
1

Carbon nanotubes (CNTs) have become one of the most exciting and extensively 
studied materials of the last two decades. They have captured the interest as 
nanoscale materials due to their nanometric structure and their impressive list of 
superlative and outstanding properties. All these ingredients have encouraged their 
exploitation for promising applications. One of the most interesting ones is related 
with the use of CNTs as electrochemical platforms for biosensing purposes, the 
topic in which the present thesis is framed. Accordingly, the main aim of this 
introductory chapter is to explain the fundamental concepts of the building blocks 
that constitute this thesis. Therefore, Sect. 1.1 introduces the transducer element: 
carbon nanotubes (CNT). In this section, the properties of CNTs, their synthesis 
and purification are explained. Section 1.2 describes the different carbon nanotube 
platforms developed for biosensor purposes and their fundamentals. Section  1.3 
describes the biological recognition elements used for sensing events on the dif-
ferent CNT platforms. Finally, Sect. 1.4 provides an overview of the fundamentals 
of the main techniques that have allowed characterizing the biosensor devices and 
following the sensing events.

1.1 � Novel Sensing Materials

Nanoscience and Nanotechnology address the study, control, manipulation, and 
assembly of nanometre(nm) scale components into materials, systems and devices 
for human interest and needs [1]. The rapid progress of nanotechnology and 
advanced nanomaterial production offer significant opportunities for designing 
powerful sensing devices with enhanced performances. Such nanomaterials can 
exhibit properties and functions different from the ones corresponding to bulk or 
macroscopic version of them. Additionally, such nanostructures can become suit-
able materials that favour the integration with biomaterials or biological systems. 
Under this context, carbon nanotubes have been exploited as a novel material with 
huge potential in bioanalytical and biosensing applications.
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1.1.1  Carbon Nanotubes: Structure and Properties  
of Carbon Nanotubes

This section will be addressed to the discovery, structure and properties of carbon 
nanotubes. Specifically, special attention will be given to the electronic, mechani-
cal, chemical, electrochemical and optical properties which lead to immediate 
applications of the CNTs.

1.1.1.1  Discovery, Structure and Electronic Properties

The ability to form very long chains interconnecting C–C covalent bonds allows 
carbon to form an almost infinite number of compounds. Being one of the most 
versatile elements, carbon is the chemical basis of all known living systems on 
Earth; it is the fundamental element of many important biological compounds 
including sugars, DNA and proteins.

Until few decades ago, it was thought that there were only three structur-
ally different forms or allotropes of carbon since they were abundant in nature: 
the hardest substance, diamond; one of the softest known substances, the layered 
graphite and the non-crystalline form, amorphous carbon. However, in the last 
time we have been witnesses of the discovery of two other carbon allotropes, the 
fullerene and the carbon nanotubes.

The true identity of the discoverers of carbon nanotubes is a subject of some 
controversy. For years, scientists assumed that Sumio Iijima, a Japanese physi-
cist, had discovered CNTs in 1991. He published a paper describing his discovery 
which initiated a flurry of excitement and could be credited by inspiring the many 
scientists now studying applications of carbon nanotubes. Though Iijima has been 
given much of the credit for discovering carbon nanotubes, it turns out that the 
timeline of CNTs goes back much further than 1991.

In 1952, two Russian scientists gave the world its first clear look at carbon 
nanotubes. LV Radushkevich and VM Lukyanovich published clear images 
showing multi-walled carbon nanotubes (MWNTs) with a 50  nm diameter (the 
first known, transmission electron microscope images of carbon nanotubes). 
Unfortunately, their findings were not given much publicity: their paper was in 
Russian, published in a Russian journal (Journal of Physical Chemistry of Russia), 
and was the period of the Cold War.

Before they came to be known as carbon nanotubes, in 1976, Endo, Koyama 
and Oberlin, observed hollow tubes of rolled up graphite sheets synthesised by 
a chemical vapour-growth technique [2]. The first specimens observed would 
later come to be known as single-walled carbon nanotubes (SWNTs). The three 
scientists were also the first ones to show images of a nanotube with a solitary 
graphene wall.

In 1981, Russian scientists published more findings. The carbon multi-layer 
tubular crystals (as they were known then) were made by rolling graphene layers 
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into cylindrical shapes. In 1987, Howard Tennet was given a patent for his cylin-
drical discrete carbon fibrils.

