 7.3. Comparison of analytic parameters for several electrochemical 

biosensors 

*The value registered corresponds with the optimal biosensor 

**Sensitivity is reported in µA mM-1, because electrode area is not specified 

4. Conclusions  

An enzymatic glucose biosensor is developed based on glucose oxidase 

immobilized on a N-doped carbon material, obtained by heat treatment of 

PANI. This biosensor is a metal free carbon material. N-doped carbon material 

has a remarkable catalytic activity towards oxygen reduction reaction due to 

the presence of quaternary N species, even after the immobilization of the 

glucose oxidase. Surface reversible redox process at -0.42 V vs. Ag/AgCl 

related with the cofactor FAD/FADH2 demonstrates the successful 

immobilization of the enzyme on the electrode.  

Glucose 

biosensor 

Linear 

range [mM] 

Sensitivity  

[µA mM
-1

 cm
-2

] 

LOD 

[µM] 

Km
app

 

[mM] 
Reference 

CNS-Nafion-

GOx 
0.08-2.04 7.31 39.1 -- 

40
 

SWCNT/GOx/

Nafion 
0-6 1.06** 6 8.5  

CeO2 

nanorods-GOx 
2-26 0.165 100 44.6 

49
 

Graphene 

oxide-poly-L-

lysine-Nafion 

0.005-9 8.00 0.002 -- 
50

 

Carbon-

Ferrocene 

carboxylic-

GOx-MAP 

5.55-22.2 1.72 nA mM
-1

 -- -- 
51

 

Pt-PVF-GOx-

Au 
0.02-36 4.17* 0.02 30.4 

52
 

GC-PTH-

AuNPs-GOx-

Chitosan 

0.008-6 -- 2 0.87 
53

 

Al2O3-Pt-

PANI-GOx 
0.01-5.5 97.18 0.3 2.37 

14
 

GOx/CNx-

MWCNT 
0.02-1.02 13.0 10 2.2 

37
 

GOD/N-

CNT@CF 
0.05-15.55 15.87 5 -- 

54 

PANI-TT-GOx 0.005-5 23.57 1 2.7 This work 



312 

Indirect glucose detection is carried out following the current density 

variation of the ORR generated by the increase of the glucose concentration, as 

consequence of the enzymatic reaction of the GOx at a potential of -0.4 V vs. 

Ag/AgCl. Sensitivity of the prepared biosensor exhibits good values towards 

glucose detection, with no dependence of the oxygen concentration in the 

solution (23.57±1.77 A cm
-2 

mM
-1

 and 24.29±1.12 A cm
-2 

mM
-1

 for O2-

saturated and room atmosphere conditions, respectively). Nevertheless, 

reaction rate for the recovery of the enzyme from the reduced to the oxidized 

state conditions, affects the linear detection range of the biosensor, being wider 

for the O2-saturated conditions where the re-oxidation of the pristine enzyme is 

carried out rapidly. Additionally, biosensor shows an acceptable 

reproducibility, repeatability and stability. Despite small interference effect of 

uric acid in the detection of glucose, high affinity and sensitivity towards 

glucose oxidation still allows us the application of this biosensor in the 

detection of glucose in real samples like urine and commercial sugary drink.  
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1. Introduction  

Prostate Specific Antigen (PSA) or Kallikrein related peptidase-3, is a 

serine protease secreted by the prostate gland to seminal fluid, with a single 

chain of 32-33 kDa. According to the World Health Organization (WHO), 

prostate cancer is considered the second cause of death by cancer in men, with 

307,000 deaths in 2012
1,2

. One of the reasons for the high mortality of this 

illness lies in the application of medical therapy in advanced stages. Normally, 

blood levels of this protein in healthy men is below 4 ng mL
-1

; then, higher 

values in the PSA concentration in blood might be related with development of 

tumors or initial inflammation in the prostate gland, considering it as a reliable 

biomarker for early detection of prostate cancer
3–6

. 

Thus, methods for early detection are required for a proper clinical 

treatment and control of different human medical disorders. Unfortunately, 

current methods for cancer diagnosis, such as histological test or screening 

methods based on immunoassays as ELISA test are time-consuming and 

require qualified personnel, which implies high cost
7,8

. Besides, low sensibility 

and sensitivity makes the detection of the disease difficult, especially in the 

first stages, where cancer shows an asymptomatic phase and all the biomarkers 

are mainly in low concentrations
9
. For that reason, many researches are trying 

to find low-cost techniques and improve the parameters of detection for the 

specie of interest, decreasing the time-response in the measurement. 

Nowadays, sensitive detection and accurate quantification of chemical 

substances in physiological fluids have been critical factors for a reliable 

clinical diagnostics of different diseases or medical disorders, for instance, 

infectious diseases, diabetes mellitus, Alzheimer‘s disease, DNA mutations 

and cancer
10

. Biomarkers are specific molecules (enzymes, proteins), whose 

concentrations increase during the development of a disease. Therefore, 

changes in the levels of a biomarker in physiological fluids might be related to 

the presence of a specific disease, thus, their measurement could be useful for 

the early detection, monitoring drug therapy and medical control
11

.  

Certainly, biosensors have been one of the most economical and functional 

analytical devices utilized in the last decade, as a result of their simple use in 

the detection of analytes, especially in complex samples; their low-cost and 

easier handling
12-14

.  
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Since the commercial implementation of electrochemical biosensors in the 

quantification of glucose in blood proposed by Clark and Lyons in 1962
15

, 

recent advances in the biosensor field, especially in the application of 

nanomaterials, have brought a remarkable development in the miniaturization 

of electrochemical biosensors, translating in a small amount of sample 

required for the detection and a reduction of costs for manufacturing of the 

devices. Moreover, given that biological processes occur in nano and micro 

scales, nanostructured materials have shown an excellent platform to improve 

the interaction between the biological species of interest (analytes) and the 

biosensor, guaranteeing an accurate measurement of the concentration. Proof 

of this concept has been the use of high surface area materials as metal 

nanoparticles (Au, Pt, Pd, Cu)
16,17

, carbon materials (carbon nanotubes, 

graphene and carbon nanohorns)
18,19

, nanomanufactured electrodes, for 

instance interdigitated electrodes array (IDA) and screen printed 

electrodes
20,21

; producing electrochemical transducers for biosensors with high 

electroactive area and excellent electron transfer; key properties to provide an 

excellent sensitivity and correct interaction with the sample. At the same time, 

these materials might offer anchoring sites to promote the immobilization of 

the biorecognition elements; or even facilitating the direct electron transfer 

between the analyte and the electrode without the use of mediators or other 

species in the medium
21,22

.  

Integration between electrochemistry with other detection methods, such 

as enzyme immunoassays (EI), has created new platforms for biosensors with 

high sensibility and selectivity, benefitting from the specificity of the                             

antigen-antibody (Ag-Ab) reaction or the DNA chains hybridization, called 

electrochemical immunosensors, as several works have reported
23

. Depending 

on the configuration of the immunosensors, two main configurations are 

present: ―label-free‖ or ―sandwich-type‖. The first ones employ the interaction 

of the antibody (Ab) as biorecognition element with the antigen (Ag) to create 

an immunocomplex (Ab-Ag) onto the surface which will block the surface for 

electron transfer of some electroactive species in the electrolyte
24,25

. On the 

other hand, sandwich-type uses the coupling of a second antibody with antigen 

immobilized, creating an immunocomplex Ab1-Ag-Ab2, to increase the 

electrical barrier of the system. However, several works have developed 

sandwich type immunosensors with a second antibody labeled with peroxidase 



 

325 

or phosphatase enzymes which catalyzes the hydrogen peroxide reduction, 

creating an increase in the electrochemical signal
26,27

. 

Even though prostate specific antigen (PSA) detection has been widely 

studied using different electrochemical techniques, the high time consumption 

to quantify the concentration of the analyte has not been solved, taking at least 

24 hours for its analysis.  

In this chapter a label-free electrochemical platform has been studied for 

the fast measurement of concentrations of PSA for the identification of the 

biomarker. Then, electrochemical detection of PSA was carried out with 

glassy carbon electrodes (GC) modified with functionalized multi-wall carbon 

nanotubes decorated with gold nanoparticles and the immobilization of 

monoclonal antibodies to the PSA 

2. Experimental 

 

2.1. Materials 

Multi-Wall Carbon Nanotubes (MWCNT) with purity 95% (8 nm of 

diameter) and 10-30 µm length were purchased to Cheap Tubes Inc. 

(Cambridgeport, USA). Nitric acid (65%) from Panreac was employed to 

functionalize and purify the carbon nanotubes. Purified mouse monoclonal 

PSA antibody (Ab) (Purified IgG-Ab) and native human prostate specific 

antigen purified were purchased from Bio-Rad Laboratories (Munich, 

Germany).  

Potassium dihydrogen phosphate (KH2PO4) and dipotassium hydrogen 

phosphate (K2HPO4) obtained from Merck and VWR Chemicals, respectively, 

were used to prepare phosphate buffer solutions (0.01 M PBS, pH=7.2 and                      

0.1 M PBS, pH=7.2) to dissolve the immunoreagents and as electrolyte, unless 

otherwise noted. Ferrocenium hexafluorophosphate (Fc-97%), employed as 

redox probe was purchased from Sigma Aldrich. All the solutions were 

prepared using ultrapure water (18 MOhms cm, Purelab Ultra Elga 

equipment). The gases N2 (99.999%) and H2 (99.999%) were provided by Air 

Liquide. 

Reagents employed in the gold nanoparticles synthesis included: sodium 

tetrachloroaurate (III) dihydrate (NaAuCl4 2H2O, 99%),                                                        
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poly-n-vinylpyrrolidone (PVP, 40K), sodium hydroxide (NaOH, 99.99% 

purity), anhydrous ethylene glycol and methanol (+98%) and were purchased 

from Sigma-Aldrich.  

 

2.2. Preparation of the transducer material. Functionalized                        

Multi-Wall Carbon Nanotubes (fMWCNT) with gold nanoparticles 

(AuNPs) 

 

2.2.1. Functionalization of Multi-Wall Carbon Nanotubes 

Multi-Wall carbon nanotubes (MWCNT) were functionalized by oxidation 

in acid solution accordingly with the same methodology carried out in Chapter 

5. 200 mg of MWCNT were added in a two-necked, round bottom flask with 

100 mL of 3 M HNO3 at 120ºC for 24 hours under reflux conditions. 

MWCNTs were extracted after 24 hours, filtered, washed with ultrapure 

water until the pH was neutral and dried in vacuum at 60ºC for 24 hours, and 

weighed. Sample was called fMWCNTs. These fMWCNTs were dispersed in 

water using sonication bath for 10 min, to get a concentration of 1 mg mL
-1

. 

2.2.2. Gold nanoparticles synthesis 

Gold nanoparticles were synthesized following the reduction-by-solvent 

method
28

, adapting a previously published procedure
29

. A typical synthesis 

stepwise procedure is described with details below (See Scheme 8.1). 

Solution 1: In a two-necked, round-bottom flask, 6.4 mg of the gold 

precursor (NaAuCl4 2H2O) were dissolved in 5 mL of methanol. The resulting 

solution, light yellow in color, was stirred for 1 hour at room temperature. 

Solution 2: In a two-necked, round-bottom flask, the protecting polymer 

(PVP) was dissolved in 12 mL of ethylene glycol at 80ºC for 1 hour, under 

stirring conditions. Afterwards, solution 2 was cooled at 0ºC in an ice bath and 

solution 1 was added to solution 2, keeping stirring conditions. Immediately, 

pH of the resulting solution was adjusted to 9-10 with 0.5 mL 1 M NaOH 

under stirring conditions at 100ºC for 2 hours. After a few minutes, the color 

of the solution turned from yellow to dark red, indicating the reduction of the 

metal precursor to nanoparticles of zerovalent gold.  
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Gold nanoparticles (AuNPs) were purified using an excess of acetone to 

remove excess of capping agent (PVP), solvents and remaining salts used in 

the synthesis; also, this procedure promotes the flocculation of the 

nanoparticles at the bottom of the vessel. The nanoparticles were subsequently 

dispersed in water to achieve a suspension 1 mg mL
-1

.  

 

 

 

 

 

 

Scheme 8.1. Scheme of the gold-nanoparticles synthesis by the reduction-by-

solvent method. (Step I): Preparation of solution 2-PVP: Ethylene glycol (Step 

I-A) and solution 1: NaAuCl4 2H2O in methanol (Step I-B). (Step II): Cooling 

at 0ºC. (Step III): Mixing of solution 1 and 2, adjusting pH to 9-10 with NaOH 

1M. (Step IV): Purification of AuNPs colloid with acetone. 

Given that, this procedure allows a control of the nanoparticle size 

distribution varying the molar ratio PVP/Au. In this PhD Thesis, two syntheses 

were carried out using two PVP/Au molar ratios (0.5 and 50) in order to 

generate two different size distribution of the nanoparticles. At the same time, 

all the chemical reactions during the synthesis were carried out in an inert 

atmosphere of argon, using a Schlenk system to avoid undesirable reactions.  

2.2.3. fMWCNT decorated with AuNPs dispersion 

Transducer materials were prepared by the impregnation method in liquid 

phase, where the suspensions of the carbon material were put in contact with 

the nanoparticles colloid. Suspensions of fMWCNT (1 mg mL
-1

) were mixed 

with an appropriate amount of purified gold nanoparticles suspension                 

(1 mg mL
-1

) to yield 5% (w/w) of metal loading. The dispersions were 

sonicated and stirred overnight in order to ensure the adsorption of the metal 

nanoparticles. Samples were filtered in vacuum to remove non-adsorbed 

nanoparticles and dried in vacuum at 60ºC for 24 hours. Based on the ratio 

PVP/Au used in the synthesis, transducer material will be named as 

Step I-A Step I-B Step II Step III Step IV 
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fMWCNT-AuNPs-0.5 and fMWCNT-AuNPs-50, for 0.5 and 50 ratios 

respectively. 

2.3.  Immunosensor electrode preparation 

 

A schematic diagram of the stepwise assembly procedure of the 

immunosensor is shown in Scheme 8.2. Prior to the modification, glassy 

carbon electrodes surface (3 mm diameter) was sanded with emery paper and 

polished using 1 and 0.05 µm alumina slurries, then rinsed with ultrapure 

water. Ten milligrams of the transducer material (fMWCNT-AuNPs) were 

dispersed in water with the aid of ultrasonic bath for 45 minutes, using an ice 

bath to avoid heating during the sonication. A 4 µL aliquot of the dispersion 

was dropped onto the glassy carbon (GC) surface and dried under an infrared 

lamp to remove the water. This procedure was repeated 3 times until 

completing 12 µL of the carbon material suspension on the electrode. Then,         

5 µL of monoclonal antibodies solution (10 µg mL
-1

) were added onto the 

electrode surface and incubated at 4ºC for 24 hours, yielding the                      

GC-fMWCNT-AuNPs-Ab electrode with 4.16 µgAb g
-1

fMWCNT of loading. 

Subsequently, electrodes were rinsed with PBS (0.01 M, pH=7.2) to remove 

all non-reacted material. Afterwards, the electrodes were stored in PBS (0.1 M, 

pH=7.2) solution at 4ºC before electrochemical detection of PSA in 0.1 M 

PBS + 0.5 mM Fc (pH=7.2) by chronoamperometry.  

 

 

 

 

 

 

 

 

 

 

  

 

 

Scheme 8.2. Illustration of the stepwise process for PSA immunosensor 

electrode fabrication and detection of the cancer biomarker. 

 

  

Glassy Carbon Glassy Carbon Glassy Carbon 

Glassy Carbon Glassy Carbon 
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2.4. Electrochemical methods. 

Electrochemical characterization was performed in an EG&G Princeton 

Applied Research Model 263A Potentiostat/Galvonastat using a standard                   

three-electrode cell configuration, in which GC-fMWCNT-AuNPs-Ab 

electrode was the working electrode (WE), a gold wire as counter electrode 

(CE) and a reversible hydrogen electrode (RHE) introduced in the same 

electrolyte as reference electrode (RE). All the measurements were carried out 

in 0.1 M PBS (pH=7.2) and 0.1 M PBS + 0.5 mM Fc (pH=7.2) solutions, 

deoxygenating the cell during the measurement by bubbling nitrogen. 

Previously, fMWCNT-AuNPs were submitted to a continuous cycling in                    

0.1 M PBS (pH=7.2) to be cleaned. 

The electrochemical detection of PSA was carried out by 

chronoamperometry in a BIOLOGIC SP-300 potentiostat, applying a steady 

potential of 1.0 V in 0.1 M PBS + 0.5 mM Fc (pH=7.2) solution. A total of 8-9 

aliquots of PSA solution (500 ng mL
-1

) were added to the electrochemical cell, 

achieving concentrations between 1 to 10 ng mL
-1

. Three minutes of reaction 

were maintained after the addition of each aliquot. Stirring was maintained 

during the immunoreaction to ensure a good homogenization of the analyte in 

the electrolyte and promoting the transport of the PSA to the electrode.  

All the calibration curves and the electrochemical characterization, 

including the immobilization process, were performed by triplicate using 3 

different electrodes, synthesized separately. Error bars are incorporated in the 

calibration curves considering the standard deviation. Afterwards the 

electrochemical determination of PSA, mass of carbon nanotubes modified 

with AuNPs were determined using the gravimetric capacitance in PBS; in this 

way, current was normalized to the mass to avoid effect of mass. 

2.5. Physicochemical characterization 

Scanning electron micrographs were taken using an ORIUS SC600 model 

Field Emission Scanning Electron Microscopy (FESEM) and a ZEISS 

microscope, Merlin VP Compact model, with and EDX Bruker, Quantax 400 

model.  

Transmission electron microscopic measurements (TEM) were carried out 

using JEOL TEM, JEM-2010 model, which is equipped with and Oxford X-
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ray detector (EDS), INCA Energy TEM 100 model, and GATAN acquisition 

camera.  

X-Ray photoelectron spectroscopy (XPS) was performed in a                                     

VG-Microtech Mutilab 3000 spectrometer and Al Kα radiation (1253.6 eV). 

The deconvolution of the XPS Au4f, C1s, S2p and N1s was done by least 

squares fitting using Gaussian-Lorentzian curves, while a Shirley line was 

used for the background determination. The S2p spectra have been analyzed 

considering the spin-orbit splitting into S2p3/2 and S2p1/2 with a 2:1 peak 

area ratio and 1.2 eV splitting 
30

. The XPS measurements were done in 

different parts of a given sample and repeated in two different samples, being 

the results similar. 

To determine metal content, 10 mg of the carbon material modified with 

AuNPs were digested in an acid solution (1 HNO3 (65%):3 HCl (37%)). The 

suspension was sonicated for 20 minutes and heated at 80ºC for 6 hours until 

evaporation. Afterwards, 2 mL of HNO3 were added and diluted with ultrapure 

water. Solutions were then analyzed using inductively coupled plasma optical 

emission spectroscopy (ICP-OES), Perkin-Elmer Optima 4300. 

3. Results and discussion 

 

3.1 fMWCNT-AuNPs electrodes characterization 

 

3.1.1 Physicochemical characterization 

MWCNT pristine material and fMWCNT were studied by temperature 

programmed desorption (TPD) to observe the nature of the different oxygen 

surface groups incorporated during the functionalization treatment and by 

Transmission Electron Microscopy (TEM) for studying possible 

morphological changes in the structure of the carbon material. The most 

relevant results are presented in Chapter 4.  

FESEM micrographs in Figure 8.1 show the deposit of the                       

fMWCNT-AuNPs synthesized, onto the surface of the glassy carbon electrode. 

Firstly, a homogeneous distribution of the carbon material modified with 

AuNPs is observed in Figure 8.1-A and 8.1-C, covering the entire surface with 

no bundles or agglomeration of the nanotubes. Secondly, nanoparticles are 

distinguished of the carbon material using Back-Scattering electrons (BSE), 
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(See Figure 8.1-B and Figure 8.1-D), showing a good distribution of the 

catalyst in the material and a smaller nanoparticle size in the synthesis with 

higher amount of PVP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.1. FESEM micrographs for fMWCNT-AuNPs onto glassy 

carbon surface: A) fMWCNT-AuNPs-0.5, B) BSE- fMWCNT-AuNPs-0.5, 

C) fMWCNT-AuNPs-50 and D) BSE-fMWCNT-AuNPs-50. 

Gold loading was quantified by ICP-OES, achieving values of                               

2.1 wt % and 3.6 wt % for the ratios PVP/Au of 0.5 and 50, respectively (See 

Table 8.1). Furthermore, XPS spectra for Au4f core level region of our 

samples in Figure 8.2, shows two doublets at 84.1 and 87.8 eV associated with 

Au
0
 species and at 84.9 and 88.6 eV related with a higher oxidized state (Au

+δ 

species)
34,35

. The Au
0
/Au

+δ 
ratio is for both samples 90.5%. 

A) 

C) 

B) 

D) 
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Figure 8.2. XPS spectra for Au4f: A) fMWCNT-AuNPs-0.5 and                               

B) fMWCNT-AuNPs-50 synthesized. 

Table 8.1. Amount of Au obtained by ICP and EASA in the                             

fMWCNT-AuNPs and fMWCNT-AuNPs-Ab materials. Amount of S obtained 

by XPS and percentage of thiol group bound to Au. 

Sample 
Au ICP-OES 

(wt % ) 

EASA 

(m
2
 g

-1
)* 

S2p amount by 

XPS 

(wt % ) 

% of Au-S 

species in 

the total 

S2p 

fMWCNT-

AuNP-0.5 
2.1 28.6 - - 

fMWCNT-

AuNP-50 
3.6 33.4 - - 

fMWCNT-

AuNP-0.5-Ab 
- - 0.16 9 

fMWCNT-

AuNP-50-Ab 
- - 0.32 28 

*Amount of gold was determined, considering the gravimetric capacitance and 

concentration (w/w) obtained by ICP-OES, previously. 

Figure 8.3 shows the TEM micrographs of the carbon materials with 

AuNPs. This figure reveals the distribution and particle size of the AuNPs onto 

the surface of the carbon nanotubes after the impregnation procedure. As 
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previously reported, PVP concentration during the synthesis of the metal 

nanoparticles is a key factor to control the nanoparticle size in the colloid
36,37

. 

Figure 8.3-C and 8.3-F show the particle size distribution determined by TEM. 

As expected, the nanoparticle size distribution decreases to a narrow 

distribution with the increase of the amount of PVP. The average particle size 

changes from 9.5 nm to 6.6 nm with the increase in the PVP/Au ratio. 

Moreover, agglomeration and a non-spherical shape of the nanoparticles is 

observed for lower PVP/Au ratio.  
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Figure 8.3. HR-TEM micrographs: A) fMWCNT-AuNPs-0.5,                                   

B) fMWCNT-AuNPs-0.5 magnified, C) histogram of Au nanoparticle size 

distribution in fMWCNT-AuNPs-0.5 transducer material,                                            

D) fMWCNT-AuNPs-50, E) fMWCNT-AuNPs-50 magnified and F) 

histogram of Au nanoparticle size distribution in fMWCNT-AuNPs-50 

transducer material. 
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3.1.2 Electrochemical characterization of fMWCNT-AuNPs 

Figure 8.4 shows the cyclic voltammograms for fMWCNT and                  

fMWCNT-AuNPs modified GC electrode between 0.1 and 1.8 V. For 

fMWCNT, voltammogram shows an oxidation peak at approximately 0.6 V, 

with the corresponding reduction peak at 0.55 V; which are associated with the 

surface oxygen groups formed during the functionalization treatment. At the 

same time, the capacitance of these fMWCNTs is 43 F g
-1

, a value similar to 

that previously reported in similar conditions
21

. However, incorporation of the 

gold nanoparticles in the carbon material generates an additional oxidation 

process at 1.5 V and the corresponding reduction at 1.15 V, corresponding 

with the oxidation-reduction of the gold oxide on the surface of the 

nanoparticles
38

.  

 

 

 

 

 

 

 

 

Figure 8.4. Cyclic voltammograms for fMWCNT,                                  

fMWCNT-AuNPs-0.5 and fMWCNT-AuNPs-50 in 0.1 M PBS (pH=7.2) and 

vscan =50 mV s
-1

. 

It is well known that nanoparticle size has an important influence in the 

electrochemical active surface area (EASA) and smaller nanoparticle size 

implies an increase in the EASA
38–40

. Table 8.1 shows the EASA, which was 

determined following the Eq. 8.1 for the different transducer material 

synthesized in this work. It can be observed that the decrease in the particle 

size implies an increase in the EASA of around 17%. 
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Where EASA is in m
2
 g

-1
; Q is the charge in C, mAu is the mass of gold in g 

and 4.2 C m
-2

 corresponds to the theoretical charge of the reduction of gold 

oxide.  

3.2 Electrochemical characterization of the monoclonal antibodies 

immobilized on the fMWCNT-AuNPs samples 

Figure 8.5 shows the cyclic voltammograms for the fMWCNT-AuNP 

electrode before and after immobilization of antibodies. It can be observed that 

no significant changes are appreciated on the double layer region of carbon 

nanotubes between 0.1 and 0.75 V for both materials. This result suggests that 

the immobilization of the antibody is not produced on the carbon nanotube 

surface. On the other hand, the redox processes for gold surface oxide shows a 

decrease in the current, indicating a blockage of the surface area of AuNP and 

a decrease in the EASA of 16 and 24% for fMWCNT-AuNPs-0.5 (Figure 8.5-

A) and fMWCNT-AuNPs-50 (Figure 8.5-B), respectively
41,42

. The high 

affinity between thiol groups present in the antibody structure with the gold 

nanoparticles causes the immobilization of the antibody
43

, producing the 

observed decrease in available Au surface area. 