In 1985 the three Nobel Price Winners, Robert F. Curl, Sir Harold W. Kroto and 
Richard E. Smalley performed experiments that aimed at understanding the mech-
anisms by which long chained carbon molecules are formed in interstellar space 
and circumstellar shells. Graphite was vaporized by laser irradiation, producing 
a remarkably stable cluster consisting of 60 carbon atoms: the first buckminster-
fullerene C60 [3].

The research gained new impetus when it was shown in 1990 that C60 could 
be produced in a simple arc-evaporation apparatus readily available in all labo-
ratories. It was just by analysing samples from such evaporator that the Japanese 
scientist Sumio Iijima of the NEC Corporation discovered fullerene-related carbon 
nanotubes in 1991 [4]. These were elongated fullerenes with diameters as small as 
0.7 nm and lengths of up to several microns which were termed carbon nanotubes.

The graphene layers have become the starting point to explain the structure of 
carbon nanotubes. A single-walled carbon nanotube is a rolled-up tubular shell 
of graphene sheet which is made up of benzene-type hexagonal rings of carbon 
atoms. The structure is conveniently expressed in terms of a one-dimensional unit 
cell. Indeed, the appearance of a closed cage in CNTs can be easily rationalized 
by considering the presence of high energy dangling bonds at the boundaries of a 
finite graphene layer. The total energy of carbon atoms in a layer can be reduced 
by promoting the formation of a closed structure which eliminates the dangling 
bonds, even at the expense of increasing the strain energy.

The way the graphene sheet is wrapped up can be described by a pair of indi-
ces (n, m) that define the chiral vector, �C = n�a1 + m�a2, in which �a1 and �a2 are the 
basis vectors of the hexagonal graphene lattice [5–10] as shown in Fig. 1.1. Three 
different types of nanotube structures can be generated by rolling up the graphene 
layer: zigzag (m = 0), armchair (n = m) and chiral nanotubes (the rest of vectors).

Although CNTs are closely related to 2D graphene, the tube curvature and the 
quantum confinement1 in the circumferential direction of the nanotube bring about 
the unique properties that make CNTs different from graphene. One of these unu-
sual properties is the electronic conductivity which strongly depends on the chiral-
ity and CNT diameter. CNTs can exhibit singular electronic band structures and 
can show metallic and semiconducting behaviour. As a general rule, (n, m) tubes 
with n − m being an integer multiple of 3 are metallic while the remaining tubes 
are semiconducting. The band gap of semiconducting tubes can be approximated 
by the relation Eg = 0.8 eV/d, with d being the diameter of the nanotube [11, 12]. 
Therefore, the bigger the diameter, the more metallic behaviour is found.

The verification of the electronic properties of carbon nanotubes was of great 
interest in light of the theoretical predictions. It turned out to be very challenging 
to measure them due to the small diameter of the tubes. At the beginning, many of 

1  The electron wavelength around the circumference of a nanotube is quantized due to periodic 
boundary conditions. Along the tube the electrons are not confined.
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the studies on the electrons properties were on bulk CNT material by performing, 
for instance, electron spin resonance. Then, a more sophisticated methodology was 
employed based on scanning tunnelling microscopy (STM) which allowed 
addressing individual carbon nanotubes. The tip of the STM was used as a spectro-
scopic probe to collect the tunnelling conductance of each tube, providing a direct 
measure of the local electronic density of states (DOS)2 of the nanotube. Since the 
STM has the additional power to obtain atomically resolved images of the tube’s 
hexagon lattice, the electronic structure could be correlated with the chiral struc-
ture of the tube and with the carbon nanotube semiconducting or metallic 
properties.

Figure  1.2 shows the density of electronic states for a metallic and a semi-
conducting carbon nanotube. The DOS is not a continuous function of energy 
as in the case of bulk 3D materials (e.g. graphite) but they present discontinu-
ous spikes which are typically present in one-dimensional materials (Van Hove 
singularities).

2  Density of states (DOS) of a system describes the number of electron states per unit volume 
and per unit energy that are available to be occupied.