 

 

 

 

 

 

 

Figure 8.5. Electrochemical behavior of the immunosensor                              

fMWCNT-AuNPs-Ab: A) cyclic voltammogram for transducer material before 

(red line) and after (black line) the immobilization with monoclonal antibodies 

of   fMWCNT-AuNPs-0.5 in 0.1 M PBS (pH=7.2), vscan =50 mV s
-1

 and B) 

cyclic voltammogram for transducer material before (red line) and after (black 

line) the immobilization with monoclonal antibodies of fMWCNT-AuNPs-50 

in 0.1 M PBS (pH=7.2), vscan =50 mV s
-1

. Inset: Enlargement of the reduction 

process of gold oxide 
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The covalent interaction between gold and the bioreceptor can be 

observed in the S2p spectra after immobilization (Figure 8.6), where, S2p3/2 

peaks at binding energies of 163.9 and 162.7 eV, can be associated unbound 

and bound thiol groups, respectively
30

. Considering the low amount of sulphur 

species, the XPS has significant noise and the deconvolution can only be 

considered qualitative. The bound thiol species can be associated to the 

interaction between the antibody and the gold surface
44–47

. Then, it can be 

suggested that the interaction between gold nanoparticles and thiol groups 

promote the covalent immobilization of the antibodies in the material. The 

samples with PVP/ratio of 50 present a much higher intensity of the peak at 

162.7 eV, indicating a higher quantity of thiol groups bonded to AuNPs, in 

contrast with the AuNPs prepared with a lower PVP/Au ratio. This suggests 

that a higher amount of antibodies is immobilized on the surface of the 

electrode which contains the smaller average Au nanoparticle size (Table 8.1). 

Moreover, the presence of a higher amount of covalently bounded Ab-Au in 

the fMWCNT-AuNPs-50-Ab samples permits either a proper immobilization 

or even a better orientation of the bioreceptor in the transducer
48

. Even though 

the interaction with thiol generates changes in the oxidation states of gold from 

Au
0
 to Au

+δ
, authors have observed that the signal of Au

0
 can scatter the 

intensity of the Au
+δ

, when low concentration of this latter species is in the 

electrode. For that reason no significant changes in gold spectra can be 

observed
49

.  
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Figure 8.6. XPS spectra for S2p: A) fMWCNT-AuNPs-0.5-Ab and                                     

B) fMWCNT-AuNPs-50-Ab synthesized. 

Additional signals in the S2p spectra appear at higher binding energies, 

especially for fMWCNT-AuNPs-0.5-Ab, between 166.4 and 169.6 eV, which 

can be related with oxidized sulfur species, probably associated with the 

denaturalization which takes place in the antibody or other direct interactions 

with the functional groups of the carbon material. These interactions are more 

probable for the sample with the largest AuNPs size and this produces a larger 

proportion of inappropriate immobilization of the biorecognition element in 

the surface of the material
48,49

. 

3.3. Electrochemical performance of the PSA immunosensor 

Despite the blocking effect of the Ab antibodies in the AuNPs surface and 

subsequent formation of the immunocomplex antibody-antigen, which can be 

used as a label-free platform for detection, application of the high potential to 

achieve the oxidation-reduction reaction of gold nanoparticles produces the 

denaturalization and desorption of the bioreceptor (See section 3.2). Then, a 
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redox mediator could be used in order to decrease the detection potential
50

, for 

this part ferrocene was used as redox probe mediator for the sensing process of 

the biomarker.  

Figure 8.7-A shows the cyclic voltammograms for the fMWCNT and 

fMWCNT-AuNPs with different PVP/Au ratios (0.5 and 50) in 0.1 M PBS                    

+ 0.5mM Fc solution, where the corresponding oxidation-reduction processes 

of ferrocene at 0.9 and 0.83 V can be observed. Current density for both 

processes increases with the incorporation of the AuNPs. Moreover, increasing 

the PVP/Au ratio causes a growth in the current density for both processes, as 

a result of a larger EASA.  

As reported, the oxidation process of ferrocene in aqueous solution is 

characterized by a single-electron transfer mechanism preceded by a weak 

adsorption process
51

. In this case, the separation peak for the redox process of 

ferrocene in fMWCNT at 50 mV s
-1

 is around 47 ± 1 mV, suggesting that the 

mechanism for the redox process of ferrocene involves adsorption on the 

carbon material. On the contrary, incorporation of the AuNPs in the carbon 

material causes an increase of the separation peak to around 72 ± 1 mV, 

suggesting that the catalyst avoids the adsorption step during the oxidation 

process, making the process more irreversible
52

. The electrochemical behavior 

with the scan rate for the different transducer material synthesized in presence 

of the Fc can be observed in Figure 8.7. Analysis for the cathodic process 

show an increase of the peak current linearly in the range of scan rates of 10-

200 mV s
-1

, as can be observed in Figure 8.7-B, suggesting a diffusion-

controlled electrochemical behavior for fMWCNT and fWMCNT-AuNPs
53

. 

Based on Randles-Sevicks´ equation (Eq. 8.2): 

Ip=2.69x10
-5

 n
3/2

 A D0
1/2

 C0
*
vscan

1/2
                         Eq. 8.2 

where Ip (A) is the peak current of the process, n is the number of 

exchanged electrons, A is the electroactive area (cm
2
), D0 is the diffusion 

coefficient (cm
2
 s

-1
), C0

*
 is the concentration of the electroactive specie                

(mol cm
-3

), vscan is the scan rate (V s
-1

). Slopes of the linear behavior might be 

associated with the term 2.69x10
-5

 n
3/2

 A D0
1/2

 C0
*
, which suggested the 

electrochemical active area (A) in fMWCNT-AuNPs samples are higher and 

increase with the concentration of PVP in synthesis, given that the reduction of 

the nanoparticle size, as was mentioned above. 



340 

 

 

 

 

 

 

 

Figure 8.7. Electrochemical behavior of material synthetized in ferrocene: A) 

cyclic voltammograms at vscan =50 mVs
-1

 for fMWCNT and fMWCNT-AuNP 

and B) Plot of Maximum cathodic specific current vs. vscan
1/2

. Electrolyte:               

0.1 M PBS + 0.5 mM Fc (pH=7.2). 

Figure 8.8-A and 8.8-B show the decrease in the peak current for the 

oxidation process at 0.9 V for electrodes modified with Ab monoclonal 

antibodies, suggesting that the Fc redox processes are electrochemically 

impeded, presenting the higher current drop in fMWCNT-AuNPs-50-Ab 

biosensors. Some authors have suggested that, steric effects of the different 

functional groups of the antibodies immobilized on the surface, reduce the 

electron transfer between the electrode and the electroactive species (Fc) in 

solution, which might be used as a label-free platform for detection of the 

biomarker. These results agree with the XPS data and confirm the presence of 

the Ab on the surface of AuNPs
41

. 
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Figure. 8.8. Enlargement of the oxidation process of Fc in the transducer 

material before (black line) and after (red line) of the immobilization with 

monoclonal antibodies: A) fMWCNT-AuNPs-0.5 and                                                       

B) fMWCNT-AuNPs-50, in 0.1 M PBS + 0.5 mM Fc (pH=7.2) at                                  

vscan =50 mV s
-1

. 

Immunosensor performance was investigated using chronoamperometry at 

1 V with different concentrations of PSA in 0.1 M PBS + 0.5 mM Fc solution. 

Only three minutes were left between the additions of each aliquot for reaction 

between Ab immobilized in the AuNPs and PSA in solution. A decrease of the 

oxidation current associated to Fc is obtained with the increase of the PSA 

concentration. The change of the current with the addition of PSA can be used 

as electrochemical signal for detection of PSA. Given that antibody-antigen 

(Ab-Ag) reaction takes place after the addition of PSA in the solution, the 

immunocomplex Ab-Ag on the surface of the biosensor might increase the 

steric effects onto the surface of the electrode, which is translated in a decrease 
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of the current for the ferrocene oxidation process (         )
54

. The 

calibration curves for both electrodes are shown in Figure 8.9-A and 8.9-B, 

with the chronoamperometric profiles (inset). First of all, decrease in the 

electrical current density of the oxidation process for ferrocene is observed 

with the increase of the concentration of PSA, demonstrating the blocking of 

the surface by the Ab-Ag complex which was mentioned above. Furthermore, 

all immunosensors show a typical Langmuir behavior, where an initial linear 

range can be observed and a plateau, where the saturation of the biorecognition 

element takes place. In this case, saturation occurs as a consequence of the 

interaction of most of the immobilized antibodies with the antigen in solution, 

therefore, no more active sites are available for an enhanced detection of PSA 

after achieving this saturation and, thus, no current changes happen. Finally, 

only an important decrease in the oxidation-reduction processes for ferrocene 

can be observed in the cyclic voltammograms (Figure 8.9-C and 8.9-D), before 

and after the sensing process, as result of the immuno-complex onto the 

surface, which blocks the electron transfer, proving the biosensing activity of 

the immunosensor synthetized.  

The saturation range of the immunosensor takes place at higher 

concentration values with the increase of PVP/Au ratio, showing at the same 

time, a higher analytical linear range detection of (0-4 ng mL
-1

) for                   

fMWNCT-AuNPs-0.5-Ab and (0-6 ng mL
-1

) for fMWCNT-AuNPs-50-Ab. 

This behavior can be attributed to the nanoparticle size distribution in the 

fMWCNT-AuNPs-50-Ab immunosensor, which can provide a higher surface 

area, promoting a higher amount of biorecognition element immobilized onto 

the surface, a critical factor in the proper interaction of the fragment antigen-

binding (Fab) part of the antibody with the antigen, which is in concordance 

with the XPS spectra for sulphur observed in section 3.2
55

.  

The linear regression of the calibration curve for both electrodes 

(fMWCNT-AuNPs-0.5-Ab and fMWCNT-AuNPs-50-Ab) were:                                                                                                                                                   

Δi (mA/g fMWCNT) = 7.112 CPSA (ng PSA ml
-1

) + 2.478 and                                                                                              

Δi (mA/g fMWCNT) = 4.743 CPSA (ng PSA ml
-1

) + 1.717, respectively and with the 

same correlation coefficient (R
2
=0.96) for both electrodes. On the other hand, 

the sensitivity of the immunosensor shows a higher value in                                     

fMWNCT-AuNPs-0.5-Ab biosensors, in comparison with the samples with the 

highest PVP/Au ratio, which can be attributed to the fast decrease in the 
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amount of antibodies in the electrode during the detection pr o cess, which is 

also supported by the saturation limit of the immunosensor.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.9. Electrochemical detection of the biomarker: A) Calibration curve 

for fMWNCT-AuNPs-0.5-Ab, B) Calibration curve for                              

fMWNCT-AuNPs-50-Ab. All the measurements were performed in 0.1 M 

PBS + 0.5 mM Fc (pH=7.2) and vscan =50 mV s
-1

, C) cyclic voltammograms 

for fMWNCT-AuNPs-0.5-Ab before (black line) and after (red line) detection 

of PSA in 0.1 M PBS + 0.5 mM Fc (pH=7.2) and vscan =50 mV s
-1

, D) cyclic 

voltammogram for fMWNCT-AuNPs-50-Ab before (black line) and after                                              

(red line) detection of PSA in 0.1M PBS + 0.5 mM Fc (pH=7.2) at                          

vscan= 50 mV s
-1

. 

Table 8.2 shows the analytical parameters obtained with both 

immunosensors. It can be observed that the sensitivity is higher for the 

fMWCNT-AuNPs-0.5 electrodes; however, the linear range is higher for the 

fMWCNT-Au-50 electrode.  
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Table 8.2. Analytical figures of merit for the quantification of PSA with both 

electrochemical modified electrodes (fMWCNT-AuNPs-0.5-Ab and 

fMWCNT-AuNPs-50-Ab). 

Table 8.3 shows a comparison of some analytical parameters obtained in 

this work, with data published in the literature. In most of the cases, the 

sensitivity is similar or higher than the published, being the proposed sensor 

competitive with respect to previously reported electrochemical sensors. 

Moreover, time consumption to detect the PSA is greatly improved with 

respect to other immunosensors. 

Parameter 
Sample 

fMWCNT-AuNP-0.5-Ab fMWCNT-AuNP-50-Ab 

Sensitivity 

[(mA gfMWCNT
-1

)/ 

(ng mL
-1

)] 

7.11 ± 0.82 4.74 ± 0.43 

Intercept 

(ng mL
-1

) 
2.48 ± 2.02 2.32 ± 1.22 

R 0.96 0.96 

N 5 7 

Linear range 

(ng mL
-1

) 
0-4 0-6 

LOD (ng mL
-1

) 1 1 

LOQ (ng mL
-1

) 3.3 3.3 

https://www.sciencedirect.com/science/article/pii/S0013468616326913?via%3Dihub#tbl0010
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Table 8.3. Analytical parameters for different PSA biosensors. 

Electrode 

Sample  

Electrochemical 

technique 

(Time to measure) 

Detection 

limit 

(ng mL
-1

) 

Concentration 

range 

(ng mL
-1

) 

Sensitivity 

(µA mL ng
-1

) 
Reference 

fMWCNT-AuNPs-0.5-Ab 
Amperometric 

(5 min) 
1 0-4 0.085 

This work 

fMWCNT-AuNPs-50-Ab 
Amperometric 

(5 min) 
1 0-6 0.056 

This work 

GC-MWCNT-Reactor 
Amperometric 

(24 hours) 
1 0-60 0.047 

56
 

AuNPs-PANAM 

dendrimer/MWCNTs/Chitosan/Io

nic liquid 

Voltammetry 

(24 hours) 
0.05 

0.05-2 

(Range 1) 
0.0942 

 
23

 

Pt/Ti patterned-SWCNT 
DPV 

(24 hours) 
0.25 0-1 … 

24
 

  

3
4

5 
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4. Conclusions 

Electrochemical PSA biosensors based on fMWCNT-AuNPs-Ab with 

different nanoparticle size distribution were developed. In order to study the 

effect of the nanoparticle size in the performance of the biosensor, two 

different syntheses were carried out, controlling the PVP/Au molar ratio to 

obtain gold nanoparticles with a wide and narrow distribution, and an average 

diameter of 9.5 nm and 6.6 nm for PVP/Au ratios of 0.5 and 50, respectively. 

Incorporation of the metal nanoparticles was verified by cyclic voltammetry, 

which demonstrated that narrow nanoparticle size distribution presents higher 

EASA.  

The prepared transducer materials with Au nanoparticles sizes showed a 

decrease of the current density of the redox processes associated with the gold 

oxide formation after the immobilization process of the biorecognition 

element, as a consequence of the blocking effect of this molecule onto the 

surface. This behavior was shown for ferrocene (Fc-Fc
+
) employed as redox 

probe. At the same time, XPS spectra for S2p demonstrated the presence of the 

S-Au bound, due to the covalent immobilization of the antibodies on the 

nanoparticle surface. Moreover, narrow Au nanoparticle size distribution 

promotes a higher immobilization of the antibodies which was seen as an 

increase in the amount of S-Au bound.  

Electrochemical detection of PSA by chronoamperometry provided a fast 

method for the detection of this compound, which takes profit of the steric 

effects in the surface of the electrode created by the formation of the 

immunocomplex antibody-antigen, which acts as a diffusional barrier for the 

electroactive species, which is translated in a decrease in the current intensity 

of the oxidation processes. Even though a decrease in current with the increase 

of PSA concentration can be observed in both biosensors, the lineal range and 

saturation concentrations is influenced by the nanoparticle size, being 

fMWCNT-AuNPs-50-Ab the sample which presents the best performance 

with a higher linear range between 0 to 6 ng mL
-1

 with a good sensitivity of                             

4.74 mA ng gfMWCNT
-1 

mL
-1

, allowing the detection in human samples.  
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This PhD thesis has been focused on the development of functionalization 

procedures of carbon materials for bioelectrochemical applications. In this 

sense, different strategies based on chemical and electrochemical methods 

have been employed in order to incorporate different functionalities such as, 

surface functional groups and metal-nanoparticles which subsequently 

promote the immobilization of bioelements and electron transfer for 

application in electrochemical devices as biosensors.  

Electrochemical Functionalization of Single-Wall Carbon Nanotubes 

with Phosphorus and Nitrogen Species 

Functionalization of SWCNT with N and P functional groups was 

achieved by electrochemical oxidation of 4-APPA by cyclic voltammetry. The 

electrochemical oxidation selectively produces oligomer layers that wrap the 

surface of the SWCNT. Increase in the positive potential of the 

electrochemical modification demonstrated a high influence in the degree of 

incorporation of N and P species. Thus, when an upper potential limit of 1.4 V 

is used, the highest P incorporation is reached and further potential increase 

causes loss of P-species probably due to hydrolysis reactions. Several surface 

redox processes that depend on the applied potential are clearly observed in 

the voltammograms of the functionalized SWCNT. These redox processes 

present important pH dependence. The well-defined redox processes observed 

suggests the formation of oligomers with homogenous composition and 

structure. This conclusion is supported by TEM and Raman spectroscopy. 

However, the high reversibility and symmetry of the redox processes suggest 

that covalently bound redox species may also exist.  

The high selectivity of the electrochemical process towards monomer 

oxidation, even at high potentials, and the precise control of the degree of 

modification of the CNT surface by selecting the electrochemical conditions, 

make this method an alternative procedure for electrochemical                                               

co-functionalization with P and N species with the generation of electroactive 

materials. 

Effect of Surface Oxygen Groups in the Electrochemical Modification of 

Multi-walled Carbon Nanotubes by 4-amino phenyl phosphonic acid 

MWCNTs and fMWCNTs were successfully functionalized with N and P 

species during electrochemical oxidation of 4-APPA employing cyclic 
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voltammetry. The oxidation of 4-APPA promotes the formation of 

electroactive oligomers onto the CNTs surface; however, covalently bonded 

redox species cannot be discarded. It has been observed a negative effect of 

the surface oxygen groups in the CNTs in the functionalization degree. Thus, 

for the fMWCNTs the amount of phosphorus incorporated is lower than in the 

non-oxidized MWCNTs. However, the amount of P incorporated shows a 

maximum in both CNTs at an upper potential limit of 1.4 V; further potential 

increase causes an over oxidation of the oligomers or the oxidation of the 

phosphorus groups without producing severe damage of the carbon nanotube 

structure. 

In the case of MWCNTs, different redox processes with high reversibility 

are observed, which produces a remarkable increase in the electric charge 

stored compared to the pristine MWCNTs. In addition, oligomer chains are 

clearly observed by TEM. In the case of the fMWCNTs, the oligomerization 

reaction is not favored compared to pristine MWCNTs. In this material, the 

presence of electron withdrawing oxygen groups that decrease the π electron 

density of the CNTs and modify the orientation of the 4-APPA molecule, thus 

reducing the incorporation of 4-APPA parallel to the surface of the CNTs, 

impede the oligomerization reaction.  

The evolution of I
D
/I

G
 and I

D`
/I

G
 Raman band ratios with potential in 

presence of 4-APPA follows a similar trend for functionalized MWCNTs and 

functionalized fMWCNTs. For MWCNTs they increase importantly from 1.4 

V, indicating that some oxidation of the MWCNTs occurs from this potential, 

generating defects. However, in the case of fMWCNTs these ratios go through 

a maximum indicating that some loss of carbon material occurs through carbon 

gasification reactions or the formation of species in solution. These reactions 

may also make difficult the functionalization by 4-APPA. 

Thus, the presence of surface oxygen groups in the MWCNTs is 

detrimental to achieve the functionalization through oligomerization reactions, 

being covalent attachment the prevailing mechanism. 

Single Wall Carbon Nanotubes-based Bioelectrodes Prepared by One-

step Electrochemical Enzyme Entrapment  

The electrochemical entrapment of either s-GDH or PQQ-GDH during 

oxidation of para-aminophenyl phosphonic acid (4-APPA) provides a simple 
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method for the immobilization of the enzyme onto the SWCNT surface. 

During the electrochemical immobilization, the functionalization of the 

SWCNT with phosphorus and nitrogen groups also occurs. The adequate 

interaction between the functionalized SWCNT and the enzyme seems to the 

determined by the phosphorus groups incorporated in the material during the 

electrochemical co-deposition films. In the presence of the enzyme substrate a 

catalytic current is obtained showing the efficient enzyme-electrode contact. 

These bioelectrodes show an enhancement in the electrocatalytic current 

density and consequently in the sensitivity towards glucose oxidation in 

comparison with the electrode prepared by drop-casting. The sensitivity shows 

a high dependence with the upper potential limit employed for the enzyme 

immobilization being higher at high potential. The bioelectrode prepared with 

a one-step process (procedure 2), shows a sensitivity, referred to the amount of 

enzyme, around double than the electrode prepared using procedure 1 and six 

times higher than the bioelectrode prepared by drop-casting.  

The proposed methodology offers a platform for enzymatic electrode 

preparation under mild conditions of synthesis on nanostructured carbon-based 

materials, employing low loading of enzyme on the electrode surface and with 

high sensitivity. This methodology could be extended to other soluble 

enzymes, assuring good reproducibility, scalability and improved direct 

electron transfer, which may have potential application as anode in biofuel 

cells. 

Electron Transfer Enhancement at Electrochemically Modified 

Multiwall Carbon Nanotubes based Bioelectrodes  

The electrochemical modification of MWCNT with 4-APPA has 

demonstrated the incorporation of different phosphorus and nitrogen surface 

species which promote the immobilization of PQQ-GDH. The bioelectrodes 

have been used in the oxidation of glucose at physiological pH. Depending of 

the upper potential limit used in the electrochemical modification of 

MWCNTs, morphological features of the enzymatic coating and interaction 

with the enzymatic element, improve the electron-transfer kinetics, obtaining 

values for apparent electron transfer rate constants from 69 to 82 s
-1

. This good 

electron transfer could be associated with a better orientation of the redox-

active center of the enzyme to the electrode. Moreover, the different 
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biocatalytic electrodes show different amounts of immobilized enzyme, 

oxidation catalytic current and sensitivity towards glucose oxidation. 

The MWCNT-APPA-1.37-GDH bioelectrode shows the highest values of 

glucose oxidation current (1.47 A·g
-1

 obtained by cyclic voltammetry and 3.06 

µA obtained by chronoamperometry). The sensitivity obtained for this 

electrode is 53.63 ± 4.72 mA gMWCNT
-1

 mM
-1

. Therefore, the electrochemical 

modification of MWCNTs with phosphorus and nitrogen species coming from 

oxidation of 4-APPA, can be considered as a promising alternative to control 

and improve the electrochemical performance of biocatalysts for further 

application as biosensors. 

Metal Free Electrochemical Glucose Biosensor based on N-doped 

Carbon Material 

An enzymatic glucose biosensor is developed based on glucose oxidase 

immobilized on a N-doped carbon material, obtained by heat treatment of 

PANI. This biosensor is a metal free carbon material. N-doped carbon material 

has a remarkable catalytic activity towards oxygen reduction reaction due to 

the presence of quaternary N species, even after the immobilization of the 

glucose oxidase. Surface reversible redox process at -0.42 V vs. Ag/AgCl 

related with the cofactor FAD/FADH2 demonstrates the successful 

immobilization of the enzyme on the electrode.  

Indirect glucose detection is carried out following the current density 

variation of the ORR generated by the increase of the glucose concentration, as 

consequence of the enzymatic reaction of the GOx at a potential of -0.4 V vs. 

Ag/AgCl. Sensitivity of the prepared biosensor exhibits good values towards 

glucose detection, with no dependence of the oxygen concentration in the 

solution (23.57±1.77 A cm
-2 

mM
-1

 and 24.29±1.12 A cm
-2 

mM
-1

 for O2-

saturated and room atmosphere conditions, respectively). Nevertheless, 

reaction rate for the recovery of the enzyme from the reduced to the oxidized 

state conditions, affects the linear detection range of the biosensor, being wider 

for the O2-saturated conditions where the re-oxidation of the pristine enzyme is 

carried out rapidly. Additionally, biosensor shows an acceptable 

reproducibility, repeatability and stability. Despite small interference effect of 

uric acid in the detection of glucose, high affinity and sensitivity towards 
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glucose oxidation still allows us the application of this biosensor in the 

detection of glucose in real samples like urine and commercial sugary drink.  

Development of fMWCNT Modified with Gold Nanoparticles for the 

Chronoamperometric-Immunodetection of the Prostate Specific Antigen 

Electrochemical PSA biosensors based on fMWCNT-AuNPs-Ab with 

different gold nanoparticle size distribution were developed. In order to study 

the effect of the nanoparticle size in the performance of the biosensor, two 

different syntheses were carried out, controlling the PVP/Au molar ratio to 

obtain gold nanoparticles with a wide and narrow distribution, and an average 

diameter of 9.5 nm and 6.6 nm for PVP/Au ratios of 0.5 and 50, respectively. 

Incorporation of the metal nanoparticles was verified by cyclic voltammetry, 

which demonstrated that narrow nanoparticle size distribution presents higher 

EASA.  

The prepared transducer materials with different Au nanoparticle sizes 

showed a decrease of the current density of the redox processes associated 

with the gold oxide formation after the immobilization process of the 

biorecognition element, as a consequence of the blocking effect of this 

molecule in the surface. This behavior was shown for ferrocene (Fc-Fc
+
) 

employed as redox probe. At the same time, XPS spectra for S2p demonstrated 

the presence of the S-Au bond, due to the covalent immobilization of the 

antibodies on the nanoparticle surface. Moreover, narrow Au nanoparticle size 

distribution promotes a higher immobilization which was seen as an increase 

in the amount of S-Au bond.  