Fig. 1.1   Roll-up of a graphene sheet leading to three different types of SWNTs. Reprinted with 
permission from Ref. [10]
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Another way to verify the electronic properties of carbon nanotubes is by per-
forming electron transport studies by contacting them in a field-effect transistor 
(FET) configuration. In this configuration, three electrodes are employed. Two 
of them (source and drain electrodes) are used to contact the nanotube and allow 
the flow of current through the tube when a voltage is applied between them. The 
third electrode (gate) is separated from the nanotube by a dielectric, and when a 
voltage is applied through such electrode, a modulation of the tube current is pro-
duced. The charge carriers of the carbon nanotube are modulated in a big extent 
if the contacted nanotube is a semiconducting but the nanotube conductance 
remains almost constant if the nanotube is metallic. Therefore, by sweeping the 

Fig.  1.2   Density of states (DOS) for a metallic (a) and semiconducting (b) carbon nanotube 
with the sharp Van Hove singularities. The density of states at the Fermi energy (E = 0) (Fermi 
energy is the energy of the highest occupied state at the absolute zero temperature.) for the metal-
lic tube is finite but zero for the semiconducting one, providing a band-gap in the latter case. The 
DOS at the right of the Fermi energy are part of the conduction band (unoccupied states) whereas 
the one at the left corresponds to the valence band (occupied states)
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gate voltage of a CNT-FET and collecting the conductance profile one can dis-
criminate between a metallic and a semiconducting behaviour. Sweeping the gate 
voltage shifts the Fermi level which allows probing the band energy of the tubes. 
In the case of the metallic CNTs (Fig. 1.3), there are always electronic states for 
the conduction which makes the conductance profile to keep unchangeable as the 
gate voltage is varied. However, in the case of the semiconducting tubes, the pres-
ence of the band gap makes the current change several orders of magnitude from a 
certain value (state “on”) up to zero when the gate voltage is probing the region of 
the gap (state “off”).

Moreover, carbon nanotubes can exhibit other distinct electronic characteris-
tics such as a ballistic flow of electrons with long electron mean-free paths and the 
capability of supporting very large current densities [13–15]. For instance, carbon 
nanotubes have been shown to withstand current densities up to 109 A cm−2, a den-
sity which is about 2–3 orders of magnitude larger than in metals such as Al or Cu.

The bonding in CNT is basically sp2; however, the circular curvature, apart 
from yielding quantum confinement and quantized conductance, also causes σ–π 
rehybridization, an effect that is stronger as the CNT diameter decreases [16–18]. 
In such case, three σ bonds are slightly out of plane and for compensation the π 
orbitals are more delocalized outside the tube. That is a big difference with respect 
to graphite in which the sp2 hybrid orbital form three in-plane σ bonds with an 
out-of-plane π orbital. The electron cloud distortion induced by the curvature, 

Fig. 1.3   Energy bands for a metallic and a semiconducting carbon nanotube. Note that in the 
case of the metallic tube, the conductance (G) as a function of the gate voltage (VG) remains 
almost constant but in the case of the semiconducting one, the conductance is highly modulated 
by the gate voltage due to the presence of the band-gap
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which yields a rich π-electron conjugation outside the tube, can make CNT more 
electrochemically active and electrically and thermally more conductive (Fig. 1.4).

The latter fact together with the combination of size (small diameter), structure 
and topology confer nanotubes remarkable mechanical properties such as high sta-
bility, strength and stiffness together with low density and elastic deformability.

However, the mentioned mechanical properties can be affected by imperfec-
tions in their structure. That is, carbon nanotubes (CNTs) can have a lot of defects 
such as vacancies, metastable atoms, pentagons, heptagons, Stone–Wales (SW 
or a pair of 5–7 rings) defects [19], discontinuities of walls, and heterogeneous 
atoms [20]. Therefore, being SW defects stable and commonly present in CNTs, 
they are believed to play key roles not only in the mechanical [21] properties of 
CNTs, but also in electronic [22], and chemical [23] properties. Figure 1.5 shows 
the pairs of 5–7 (pentagon–heptagon) defects. They are created at high strains in 
the nanotube lattice. This leads a step-wise diameter reduction (localized necking) 
of the nanotube [24].