The electrochemical detection of PSA by chronoamperometry provided a 

fast method for the detection of this compound, which takes profit of the steric 

effects in the surface of the electrode created by the formation of the 

immunocomplex antibody-antigen, which acts as a diffusional barrier for the 

electroactive species, which is translated in a decrease in the current intensity 

of the oxidation processes. Even though a decrease in current with the increase 

of PSA concentration can be observed in both biosensors, the lineal range and 

saturation concentrations are influenced by the nanoparticle size, being 

fMWCNT-AuNPs-50-Ab the sample which presents the best performance 

with a higher linear range between 0 to 6 ng mL
-1

 with a good sensitivity of                             

4.74 mA ng·gfMWCNT
-1 

mL
-1

, allowing the detection in human samples.  
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Esta tesis doctoral se ha centrado en el desarrollo de procedimientos de 

síntesis de material de carbono para aplicaciones bioelectroquímicas. En este 

sentido, se han empleado diferentes estrategias basadas en métodos químicos y 

electroquímicos para incorporar diferentes tipos de funcionalidades en la 

superficie de los materiales carbonosos; así como heteroátomos en la red y 

nanopartículas metálicas; los cuales han facilitado la inmovilización de 

bioelementos, orientación del bioelemento y la transferencia de electrones con 

el elemento biocatalizador o de reconocimiento, para su aplicación en 

dispositivos electroquímicos como sensores y/o bioelectrodos. 

Funcionalización electroquímica de nanotubos de carbono de pared simple 

con especies de fósforo y nitrógeno 

La funcionalización de SWCNT con grupos funcionales N y P se logró a 

partir de la oxidación electroquímica de 4-APPA por voltamperometría cíclica. 

La oxidación electroquímica produce de forma selectiva la unión de especies 

electroactivas y la formación de capas de oligómeros que envuelven la 

superficie de los SWCNT. El incremento en el potencial positivo de la 

modificación electroquímica demostró tener una alta influencia en el grado de 

incorporación de especies de N y P. Por lo tanto, cuando se usa un potencial 

límite superior de 1.6 V vs. RHE, se alcanza la incorporación de P más alta, 

por encima de dicho potencial se genera la pérdida de especies P 

probablemente debido a reacciones de hidrólisis. Varios procesos redox 

superficiales, que depende del potencial aplicado, se observan claramente en 

los voltamogramas de los SWCNT funcionalizados. Estos procesos redox 

presentan una importante dependencia con el pH. Los procesos redox bien 

definidos tras la funcionalización sugieren una buena interacción entre los 

SWCNT y las especies funcionales unidas al nanotubo, así como los 

oligómeros adsorbidos homogéneamente en la superficie. Esta conclusión está 

respaldada por la espectroscopia Raman y las micrografías TEM. Sin embargo, 

la alta reversibilidad y simetría de los procesos redox sugieren que también 

existen especies redox unidas covalentemente. 

La alta selectividad del proceso de modificación electroquímica hacia la 

oxidación de monómeros, incluso a altos potenciales, y el control preciso del 

grado de modificación de la superficie nanotubo de carbono, mediante el 

control de las condiciones electroquímicas, hacen de este método un 
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procedimiento alternativo para la co-funcionalización electroquímica con P y 

N especies en la generación de materiales electroactivos. 

Efecto de los grupos de oxígeno de superficie en la modificación 

electroquímica de los nanotubos de carbono de paredes múltiples por el ácido 

4-amino fenil fosfónico 

MWCNT y fMWCNT se funcionalizaron con éxito con especies N y P 

durante la oxidación electroquímica de 4-APPA empleando voltamperometría 

cíclica. La oxidación del 4-APPA promueve la formación de oligómeros 

electroactivos que pueden adsorberse en la superficie del nanotubo de carbono; 

sin embargo, la unión covalente de las especies redox al nanotubo no puede ser 

descartada. Se ha observado un efecto negativo de los grupos de oxigenados en 

el grado de funcionalización del nanotubo de carbono. Sin embargo, la 

cantidad de P incorporada muestra un valor máximo en ambos nanotubos de 

carbono a un potencial límite superior de 1.4 V vs. RHE, un aumento potencial 

adicional causa la sobre oxidación excesiva de los oligómeros en la superficie 

de los nanotubos de carbono o la oxidación de las especies de fósforo sin 

producir daños significativos en la estructura de los nanotubos de carbono. 

En el caso de los MWCNT, se observan diferentes procesos redox con alta 

reversibilidad, lo que produce un aumento notable en la carga eléctrica de los 

nanotubos de carbono iniciales. En el caso de los fMWCNT, la presencia de 

grupos de oxígeno con capacidad de retirar electrones disminuye la densidad 

de electrones π del nanotubo de carbono y, en consecuencia, el potencial 

dispersivo, lo que puede resultar en una disminución importante en la 

adsorción del 4-APPA en la superficie del nanotubo. Además, los grupos 

oxigenados en la superficie también pueden modificar la orientación de la 

molécula de 4-APPA, reduciendo así la incorporación de 4-APPA paralela a la 

superficie de los CNT, impidiendo las reacciones de oligomerización. 

La evolución de las relaciones de banda I
D
/I

G
 e I

D`
/I

G
 Raman con el 

potencial de funcionalización sigue una tendencia similar para los MWCNT 

funcionalizados y fMWCNT. En el caso de los MWCNT aumentan de manera 

importante desde 1.4 V vs. RHE, lo que indica que cierta oxidación del 

MWCNT se produce a partir de este potencial, generando defectos en la 

estructura. Sin embargo, en el caso de fMWCNT, estas relaciones pasan por un 

máximo que indica que se produce cierta pérdida del material de carbono a 
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través de reacciones de gasificación o la formación de especies en solución. 

Estas reacciones también pueden dificultar la interacción con el 4-APPA. 

Por lo tanto, la presencia de grupos de oxígeno en la superficie en el 

MWCNT es perjudicial para lograr la funcionalización a través de reacciones 

de oligomerización, siendo la unión covalente el mecanismo predominante. 

Mejora de la transferencia de electrones en bioelectrodos basados en 

nanotubos de carbono de pared múltiple modificados electroquímicamente 

La modificación electroquímica de MWCNT con 4-APPA ha demostrado 

la incorporación de diferentes especies de superficie de fósforo y nitrógeno 

que promueven la inmovilización de PQQ-GDH. Los bioelectrodos se han 

utilizado en la oxidación de glucosa a condiciones de pH fisiológico. 

Dependiendo del potencial límite superior utilizado en la modificación 

electroquímica de los MWCNT, las características morfológicas del 

recubrimiento enzimático y la interacción con el elemento enzimático mejoran 

la cinética de transferencia de electrones, obteniendo valores para la constante 

cinética de la velocidad de transferencia de electrones de 69 a 82 s
-1

. La mejora 

en la transferencia de electrones podría asociarse con una mejor orientación 

del centro activo de la enzima hacia la superficie del electrodo. Además, los 

diferentes electrodos presentan diferentes cantidades de enzima inmovilizada, 

corriente catalítica de oxidación y sensibilidad a la oxidación de glucosa. 

El bioelectrodo MWCNT-APPA-1.37-GDH muestra los valores más altos 

de corriente de oxidación de glucosa (1.47 A g
-1

 obtenida por 

voltamperometría y 3.06 µA obtenida por cronoamperometría). La sensibilidad 

obtenida para este electrodo es 53.63 ± 4.72 mA gMWCNT
-1

 mM
-1

. Por lo 

tanto, la modificación electroquímica de MWCNT con especies de fósforo y 

nitrógeno generadas de la oxidación de 4-APPA puede considerarse una 

alternativa prometedora para controlar y mejorar el rendimiento 

electroquímico de los biocatalizadores para aplicaciones adicionales como 

biosensores. 

Bioelectrodos basados en nanotubos de carbono de pared simple preparados 

electroquímicamente en un paso para el encapsulamiento de enzimas 

El atrapamiento electroquímico de s-GDH y PQQ-GDH durante la 

oxidación del ácido para-amino fenil fosfónico (4-APPA) proporciona un 
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método simple para la inmovilización de la enzima en la superficie de los 

SWCNT. Durante la inmovilización electroquímica, también se produce la 

funcionalización del SWCNT con grupos de fósforo y nitrógeno. La 

interacción adecuada entre el SWCNT funcionalizado y la enzima parece estar 

determinada por los grupos de fósforo incorporados en el material durante las 

películas co-depositadas electroquímica. En presencia del sustrato enzimático, 

se obtiene una corriente catalítica que demuestra el eficiente contacto enzima-

electrodo. Estos bioelectrodos muestran una mejora en la densidad de corriente 

electrocatalítica y, en consecuencia, en la sensibilidad a la oxidación de la 

glucosa en comparación con el electrodo preparado por el método 

convencional de drop-casting. La sensibilidad del bioelectrodo muestra una 

alta dependencia con el límite de potencial límite superior empleado en el 

proceso de síntesis, siendo mayor la inmovilización enzimática a alto 

potencial. El bioelectrodo preparado con un proceso de un solo paso 

(procedimiento 2) muestra una sensibilidad, referida a la cantidad de enzima, 

aproximadamente el doble que el electrodo preparado usando el procedimiento 

1 y seis veces mayor que el bioelectrodo preparado por drop-casting. 

La metodología propuesta ofrece una plataforma para la preparación de 

electrodos enzimáticos en condiciones no agresivas de síntesis sobre 

materiales a base de carbono nanoestructurados, empleando baja cantidad de 

enzima en la superficie del electrodo y alta sensibilidad. Esta metodología 

podría extenderse a otras enzimas solubles, asegurando una buena 

reproducibilidad, escalabilidad y una mejor transferencia directa de electrones, 

que pueden tener una aplicación potencial como ánodo en células 

biocombustibles o en aplicaciones como biosensor electroquímico. 

Biosensor de glucosa electroquímico sin metal basado en material de carbono 

N-dopado 

Se desarrolló un biosensor enzimático de glucosa basado en glucosa 

oxidasa inmovilizada en un material de carbono dopado con nitrógeno, 

obtenido por tratamiento térmico de polianilina. Este biosensor es un material 

de carbono libre de metal. El material de carbono dopado con N tiene una 

elevada actividad catalítica hacia la reacción de reducción de oxígeno debido a 

la presencia de especies N cuaternarias, incluso después de la inmovilización 

de la glucosa oxidasa. El proceso redox reversible en superficie a -0,42 V vs. 
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Ag/AgCl relacionado con el cofactor FAD/FADH2 demuestra la 

inmovilización exitosa de la enzima en el electrodo. 

La detección indirecta de glucosa se llevó a cabo siguiendo la variación de 

la densidad de corriente de la reacción de reducción de oxígeno generada por 

el aumento de la concentración de glucosa, como consecuencia de la reacción 

enzimática de la glucosa oxidasa a un potencial de -0.4 V vs. A/AgCl. La 

sensibilidad del biosensor preparado presenta buenos valores hacia la 

detección de glucosa, sin dependencia de la concentración de oxígeno en la 

solución (23.57 ± 1.77 µA cm
-2

 mM
-1

 y 24.29 ± 1.12 µA cm
-2

 mM
-1

 para 

condiciones de saturación de O2 y atmosféricas, respectivamente). Sin 

embargo, la velocidad de reacción para la regeneración de la enzima del estado 

reducido al estado oxidado afecta el rango de detección lineal del biosensor, 

siendo más amplio para las condiciones de saturación de O2 donde la re-

oxidación de la enzima se lleva a cabo rápidamente. Además, el biosensor 

muestra una reproducibilidad, repetibilidad y estabilidad, con valores 

aceptables. A pesar del pequeño efecto de interferencia del ácido úrico en la 

detección de glucosa, la alta afinidad y sensibilidad hacia la oxidación de la 

glucosa todavía permite la aplicación de este biosensor en la detección de 

glucosa en muestras reales como orina y bebidas azucaradas comerciales. 

Desarrollo de fMWCNT modificado con nanopartículas de oro para la 

inmunodetección cronoamperométrica del antígeno prostático específico 

Se desarrollaron biosensores electroquímicos del antígeno prostático 

específico (PSA) basados en fMWCNT-AuNPs-Ab con diferente distribución 

de tamaño de nanopartículas. Para estudiar el efecto del tamaño de las 

nanopartículas en el rendimiento del biosensor, se realizaron dos síntesis 

diferentes, controlando la relación molar PVP/Au para obtener nanopartículas 

de oro con una distribución ancha y estrecha, y un diámetro promedio de 9,5 

nm y 6.6 nm para relaciones PVP/Au de 0.5 y 50, respectivamente. La 

incorporación de las nanopartículas metálicas se verificó por voltamperometría 

cíclica, lo que demostró que la distribución estrecha del tamaño de las 

nanopartículas presenta una mayor área superficial electroquímicamente 

activa. 

Los materiales del transductor preparados con diferentes relaciones PVP/ 

Au mostraron una disminución de la densidad de corriente de los procesos 

redox asociados con la formación de óxido de oro después del proceso de 
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inmovilización del elemento de biorreconocimiento, como consecuencia del 

efecto de bloqueo de esta molécula en la superficie. Este comportamiento 

también se observó para el ferroceno (Fc-Fc
+
) empleado como sonda redox. Al 

mismo tiempo, los espectros XPS para S2p demostraron la presencia del 

enlace S-Au, debido a la inmovilización covalente de los anticuerpos en la 

superficie de las nanopartículas. Además, la distribución estrecha del tamaño 

de nanopartículas de Au promueve una mayor inmovilización, que se 

evidenció como un aumento en la cantidad de especie S-Au. 

La detección electroquímica del PSA por cronoamperometría proporcionó 

un método rápido para la detección de este compuesto, que aprovecha los 

efectos estéricos en la superficie del electrodo creados por la formación del 

inmunocomplejo entre antígeno y los anticuerpos, que actúa como una barrera 

difusiva para las especies electroactivas, que se traduce en una disminución en 

la intensidad actual de los procesos de oxidación. Aunque se puede observar 

una disminución en la corriente con el aumento de la concentración de PSA en 

ambos biosensores, el rango lineal y las concentraciones de saturación están 

influenciados por el tamaño de las nanopartículas, siendo los electrodos 

fMWCNT-AuNPs-50-Ab los que presenta el mejor rendimiento con un mayor 

rango lineal entre 0 y 6 ng mL
-1

 y una buena sensibilidad de                                         

4.74 mA ngPSA gfMWCNT
-1

 mL
-1

, lo que permite la detección en muestras 

humanas. 
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Los materiales carbonosos presentan una gran versatilidad de propiedades 

que han despertado gran interés en el desarrollo de nuevas aplicaciones
1,2

. Su 

gran abundancia, procedimientos de síntesis escalables y la gran capacidad de 

adaptar y modificar sus propiedades mediante técnicas de modificación 

química
3–6

, han permitido su aplicabilidad como adsorbente en la eliminación 

de contaminantes, en el desarrollo de catalizadores de alto rendimiento para la 

producción de energía, en el almacenamiento de energía, y en aplicaciones 

biomédicas como en la sustitución de tejidos, liberación de fármacos o en la 

detección de analitos de interés biológico
7,8,17,18,9–16

.  

Dentro de las aplicaciones más destacables, se encuentran las que 

implementan sistemas electroquímicos acoplados con elementos biológicos en 

el desarrollo de tecnologías limpias para la generación de energía (células de 

combustible bioelectroquímicas-EBFC, por sus siglas en inglés) y dispositivos 

selectivos de detección y cuantificación de sustancias (biosensores 

electroquímicos)
19–21

. En este sentido, los materiales de carbono 

nanoestructurados tales como nanotubos de carbono (CNT, por sus siglas en 

inglés) han sido empleados constantemente en el desarrollo de diferentes 

biocatalizadores, debido a su notable estabilidad química, biocompatibilidad y 

propiedades catalíticas y electrónicas
1,22,23

. Una de las propiedades más 

interesantes de los CNT radica en la capacidad de funcionalización y 

adaptabilidad de las propiedades superficiales, a través de diferentes 

procedimientos de modificación química que pueden ser no covalentes o 

covalentes. La incorporación de funcionalidades en superficie se convierte en 

una ruta sobresaliente para la síntesis de materiales con propiedades mejoradas 

para aplicaciones específicas. 

Los primeros enfoques de funcionalización han sido centrados en la 

oxidación de los CNT, empleando disoluciones ácidas oxidantes para 

incorporar especies oxigenadas en superficie, como grupos carboxílicos, 

lactonas, quinonas e hidroxilos
24–26

, los cuales además de mejorar la 

dispersabilidad de los CNT en disolventes de tipo polar como el agua, también 

pueden servir de anclaje, promoviendo la inmovilización de los bioelementos 

empleados como biocatalizadores. No obstante, en la actualidad diferentes 

tipos de funcionalidades han sido incorporadas en nanotubos de carbono, 

empleando reacciones químicas orgánicas, tales como la amidación, 

hidrogenación, anclaje (grafting) de moléculas y/o polimerización sobre la 
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superficie de los nanotubos de carbono
27,28

. En estos procesos de 

funcionalización, la generación de especies radicales de alta reactividad hacia 

los átomos de carbono en la estructura del CNT son una parte fundamental en 

la formación de enlaces covalente con el material carbonoso
29–32

.  

Entre los diferentes procedimientos de modificación superficial, 

ciertamente los procesos de funcionalización electroquímica han demostrado 

ser una alternativa prometedora
33–35

. Adicionalmente, la versatilidad que 

ofrecen los métodos electroquímicos para obtener de manera controlada y 

selectiva funcionalidades en la superficie del material de carbón, bajo 

condiciones de síntesis no agresivas y localizadas en la interface electrodo-

electrolito, hacen de esta clase de métodos una prometedora ruta para la 

síntesis de materiales con altas prestaciones en diferentes campos de 

aplicación
36,37

. Por ejemplo, la oxidación electroquímica con maleimida sobre 

electrodos basados en materiales carbonosos genera una capa modular con 

grupos carboxílicos y amino en la superficie del electrodo carbonoso, los 

cuales interaccionan covalentemente con una enzima deshidrogenasa. Las 

características físico-químicas de la superficie del electrodo permiten orientar 

el centro activo de la enzima sobre la superficie del mismo, reduciendo la 

distancia para la transferencia de electrones, promoviendo la transferencia 

directa y una mayor densidad de corriente catalítica, asociada a la oxidación 

del sustrato
38

. Así mismo, la modificación de la interacción electrodo-

biomolécula ha permitido generar sistemas de transferencia directa entre el 

centro activo de elementos enzimáticos como la hemoglobina o el citocromo 

C
39–41

; aunque también se han observado sistemas de transferencia directa en 

oxidoreductasas como la glucosa oxidasa
33

. Así mismo, la presencia de 

especies nitrogenadas en la estructura de los materiales carbonosos, además de 

que pueden facilitar la inmovilización de biomoléculas, proveen una alta 

actividad catalítica para la oxidación de ácido ascórbico, ácido úrico y 

peróxido de hidrógeno, debido a la generación de sitios activos para la 

transferencia de electrones, sirviendo como materiales electródicos en el 

desarrollo de sensores electroquímicos
42,43

. 

Partiendo del principio de que la correcta interacción electrodo-

bioelemento es uno de los aspectos críticos y determinantes en el óptimo 

desempeño de un dispositivo bioelectroquímico
44,45

, la presente tesis doctoral 

ha desarrollado diferentes procedimientos de síntesis y modificación de 

materiales carbonosos, con el fin de obtener superficies biofuncionales con 
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diferentes funcionalidades que permitan promover el desarrollo efectivo de 

bioelectrodos para su aplicación en dispositivos electroquímicos.  

Con el fin de obtener superficies activas que faciliten la inmovilización de 

bioelementos, se ha seleccionado estudiar en la primera etapa de la tesis 

(capítulos 3 y 4), la funcionalización electroquímica, empleando el ácido             

4-amino fenil fosfónico (4-APPA) como agente modificante en medio acuoso, 

como método de modificación superficial de diversos materiales carbonosos: 

nanotubos de carbono de pared simple (SWCNTs), nanotubos de pared 

múltiple (MWCNTs), grafeno y oxido de grafeno. En estos procedimientos de 

modificación superficial, se generan especies de nitrógeno y de fósforo en la 

superficie de los materiales carbonosos mediante polarización 

potenciodinámica (mediante voltametría cíclica) variando el potencial límite 

superior (1.0, 1.2, 1.4, 1.6 y 1.8 V vs. RHE) en H2SO4 0.5M + 4-APPA 1 mM.  

Los nanotubos de carbono de pared simple (SWCNT, por sus siglas en 

inglés), presentan la formación de procesos redox en superficie a bajos 

potenciales de oxidación (1.0 V), lo cual no se evidencia en los otros 

nanotubos de carbono (MWCNT). Al incrementar los potenciales de oxidación 

se presenta una contribución en los valores de densidad de corriente a 

potenciales positivos, que se encuentra acompañada por la formación de un 

proceso irreversible alrededor de 1.1 V vs. RHE, aproximadamente, para todos 

los tipos de nanotubos de carbono empleados, el cual es directamente asociado 

a la oxidación del 4-APPA. En contraste, el óxido de grafeno (GO por sus 

siglas en inglés), el óxido de grafeno reducido electroquímicamente (rGO por 

sus siglas en inglés), y el grafeno, llamado en la presente tesis como K4, 

muestran un desplazamiento a mayores potenciales para el potencial de inicio 

y potencial en el máximo del pico de oxidación del 4-APPA; lo cual sugiere 

que la estructura curva de la lámina en los nanotubos de carbono tiene un 

mayor efecto catalítico en la oxidación electroquímica del 4-APPA. 

Se puede considerar que el 4-APPA puede adsorberse en la superficie de 

los nanotubos de carbono mediante interacciones π-π y, posteriormente, el 

incremento de potencial permite producir la oxidación del mismo y el 

crecimiento de oligómeros en la superficie del nanotubo de carbono. Por tanto, 

la estructura y la química superficial del material de partida (SWCNT o 

MWCNT) tienen una influencia muy importante en el proceso de 

funcionalización electroquímica.  
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Teniendo en cuenta los mecanismos de oxidación electroquímica de la 

anilina y sus derivados, que se inicia con la formación de un radical que ataca 

a una nueva molécula generando un dímero, que crece formando oligómeros y 

finalmente la polianilina o sus derivados, en este caso, se podría suponer que la 

formación del radical produce un ataque a la estructura aromática del material 

de carbón, promoviendo la funcionalización covalente en superficie. A su vez, 

las reacciones entre las especies radicales generadas, conllevarían a la 

formación de oligómeros, los cuales pueden crecer en la superficie de los 

nanotubos de carbono que da lugar a una funcionalización no covalente.  

Una vez la oxidación del 4-APPA ocurre en la superficie del electrodo, se 

observan diferentes procesos redox a menores potenciales en el voltagrama, 

los cuales presentan un incremento en la densidad de corriente con el aumento 

del ciclado y el potencial aplicado; lo cual es concordante con el proceso de 

formación y crecimiento de oligómeros, generados por la oxidación del                    

4-APPA en la superficie del material carbonoso. En este sentido, los 

oligómeros pueden adsorberse en la superficie de los nanotubos de carbono 

dando lugar a una funcionalización no-covalente. Este mecanismo podría 

explicar la presencia de estructuras aglomeradas no grafénicas sobre las 

paredes del nanotubo observadas en las micrografías TEM, las cuales 

concuerdan con la presencia de depósitos de pequeñas cadenas sobre la 

superficie del material de carbón. 

La caracterización electroquímica en ausencia del 4-APPA en medio ácido 

muestra que las especies electroactivas desarrolladas en la superficie de los 

nanotubos de carbono corresponden a especies en superficie, las cuales 

presentan una alta reversibilidad electroquímica y gran simetría; lo cual 

sugiere que existe una importante interacción entre el nanotubo de carbono y 

las funcionalidades generadas en superficie, lo cual facilita y promueve la 

transferencia de carga. No obstante, en los nanotubos de carbono (fMWCNTs) 

modificados mediante oxidación con ácido nítrico, y que presentan diferentes 

especies oxigenadas superficiales, los procesos redox consecuencia de la 

funcionalización, no presentan una contribución significativa en carga y 

densidad de corriente como lo observado en los SWCNT y MWCNT, de 

hecho, en algunos casos no se evidencia una respuesta electroquímica diferente 

al nanotubo de carbono sin modificar, lo cual puede relacionarse con la 

disminución en la conductividad y la pérdida de la estructura conjugada 

presente en los nanotubos de carbono. La actividad electroquímica asociada a 
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las funcionalidades y los valores de capacidad asociada a la doble capa 

eléctrica en los materiales carbonosos modificados, presentan una disminución 

significativa con el aumento de pH. En el caso de las funcionalidades a bajos 

potenciales, estas empiezan a disminuir sus valores de densidad de corriente a 

pH neutro o alcalino, al mismo tiempo que se observa un incremento en los 

valores de separación de pico, haciendo más irreversible los procesos redox, de 

igual forma a lo observado en previos estudios de productos tipo polianilina. 