Thus, the σ–π rehybridization, the high surface area and the presence of poten-
tial topological defects constitute key points for chemical, electrochemical and 
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Fig.  1.4   Bonding structures for different carbon materials: a diamond, b graphite, c carbon 
nanotubes and d fullerenes

Fig.  1.5   Atomic arrangement of the Stone–Wales (SW) model. SW transformation leading to 
the 5–7–7–5 defect generated by rotating a C–C bond in a hexagonal network. Reprinted with 
permission from Ref. [25]
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biochemical reactivity. As a result, molecular adsorption, doping and charge trans-
fer can be more facilitated if compared with its analogue graphite.

So far we have considered CNTs formed by a single graphene wall (SWNT) 
with diameters ranging generally from 0.4 up to 1.5  nm and with an important 
diversity in electronic conductivity, from semiconducting to metallic behaviour. 
However, CNTs can also be made by multiple graphene layers disposed in dif-
ferent arrangements. Such structures, known as multi-walled carbon nanotubes 
(MWNTs), have typically diameters in the range of 2–100  nm and metallic 
behaviour.

MWNTs can be described as an assembly of concentric single-walled carbon 
nanotubes with different diameters and chiralities (hollow MWNTs) or with the 
graphene planes forming an angle with respect to the axis of the tube (herringbone 
or bamboo MWNTs), see schemes in Fig. 1.6. The bamboo-like tubes differ from 
the herringbone ones in that some of the graphene layers are periodically closed 
along the length of the tube forming compartments. The main difference between 
the hollow morphology and the herringbone and bamboo ones lies on the high 
density of terminating edge planes that contain the last two morphological varia-
tions of MWNTs.

1.1.1.2  Mechanical Properties

As stated before, the sp2 bond between the individual carbon atoms makes carbon 
nanotubes extremely stiff and resistant to physical forces. The Young’s modulus3 
of perfect CNTs has been theoretically calculated using different models [26–28]. 

3  Young’s modulus is a measure of the stiffness of an elastic material and is a quantity used to 
characterize materials.

10 nm10 nm

Multi-walled CNT Bamboo CNT Herringbone CNTSingle-walled CNT

Fig.  1.6   Different structures of Carbon Nanotubes. From left to right, Single-walled CNT, 
Multi-walled CNT, Bamboo CNT and Herringbone CNT. Reprinted with permission from 
Ref. [33]
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Commercially available SWNTs can achieve Young’s modulus as high as 
1,000 GPa. The precise value depends on the diameter (chirality) and the amount 
of disorder in the nanotube walls.

The maximum tensile strength4 of SWNTs has been reported to be 30  GPa 
[29]. The same authors found a tensile strength of 63 GPa for MWNTs [30], while 
Demczyk et al. estimated the tensile strength of MWNTs to be 150 GPa [31]. Due 
to the nonlinearity of the radial compression, moduli from 9.7 to 80.0 GPa where 
found when com pressing a 10 nm tube from 26 to 46 % [32].

1.1.1.3  Chemical Properties

The high specific surface of CNTs together with the σ–π rehybridization and the 
presence of structural defects, facilitate different chemical processes such as (bio)
chemical derivatization, intercalation, molecular adsorption, doping, charge trans-
fer, etc. [15–17, 26–28, 33]. These characteristics are being considerably exploited 
for different applications such as biochemical and chemical sensing, energy stor-
age or separation techniques.

Although graphite, fullerene and carbon nanotubes are built from the same 
basic element, C, the chemical reactivity is substantially different among them. 
The chemical reactivity is higher for a CNT than for a graphene layer but lower 
if compared with fullerene [16–18, 34]. Such behaviour can be closely related to 
the surface curvature of the carbon structure [15–17, 26, 27, 33]. The reactivity 
of fullerenes is mainly due to the high strain generated by the spherical geometry 
which affects the pyramidalization angle θp among carbon bonds which is defined 
as the difference between the σ–π orbital angle and 90° [34]. θp is a quantita-
tive measure of the curvature at a tri-coordinated carbon atom. As illustrated in 
Fig. 1.7, this angle quantifies the deviation of a carbon atom from the plane pass-
ing through the three adjacent carbon atoms. The higher the θp, the more reactive 
the specie is. In a pure sp2 hybridization (trigonal, graphene), θp = 0. Fullerenes 
have a θp of 11.6° due to 2D curved structure which results in sp2–sp3 or σ–π 
mixing, as discussed above with CNT (Fig. 1.4). In this case, reactions that lead 
to a strain relief are enhanced such as the ones related to the addition chemistry 
[16–18, 34–36].

4  The tensile strength of a material is the maximum amount of tension that it can take before 
failure, for example breaking.

Fig. 1.7   Scheme of the 
pyramidalization angle in 
distorted sp2 bonding in 
comparison with a trigonal 
structure

θσπ θσπ

θp= (θσπ −90)θp= 0

θp
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In the case of CNTs, the strain appears as a consequence not only of the curva-
ture-induced pyramidalization but also from π orbital misalignment between adja-
cent pairs of conjugated carbon atoms which favours the chemically reactivity of 
the CNT walls as compared to that of flat graphene layers [34]. Furthermore, since 
pyramidalization angles and π-orbital misalignment angles of CNT scale inversely 
with the diameter of the tubes, a differentiation is expected between the reactiv-
ity of carbon nanotubes of different diameters. A higher surface reactivity with 
decreasing diameter is thus expected [35].

The reactivity of different graphitic carbon allotropes is also characterized by 
having chemical anisotropy. Taking as a reference, for instance, the layered struc-
ture of Highly Ordered Pyrolytic Graphite (HOPG), it is known that its basal plane 
is more inert than the highly reactive edges which contain unsatisfied valences or 
dangling bonds prone to reaction with oxygen or water [37]. Such anisotropy is 
also observed in adsorption processes. The same anisotropy in the chemical reac-
tivity can be considered on CNT, since the walls behave differently than the ends 
which can be either capped or just finishing in terminal edges [9, 26, 30, 31]. 
The chemical reactivity is increased at the capped ends (due to the presence, for 
instance, of pentagons) or at the edges of an open nanotube, which become the 
more reactive sites of the CNT irrespective of its diameter. Such anisotropy in the 
chemical reactivity will also have strong implications from the point of view of 
electrochemistry and will be approached in the next sections.

Although the CNT ends exhibit a higher chemical reactivity than the walls, the 
presence of local defects on the walls constitutes also efficient reactive sites. For 
instance, when CNTs are subjected to oxidative acid treatment, the local generation 
of carboxylic, ketones, alcohols and ester groups leads to active sites that can be prof-
ited for (bio)molecular anchoring [26, 30–32, 34]. Such acid treatments also open the 
CNT capped ends, bringing about an increase of oxygen rich terminal groups.

Figure 1.8 depicts a general overview of the different oxygen functionalities that 
can appear at the edges of CNTs [17, 37]. Such defects together with the reactivity 
associated with the generated strain from the curvature and π misalignment are very 
important for the attachment of a wide diversity of molecules. In this context, it is 
expected that the chemical reactivity is increased in MWNT with higher density of 
reactive edges, being the favoured structures the bamboo or herringbone CNTs.

Fig. 1.8   Different oxygenated functionalities that can appear at CNT edges
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1.1.1.4  Electrochemical Properties

In general, the electrochemical performance of carbon materials is basically deter-
mined by the electronic properties, and given its interfacial character, by the surface 
structure and surface chemistry (e.g. surface terminal functional groups or adsorp-
tion processes) [37, 38]. Such features will affect the electrode kinetics, potential 
limits, background currents and the interaction with molecules in solution [37]. 
From the point of view of electroanalysis, the remarkable benefits of CNT-modified 
electrodes have been widely praised, including low detection limits, increased sen-
sitivity and decreased overpotentials [39–42]. Thus, the enhancement of the CNT 
electrode kinetics to different redox species, in terms of increased faradaic current 
and minimization of the redox overpotential, has made the nanotubes to be consid-
ered as electrocatalytical materials, a topic that will be discussed later on.

The electronic properties of CNTs, and specially their band structure, in terms 
of density of electronic states (DOS), are very important for the interfacial elec-
tron transfer between a redox system in solution and the carbon electrode. There 
should be a correlation between the density of electronic states and electron trans-
fer reactivity. As expected, the electron transfer kinetics is faster when there is 
a high density of electronic states with energy values in the range of donor and 
acceptor levels in the redox system [37]. Conventional metals (Pt, Au, etc.) have 
a large DOS in the electrochemical potential window, whereas carbon electrodes 
have a considerable lower DOS (especially in the case of HOPG) that can be 
incremented by the introduction of disorder. For instance, the low DOS of HOPG 
can be reflected in a remarkable low double layer capacitance when the basal 
plane is considered [37, 38]. Interestingly, SWNTs have additionally a non-trivial 
variety of diameter-dependent DOS distribution and as a consequence, a very rich 
electrochemical behaviour is expected. SWNTs of different diameters will yield 
different rate constants due to the structure-dependent variations in the DOS which 
could be tracked by electrochemistry [43].