Teniendo en cuenta que los procesos de modificación electroquímica, 

mayoritariamente ocurren en superficie, el análisis mediante espectroscopia 

fotoelectrónica de rayos-X (XPS) revela el grado de incorporación en N, O y 

P, así como la naturaleza química de las especies. Inicialmente, se evidencia 

que el contenido en oxígeno y nitrógeno presenta un incremento proporcional 

con el aumento del potencial límite de oxidación, lo cual es concordante con 

las condiciones oxidativas a dichos potenciales que, como resultado, inducen 

una mayor formación de cadenas de oligómeros mediante funcionalización no-

covalente y un mayor acoplamiento covalente de las funcionalidades. En 

cuanto al contenido en fósforo se observa un valor máximo de incorporación 

entre los potenciales de 1.4 y 1.6 V para los nanotubos de carbono, y de 1.5 V 

para los materiales basados en grafeno. A potenciales superiores ocurre una 

disminución en la concentración de dicha especie, lo cual puede ser resultado 

de una degradación y/o desorción de las funcionalidades de fósforo en la 

estructura. Aunque se ha evidenciado que en los materiales con alto contenido 

en grupos oxigenados, las especies electroactivas inducidas en el material 

durante el proceso de modificación electroquímica no presentan importantes 

contribuciones redox, se observa un mayor grado de incorporación de fósforo 

(1.14% at en el GO) en comparación con los materiales no oxidados o 

sometidos a reducción (MWCNT, SWCNT y rGO), sugiriendo que las 

especies oxigenadas pueden estar interactuando directamente con el 4-APPA y 

las cadenas de oligómeros generadas. 

Los espectros XPS asociados al fósforo muestran dos contribuciones 

correspondientes a grupos fosfónico y grupos tipo fosfóricos, siendo esta 

última más significativa a potenciales superiores a 1.4 V. En este sentido, la 

disminución de la concentración de grupos fosfónico mientras las especies tipo 

fosfórico incrementan, corroboran que durante el proceso de modificación del 

material carbonoso ocurre un proceso de oxidación del grupo fosfónico; estos 

grupos, a potenciales superiores (1.8 V), pueden presentar hidrólisis y por ende 
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su pérdida en disolución, generando la disminución de la concentración de 

fósforo. Las especies de nitrógeno generadas corresponden a grupos 

nitrogenados neutros tipo aminas e iminas, y también especies nitrogenadas 

cargadas positivamente y que corresponden a especies observadas en la 

polianilina y sus derivados. Por tanto, corroborarían la presencia de 

oligómeros del tipo polianilina. 

Debido a que los procesos de funcionalización electroquímica con 4-APPA 

pueden generar modificaciones significativas en la estructura y propiedades de 

los materiales carbonosos, el grado de modificación en los materiales fue 

evaluada por espectroscopia Raman. El análisis de las relaciones entre las 

bandas G y D obtenidas en los espectros, asociadas a las contribuciones de la 

estructura grafénica sp
2
 y la presencia de defectos sp

3
, respectivamente, 

muestran en todos los casos para los nanotubos de carbono, un incremento de 

la relación ID/IG con el potencial, lo cual demuestra que durante el proceso de 

modificación electroquímica con 4-APPA existe un incremento de las 

contribuciones relacionada a estructuras tipo sp
3
, que puede asociarse a la 

pérdida de estructura grafénica, debido al posible enlace del nanotubo con el 

radical procedente del 4-APPA. Sin embargo, al analizar la zona de bajas 

frecuencias para los SWCNT, la cual se encuentra asociada a los modos de 

vibración axial de los nanotubos (RBM, por sus siglas en inglés), parámetro 

altamente sensible a los cambios estructurales que puedan presentar los 

SWCNTs, se observan pocas modificaciones en las diferentes contribuciones, 

lo cual conllevaría un bajo grado de modificación del material carbonoso, pese 

a las condiciones de oxidación electroquímica a las cuales fueron sometidos. 

Con base en los resultados obtenidos en los capítulos 3 y 4, en los cuales se 

ha podido desarrollar la modificación electroquímica con N y P sobre la 

superficie de materiales carbonosos sin alterar significativamente sus 

propiedades, se propone su utilización en el desarrollo de biocatalizadores para 

la oxidación de glucosa para su futura utilización como bioanodo o biosensor 

de glucosa. 

De esta manera, se procede a evaluar el efecto del proceso de modificación 

superficial desarrollado en el capítulo 4 sobre los materiales carbonosos en la 

síntesis de biocatalizadores. Se seleccionaron MWCNT modificados con 4-

APPA en diferentes condiciones para evaluar su efecto en la transferencia 

electrónica de la enzima modelo PQQ-GDH. En este estudio, se utilizaron 
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electrodos de MWCNTs modificados con 4-APPA a 0.97, 1.17 y 1.37 V vs. 

Ag/AgCl (3 M KCl) en H2SO4 0.5 M + 4-APPA 1 mM durante 10 ciclos a            

10 mV·s
-1

, como electrodos en los que se realiza la inmovilización de la 

enzima glucosa deshidrogenasa (GDH) dependiente de la pirroloquinolina 

quinona (PQQ). Tras la modificación, los nanotubos de carbono presentan 

diferentes procesos redox superficiales a condiciones neutras (pH = 7.2). 

Posteriormente, fueron modificados con PQQ-GDH mediante el método de 

drop-casting. Una vez incorporado el elemento enzimático se aprecia una 

disminución de la doble capa eléctrica ocasionada por el recubrimiento 

enzimático. De igual forma, a un potencial de -0.11 V se evidencia la aparición 

de un proceso reversible asociado a la transferencia de electrones del cofactor 

(PQQ) del elemento enzimático generado. En este sentido, la concentración 

determinada de PQQ, asociada a la enzima presente, tiene un valor máximo 

para las muestras modificadas a 0.97 V, valor en el cual se produce la mayor 

incorporación de fósforo en el electrodo tras la modificación. En este aspecto, 

los grupos fosfónicos parcialmente desprotonados pueden estar generando una 

carga negativa parcial de la superficie de los nanotubos de carbono, lo cual 

permitiría que una mayor cantidad del elemento enzimático, cuya carga neta es 

positiva a las condiciones de pH en las cuales ocurre la inmovilización de la 

enzima, quede retenida en la superficie. De esta manera, las interacciones 

electrostáticas pueden estar facilitando la inmovilización en el electrodo, lo 

cual es concordante con las morfologías evidenciadas por microscopía 

FESEM, en las cuales, a dicho potencial se evidencia un recubrimiento de alta 

densidad sobre la superficie de los MWCNT modificados. 

Al analizar la actividad catalítica hacia la oxidación de glucosa 

voltamétricamente y cronoamperométricamente (polarizando a                                       

0.35 V vs. Ag/AgCl (3 M KCl)), se evidencia que a un potencial de 

modificación de 1.37 V, los electrodos presentan un aumento considerable en 

la densidad de corriente asociada a la oxidación de glucosa, lo cual es 

correlacionado con el incremento en los valores de la constante de 

transferencia de carga heterogénea que pasa de 69.2 a 81.7 s
-1 

con el aumento 

del potencial de modificación. Al analizar las rectas de calibrado, todos los 

biosensores presentan el comportamiento típico de Michaelis-Menten; sin 

embargo, el valor de la constante de Michaelis-Menten presenta una 

disminución con el potencial de modificación, alcanzando valores de 1.36 mM 

para los electrodos sintetizados a 1.37 V, lo cual sugiere que la interacción 
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entre el sustrato y la enzima es mucho mayor con el incremento de potencial. 

En este sentido los valores de sensibilidad en el mismo rango de linealidad de 

0.1-1 mM muestran que los electrodos modificados a 1.37 V presentan un 

incremento de la sensibilidad alrededor del 37%. Lo anterior sustenta la 

hipótesis de que la elevada interacción entre la interface del material 

carbonoso y la enzima, puede estar generando una mejor orientación del 

elemento enzimático en la superficie del electrodo o que los MWCNTs 

funcionalizados mejoren la transferencia de electrones hacia el electrodo. Este 

comportamiento también se puede evidenciar con una retención de la corriente 

de detección en el test de estabilidad realizado durante 15 días. No obstante, la 

disminución en la actividad catalítica observada en los electrodos enzimáticos, 

puede ser atribuida a los procesos de protonación de los grupos R-POO- a 

causa de la disminución local de pH después de la formación de ácido 

glucónico. Este proceso disminuiría la carga neta de la superficie del electrodo, 

generando el desacoplamiento de la enzima adsorbida por interacciones 

electrostáticas. 

 Teniendo en cuenta que el mecanismo de modificación electroquímica 

propuesto genera especies funcionales ancladas y/o adsorbidas en la superficie 

del nanotubo, las cuales facilitan la interacción con el elemento enzimático 

empleado, se evalúa la utilización de dicho proceso de modificación en la 

inmovilización enzimática mediante encapsulamiento electroquímico. 

Inicialmente, se realiza el proceso de oxidación electroquímica del 4-APPA en 

condiciones menos ácidas (pH=4.08 aproximadamente), en presencia de la 

enzima, con el fin de no afectar las propiedades catalíticas de esta, 

observándose el proceso de oxidación irreversible a 0.65 V vs. Ag/AgCl (3 M 

KCl). Aunque la cinética del proceso se ve ligeramente relentecida por las 

condiciones evaluadas, se conserva el típico comportamiento previamente 

observado en condiciones de mayor acidez, en el cual tras la oxidación del                

4-APPA se observa la formación de distintos procesos redox en superficie, los 

cuales presentan un incremento en los valores de densidad de carga con el 

ciclado. En este sentido, una vez incorporado el elemento enzimático modelo 

empleado (glucosa deshidrogenasa dependiente de pirroloquinoleina quinona-

PQQ-GDH), se observa que la presencia del elemento enzimático no afecta al 

proceso de generación de oligómeros, ni a la actividad electroquímica de 

dichas especies en superficie. Para efectos comparativos se llevó a cabo el 

encapsulamiento de la enzima activa (con el cofactor PQQ) y no activa (sin 
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PQQ). En éste último caso, se procede a la incorporación del centro activo una 

vez encapsulado en el electrodo. En el caso del encapsulamiento de la enzima 

activa, se aprecia que el elemento enzimático es incorporado en la matriz con 

el incremento en los valores de densidad de carga de un proceso a bajo 

potencial llamado A-A`, el cual puede estar asociado al cofactor (PQQ) en la 

enzima. Tras la incorporación, se observa en los bioelectrodos sintetizados, un 

proceso redox altamente reversible a potenciales cercanos a -0.11 V vs. 

Ag/AgCl (3 M KCl), lo cual ha sido asociado al proceso redox del cofactor 

PQQ. Dependiendo de los potenciales de oxidación empleados, se observa que 

existe una mejora en la sensibilidad del biocatalizador hacia la oxidación de 

glucosa, vista como un incremento en la corriente catalítica hacia la oxidación 

de glucosa, siendo las muestras modificadas a 1.15 V vs. Ag/AgCl (3 M KCl) 

sobre SWCNT las que evidencian una mayor corriente catalítica. Al analizar 

las condiciones de encapsulamiento, se aprecia que existe una correlación 

entre el incremento de la corriente catalítica del bioelectrodo con el contenido 

de fósforo, determinado por XPS, en el cual, los electrodos no presentan 

importantes modificaciones en la naturaleza de las especies químicas de 

fósforo. En este sentido la mejora en la actividad catalítica puede estar 

asociada a que, en realidad, las especies de fósforo durante el proceso de 

encapsulamiento pueden estar facilitando la interacción con la enzima, 

promoviendo la transferencia electrónica desde el cofactor hacia el electrodo. 

De igual manera, la mejora en la actividad catalítica genera valores de 

sensibilidad superiores a los evidenciados para los electrodos preparados por 

drop-casting, y en los cuales hay presencia de PQQ libre adsorbido en la 

superficie del electrodo, que puede servir como especie mediadora. Es 

importante destacar que la diferencia en las cantidades de enzima empleadas 

durante la síntesis (menores que en el encapsulamiento), demuestran que las 

muestras encapsuladas presentan un contacto más íntimo entre el electrodo y la 

enzima, ocasionando una mejor interacción con el electrodo. De igual forma, 

las muestras electroquímicamente encapsuladas presentan valores bajos de la 

constante aparente de Michaelis-Menten; lo cual sugiere que existe una 

importante interacción entre el elemento enzimático y la superficie del 

electrodo. Lo anterior conlleva a suponer que las diferentes funcionalidades 

generadas, pueden interactuar con la enzima y promover una mayor velocidad 

en la transferencia de electrones o inclusive orientar el centro activo de la 

enzima en una posición más óptima para la transferencia de los electrones con 

el electrodo. 
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A partir de polianilina sintetizada químicamente se pueden preparar 

materiales carbonosos dopados con heteroátomos (nitrógeno), tras un 

tratamiento térmico en dos etapas. En esta tesis, se propone en el capítulo 7 su 

uso como transductor y catalizador para la detección indirecta de glucosa, 

teniendo en cuenta la elevada actividad catalítica del material carbonoso 

sintetizado hacia la reducción de oxígeno, siendo posible así el desarrollo de 

un biosensor de glucosa de primera generación. A partir del proceso de síntesis 

se ha logrado obtener de manera selectiva especies nitrogenadas tipo                        

N-grafítico en el material carbonoso, el cual como se ha observado en previas 

investigaciones, genera sitios que facilitan la reacción de reducción de 

oxígeno, siendo altamente sensible a la concentración de oxígeno. En este 

sentido, se inmovilizó glucosa oxidasa (GOx) en la superficie del material 

carbonoso dopado con nitrógeno para obtener un bioelectrodo sensible a la 

oxidación de glucosa. La incorporación del material enzimático genera 

principalmente un proceso redox a -0.42 V vs. Ag/AgCl (3 M KCl), que 

presenta una alta reversibilidad electroquímica (ΔE~33 mV), relacionado con 

el proceso redox  del cofactor de la GOx (FAD/FADH2). Una vez en presencia 

de glucosa a condiciones aeróbicas, se aprecia una disminución de las 

corrientes de reducción asociadas a la reducción del oxígeno molecular en 

disolución, esto como consecuencia a la disminución en la concentración de 

dicha especie por la reacción enzimática de oxidación de glucosa. 