As mentioned, the chemical anisotropy characteristic of graphitic materials is 
also present in their electronic properties. For instance, it is well known that in the 
layered structure of HOPG, the electronic conductivity measured in the direction 
perpendicular to the basal plane, is about four orders of magnitude lower than that 
measured in the edge plane [38]. Such anisotropy also influences the electrochemi-
cal behaviour inducing an electrochemical anisotropy as well. It has been dem-
onstrated that in graphite, the basal plane exhibits slow electron transfer kinetics 
whereas the reactive edge sites increase the electron transfer rate. For instance, the 
electron transfer rate constant, ko, for a Fe(CN)6

3−/4− redox system is smaller than 
10−6 cm s−1 in the case of basal HOPG and around 0.06–0.10 cm s−1 in the case 
of edge HOPG [38]. The same electrochemical anisotropy has been attributed to 
CNTs. The open ends of carbon nanotubes have been likened to the edge planes of 
HOPG whereas the tube walls are suggested to have similar electrochemical prop-
erties to those of basal HOPG [44–48].

Figure  1.9b shows the typical electrochemical response that was found when 
comparing CNT modified electrodes, edge plane and basal plane pyrolytic 
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graphite electrodes. Basal pyrolytic graphite exhibits higher peak separations 
(which depends on the surface edge defect density) and consequently lower elec-
tron transfer rates [47]. However, edge plane pyrolytic graphite electrodes and 
carbon nanotube modified substrates show smaller and similar peak separation 
corresponding to fast electron transfer kinetics. Such finding only demystified the 
claim that CNTs provide novel electrochemical attributes such as those electro-
catalytical effects [46–49]. Indeed, CNT can exhibit electrocatalytic effects but 
in the same way as can be found on edge pyrolytic graphite systems. That only 
reinforces the idea that the edge-plane like sites (like the ones at the open ends of 
nanotubes) are the ones responsible for such electrocatalytic behaviour. However, 
the electrochemical anisotropy on CNT should not also lead us to completely dis-
regard the intrinsic electrochemical properties of the CNT walls.

One distinct advantage of the CNTs comes from the nanometre size which can 
also be manipulated to design novel electrode architectures [49, 51] or for signal 
amplification purposes [36, 37, 48]. Related with the latter issue, CNTs-systems 
exhibit a high effective surface area which is beneficial not only for enhancing 
electrochemical currents of diffusing electroactive species but also for allowing 
the load of high density electrochemical active (bio)molecules which can improve 
electrochemical signals [52, 53].

It is important to point out that not all redox systems will exhibit electrocata-
lytic activity when probed on high density edge CNT electrodes or edge pyrolytic 

Fig.  1.9   a Schematic representation of the layered structure of HOPG with the indication of 
the different edge and basal planes; b voltammetric response of Fe(CN)6

3−/4− using basal plane, 
edge plane pyrolytic graphite and CNT electrodes; c scheme of a MWNT on an electrode surface 
showing the edge plane and basal plane like sites. Reprinted with permission from Ref. [50]
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graphite. Such phenomenon depends on the particular mechanism of the redox 
system [37]. It is important to mention that among the redox species, there are 
some of them whose electrochemical behaviour only depend on the carbon DOS 
but are insensitive to the surface structure/morphology or chemistry [37, 38]. That 
is the case of many outer-sphere5 redox species like Ru(NH3)6

2+/3+, ferrocene and 
anthracene. However, electrocatalytic effects are relevant on redox systems which 
involve specific chemical interactions with the electrodes and therefore are very 
dependent on the surface structure and surface oxygen functionalities [37, 38]. In 
general, an electrocatalytical behaviour is observed, correlated with redox species 
that are very sensitive to the surface characteristics such as the inner-sphere5 redox 
species NADH, O2, catecholamines and Fe(CN)6

3−/4− [54, 55]. Moreover, at this 
point it is important to recall the relevance of surface oxygen functionalities on 
electrocatalysis processes. Edge defect sites or unsatisfied valence are prone to 
react with oxygen and water. Such moieties can play an important role in electro-
catalytical processes by enhancing the electron transfer kinetics.

Another relevant factor affecting the electrochemical performance of car-
bon nanotubes is adsorption. CNTs exhibit high specific surface area which can 
develop high polarizability and additionally oxygen functionalities which can 
contribute with permanent dipoles [37]. Both effects can induce dipole interac-
tions with adsorbates and favour the adsorption, which can be assisted by other 
interactions such as hydrophobic ones. Adsorbates can strongly alter the elec-
tron transfer rates and the electrocatalytical activity. Positive effects can be 
found with the adsorption of some metalloproteins on CNTs which facilitates the 
electron exchange between the redox core and the carbon electrode and allows 
electrocatalytic activity to be monitored. Negative aspects are found when impu-
rities are adsorbed on CNT substrates decreasing dramatically the electrochemi-
cal performance of the electrodes. In that case, activation procedures have been 
developed for removing such impurities. Precisely, surface preparation, as briefly 
discussed later on, is very important for the electrochemical performance on CNT 
electrodes.

To summarize, one can say that the electrochemical performance of CNT elec-
trodes is correlated to the DOS of the CNT electrode with energies close to the 
redox formal potential of the solution species. The electron transfer and adsorp-
tion reactivity of CNT electrodes are remarkably dependent on the density of 
edge sites/defects which are the more reactive sites for that processes, increas-
ing considerably the electron transfer rate. However, it is also worth mentioning 
that an exaggerated increase of edge sites/defects can also become detrimental 
for the CNT electrochemical properties due to the disruption of their electronic 

5  Outer-sphere or non-bonded electron transfer refers to an electron transfer (ET) event that 
occurs between chemical moieties that remain separate species before, during, and after the ET 
even, with electron tunnelling from one to the other, probably across the salvation layer. This is 
opposed to inner sphere electron transfer in which the electroactive species interact strongly with 
the surface. The ET undergoes by a chemical bridge being the reactants, intermediates or prod-
ucts strongly adsorbed on the electrode surface.
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conductive properties. Additionally, surface oxygen functionalities can exert a big 
influence on the electrode kinetics. However, not all redox systems respond in the 
same way to the surface characteristics or can have electrocatalytical activity. That 
is very dependent on their redox mechanism. Moreover, the nanometre size and 
the high surface area are the key factors in the electrochemical performance of the 
carbon nanotubes.

1.1.1.5  Optical Properties

Whereas mechanical, chemical and electrochemical properties of the carbon nano-
tubes are well established and have immediate applications, the practical use of 
their optical properties is yet unclear. In particular, CNTs seem to be promising 
candidates for nanoscale light-emitting diodes (LEDs) [56, 57], photo-detectors 
[58] based on a single nanotube, bolometer [59] and optoelectronic memory [60] 
devices.

The remarkable CNT capabilities for light detection applications are closely 
related to their quasi one dimensional structure. As mentioned, the typical fea-
ture of one-dimensional crystals is that their DOS is not a continuous function 
of energy, but it descends gradually and then increases in a discontinuous spike. 
In contrast, three-dimensional materials have continuous DOS. The sharp peaks 
found in one-dimensional materials are the discussed before Van Hove singulari-
ties and are shown in Fig. 1.10.

Van Hove singularities lead to optical transitions which are sensitive to the chi-
rality of the tubes. Optical transitions occur between the v1–c1, v2–c2 and can be 
labelled as E11, E22, etc. (Fig. 1.11). Crossover transitions c1–v2, c2–v1, etc., are 
dipole-forbidden and thus are extremely weak, but they can be possibly observed 
using cross-polarized optical geometry [61]. As the energies between the Van 

Fig. 1.10   A bulk 3D material has continuous DOS, but a 1D wire has Van Hove singularities
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Hove singularities depend on the nanotube structure, by varying this structure, one 
can tune the optoelectronic properties of carbon nanotube. Such fine tuning has 
been experimentally demonstrated using UV illumination of polymer-dispersed 
CNTs [62].