Las rectas de calibrado para los electrodos PANI-TT-GOx-GA-Nafion 

muestran un comportamiento típico de Michaelis-Menten, con un valor de 

límite de detección (LOD, por sus siglas en inglés) de 1 µM. Dependiendo de 

la concentración de oxígeno, condiciones saturadas o atmosféricas, se observa 

que los rangos de linealidad para el biosensor varían de 5 µM-5 mM a                               

10 µM-1 mM, respectivamente, sin variaciones en la sensibilidad                                             

(23.57±1.77 A cm
-2

 mM
-1

) hacia la oxidación de glucosa y los valores de la 

constante aparente de Michaelis-Menten (Km
app

= 2.74). Pese a que los estudios 

de posibles interferentes demuestran que los sensores presentan una cierta 

influencia hacia el ácido úrico, la sensibilidad del electrodo hacia el ácido 

úrico, es menos significativa que la señal generada por la glucosa. No obstante, 

los resultados de determinación de glucosa en muestras de orina mediante el 

método de adición estándar, demuestran que el biosensor, es una plataforma 

adecuada para la detección de glucosa en fluidos fisiológicos, con una alta 

sensibilidad si se compara con otros biosensores desarrollados empleando 
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catalizadores metálicos. Adicionalmente los valores de reproducibilidad y 

estabilidad del biosensor, lo hacen una alternativa prometedora para su 

aplicabilidad en la detección de éste compuesto en otros fluidos como sangre, 

suero sanguíneo, sudor o bien, en el sector de la alimentación en bebidas 

azucaradas. 

En el capítulo 8 de esta Tesis Doctoral, se han modificado nanotubos de 

carbono de pared múltiple con nanopartículas de oro para la detección 

cronoamperométrica del antígeno prostático específico (PSA, por sus siglas en 

inglés), marcador tumoral clásico asociado al cáncer de próstata. En este 

trabajo se ha sometido inicialmente a los MWCNT a un proceso de 

funcionalización química en disolución HNO3 3 M, con el propósito de 

desarrollar grupos oxigenados en los nanotubos que permitan mejorar su 

dispersabilidad en agua, obteniendo dispersiones con concentraciones de 

1mg·mL
-1

 de la misma manera que se realizó en el capítulo 4. Teniendo en 

cuenta que el PSA no muestra actividad electroquímica y su respectiva 

oxidación ocurre a elevados potenciales donde puede generarse la oxidación 

de otras especies, se realiza la incorporación de un anticuerpo monoclonal 

especifico al PSA. Con el fin de promover la inmovilización, los nanotubos de 

carbono funcionalizados (fMWCNT) son modificados con nanopartículas de 

oro sintetizadas por el método de reducción por disolvente, el cual, permite 

controlar la distribución de tamaño de las nanopartículas mediante la variación 

de la relación entre el polímero protector, polivinilpirrolidona (PVP), y el 

precursor de oro, obteniendo una distribución de tamaño de partícula ancha 

para relaciones PVP/Au=0.5 y distribución de tamaño de partícula estrecha 

para relaciones PVP/Au = 50, traducida en nanopartículas de mayor y menor 

tamaño, respectivamente. Es importante destacar que se obtuvo una mayor 

cantidad de carga metálica en las muestras con relación PVP/Au = 50, lo cual a 

su vez permite obtener mayor área electroactiva (EASA, por sus siglas en 

ingles) de las nanopartículas de oro, observada voltamétricamente en la carga 

asociada al proceso de reducción del óxido de oro. Los materiales sintetizados 

fMWCNT-AuNPs-0.5 y fMWCNT-AuNPs-50 son posteriormente 

modificados con anticuerpos monoclonales, los cuales son adsorbidos y 

mediante interacciones covalentes a través de los grupos tiol presentes en los 

residuos de cisteína de las cadenas de aminoácidos, son inmovilizados en los 

electrodos. El proceso de inmovilización causa una disminución en la carga 

almacenada del proceso de reducción del óxido de oro, lo cual está asociado a 
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un bloqueo parcial de la superficie del metal. Adicionalmente, los espectros 

XPS muestran una mayor contribución de las especies Au-S en las muestras 

con un tamaño de nanopartículas menor (MWCNT-AuNPs-50), lo cual sugiere 

que existe una mayor cantidad de especies inmovilizadas en comparación con 

las muestras de menor relación PVP/Au como corresponde a una mayor área 

electroactiva.  

A partir de los electrodos sintetizados es posible llevar a cabo la detección 

indirecta del PSA, teniendo en cuenta que la formación del complejo 

anticuerpo-antígeno (Ab-Ag) genera efectos estéricos que bloquean la 

transferencia electrónica de las especies electroactivas. Para ello, se empleó 

como sonda redox el ferroceno hexafluorofosfato (Fc) para la medida indirecta 

del PSA. En esta medición se evidenció que los electrodos con relación 

PVP/Au = 50 presentan una mayor densidad de corriente para el proceso redox 

Fc/Fc
+
 del mediador, lo cual sugiere que la distribución de tamaño de partícula 

menor, permite que haya mayor área para la oxidación del ferroceno. De igual 

manera, la incorporación del anticuerpo en la superficie del electrodo genera 

una disminución de la misma manera que lo observado en los procesos redox 

asociados al oro, lo cual permite emplear ésta especie como sonda para la 

detección indirecta del PSA.  

Se utilizó la cronoamperometría bajo agitación constante para mejorar el 

flujo del mediador redox al electrodo. Una vez añadido el analito (PSA), 

manteniendo un tiempo de reacción aproximado de tres minutos para la 

formación del inmunocomplejo, se realiza saltos potenciostáticos hasta 1.0 V 

vs. RHE, en donde se produce la oxidación del Fc. Los valores de densidad de 

corriente en los perfiles cronoamperométricos muestran que ambos materiales 

presentan una disminución en la corriente de oxidación del ferroceno 

conforme incrementa la concentración de PSA. No obstante, al analizar las 

rectas de calibrado se observa que las muestras con relación PVP/Au = 50 

presentan un incremento significativo del rango de linealidad, en comparación 

con las muestras con relación de 0.5, lo cual podría estar asociado a la mayor 

cantidad de anticuerpos inmovilizados en superficie, como se observó en los 

espectros XPS. De igual forma, el comportamiento visto en las rectas de 

calibrado, sugiere que los electrodos presentan un comportamiento tipo 

Langmuir en el cual se alcanza la saturación del electrodo por un agotamiento 

del sitio activo, que en este caso corresponde con el anticuerpo inmovilizado. 

Adicionalmente, los niveles de sensibilidad y linealidad obtenidos para esta 
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clase de biosensores se encuentran en valores óptimos y adecuados en su 

utilización para la detección de dicho analito. Es importante destacar que los 

resultados obtenidos demuestran que la distribución y tamaño de las 

nanopartículas de oro tienen un efecto significativo en el desempeño del 

biosensor y sus parámetros analíticos. 

Esta tesis doctoral se ha enfocado al desarrollo de materiales carbonosos 

nanoestructurados funcionalizados electroquímicamente para aplicaciones 

bioelectroquímicas. En ese sentido, la funcionalización electroquímica de 

diferentes tipos de nanotubos de carbono (SWCNT, MWCNT y fMWCNT), 

así como materiales basados en grafeno, a partir de la oxidación 

electroquímica del ácido amino fenil fosfónico (4-APPA) por voltametría 

cíclica, ha permitido la incorporación de diferentes grupos funcionales de N y 

P. El proceso de funcionalización, en el cual oligómeros electroactivos que 

pueden ser adsorbidos y envolver la superficie de los nanotubos de carbono, 

así como especies enlazadas covalentemente, favorece la generación de 

diferentes procesos redox superficiales que dependen del potencial aplicado. 

La presencia de grupos oxigenados genera un efecto negativo en la 

funcionalización de los fMWCNTs, específicamente en las reacciones de 

oligomerización, las cuales no están tan favorecidas como en los MWCNTs 

originales. Esto puede ser una consecuencia de la capacidad de los grupos 

oxigenados de retirar electrones, que disminuye la densidad de electrones π en 

los CNTs, y provoca una modificación de la orientación de la molécula de 4-

APPA que impide las reacciones de oligomerización. 

La funcionalización electroquímica de nanotubos de carbono con 4-APPA 

en presencia de una enzima, permite el encapsulamiento electroquímico de           

s-GDH y PQQ-GDH durante la oxidación del 4-APPA. Se trata de un método 

simple para la inmovilización de la enzima en la superficie de los SWCNT en 

un proceso de síntesis de un paso, al mismo tiempo que se produce la 

funcionalización de los SWCNTs con grupos de fósforo y nitrógeno. La 

interacción entre los nanotubos funcionalizados y la enzima parece estar 

determinada por los grupos de fósforo incorporados en el material durante el 

depósito electroquímico simultáneo, mejorando la actividad electrocatalítica y 

la sensibilidad hacia la oxidación de glucosa. Se ha conseguido una 

sensibilidad, referida a la cantidad de enzima en el bioelectrodo, seis veces 

mayor que en un bioelectrodo preparado por drop-casting.  
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La presencia de grupos funcionales de N y P, generados 

electroquímicamente sobre MWCNT, promueve la inmovilización de                               

PQQ-GDH sobre la superficie del electrodo, observándose que presenta una 

actividad electrocatalítica a la oxidación de glucosa en condiciones de pH 

fisiológico. La interacción entre el material carbonoso funcionalizado y el 

recubrimiento enzimático, mejora la cinética de transferencia de electrones, 

probablemente debido a una mejor orientación del centro activo de la enzima 

hacia la superficie del electrodo.  

El uso de un material carbonoso dopado con especies de nitrógeno 

cuaternario como elemento transductor, permitió el desarrollo de un biosensor 

enzimático de primera generación para la detección indirecta de glucosa a un 

potencial de -0.4 V vs. Ag/AgCl. La presencia del proceso redox reversible en 

superficie relacionado con el cofactor FAD/FADH2 demuestra la 

inmovilización exitosa de la enzima en el electrodo. Teniendo en cuenta la 

elevada actividad catalítica del material carbonoso a la reducción de oxígeno, 

la variación de la densidad de corriente de esta reacción, como consecuencia 

de la reacción enzimática de la glucosa oxidasa, sirvieron para la medición de 

glucosa en disolución, obteniendo una sensibilidad independiente de la 

concentración de oxígeno en la disolución, con excelente reproducibilidad, 

repetitividad y estabilidad. Además, no se observan efectos significativos de 

interferentes, lo cual permitió la aplicación de este biosensor en la detección de 

glucosa en muestras reales como orina y bebidas azucaradas comerciales. 

Se han desarrollado materiales electródicos de fMWCNT-AuNPs-Ab como 

biosensores electroquímicos del antígeno prostático específico (PSA). Se han 

empleado dos distribuciones de tamaño de nanopartículas de oro, obtenidas 

empleando dos relaciones molares PVP/Au, lo que permite controlar el área 

superficial electroquímicamente activa. Los materiales transductores 

sintetizados permitieron la inmovilización de anticuerpos específicos al 

antígeno prostático específico a través de la formación de enlaces covalentes 

Au-S. La distribución estrecha del tamaño de nanopartículas de Au promueve 

una mayor inmovilización, que se evidenció como un aumento en la cantidad 

de especies S-Au. La disminución de la corriente con el incremento de la 

concentración de PSA, como resultado de la formación del inmunocomplejo 

antígeno-anticuerpo, permitió la detección cronoamperométrica  del analito, a 

través del bloqueo de reacción redox del ferroceno (empleado como sonda 

redox), siendo los electrodos con mayor cantidad de anticuerpos inmovilizados 
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(fMWCNT-AuNPs-50-Ab) los que presentan el mayor rango lineal (0 y 6 ng 

mL
-1

) y mejor sensibilidad (4.74 mA ng gfMWCNT
-1

 mL
-1

), lo que permite la 

detección en muestras humanas. 
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