Optical transitions are rather sharp and strong. Consequently, it is relatively 
easy to selectively excite nanotubes having certain (n,  m) indices, as well as to 
detect optical signals from individual nanotubes.

Experimentally, optical properties of CNTs are studied by optical ellipsometry, 
electron energy loss spectroscopy, reflectivity measurements, absorption experi-
ments, photoluminescence, Raman spectroscopy, etc.

Among these techniques, photoluminescence (PL) is widely used to deduce 
(n,  m) indices. In PL an electron in a nanotube absorbs excitation light via E22 
transition, creating an electron–hole pair (exciton). Both electron and hole rap-
idly relax (via phonon-assisted processes) from c2 to c1 and from v2 to v1 states, 
respectively. Then they recombine through a c1–v1 transition resulting in light 
emission. As no excitonic luminescence can be produced in metallic tubes, this 
permits to identify semiconducting nanotubes.

Besides, carbon nanotubes have quite interesting Raman spectra due to reso-
nance effects and electron–phonon interactions [63–66]. There is very strong exci-
tation wavelength dependence of the spectra resulting from the CNT electronic 
band structure. Features in the Raman spectra, which will be discussed in detail 
later on, are diagnostic of the CNT structural quality.

Fig. 1.11   Typical densities of states as a function of energy for metallic (left) and semiconduct-
ing (right) single-wall carbon nanotubes. v1 →  c1 corresponds to the ‘first Van Hove’ optical 
transition. v2 → c2 corresponds to the ‘second Van Hove’ optical transition

1.1  Novel Sensing Materials
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1.1.2  Synthesis of CNTs

Carbon nanotubes can have different individual structures, morphologies and 
properties, as well as different collective arrangements and emerging properties, 
all of which are determined by the method of preparation and further processing 
[67]. Hence, a wide variety of synthetic methods have been developed to produce 
the desired materials and properties for specific scientific studies or technological 
applications.

Typical methods for carbon nanotubes synthesis are electric arc discharge [68], 
laser ablation [69] and chemical vapour deposition (CVD) [70]. A scheme of the 
three methods is depicted in Fig. 1.12.

The early processes used for CNT production were arc discharge and laser 
ablation approach; they allowed synthesis of SWNTs in relatively large (gram) 
amounts [71]. Arc-discharge and laser ablation rely on the condensation of carbon 
atoms generated from evaporation of solid carbon sources. The arc method creates 
CNTs through arc-vaporization of two carbon (graphite) electrodes placed end to 
end, separated by approximately 1 mm, in an enclosure that is usually filled with 
inert gas at low pressure. A direct current of 50–100 A, driven by a potential differ-
ence of approximately 20 V, creates a high temperature discharge between the two 
electrodes which vaporizes the surface of one of the carbon electrodes and forms 
a small rod-shaped deposit on the other electrode. MWNTs produced by arc dis-
charge are long and straight tubes closed at both ends with graphitic walls running 
parallel to the tube axis. For the growth of single-walled tubes, a metal catalyst 
(such as cobalt, iron or nickel) mixed with graphite powder is needed. Growth 
temperature in the arc discharge is considerably higher than other CNT produc-
tion methods (typically in the range of 2,000–3,500 °C). Consequently, crystallin-
ity and structural perfection of arc-produced CNTs are higher (due to mechanisms 
of annealing of defects at high temperatures) and a significantly higher yield per 
unit time is obtained in comparison to other methods. In the laser ablation method, 
the synthesis is carried out in a horizontal flow tube under a flow of inert gas at 
controlled pressure. In this set-up, the flow tube is heated to ~1,200 °C by a tube 
furnace. Laser pulses enter the tube and strike a target consisting of a mixture of 
graphite and a metal catalyst such as Co or Ni. SWNTs condense from the laser 
vaporization plume and are deposited on a collector outside the furnace zone.

Both methods provide high quality CNTs with very little defects. Nevertheless, 
the equipment requirements and the large amount of energy consumed make them 
less favourable for nanotube production. Moreover, they produce highly entangled 
CNT bundles which are difficult to manipulate and assemble for building address-
able structures.

The third method, based on CVD, has been widely used to grow CNTs in 
recent years and performed in our laboratory to understand different issues of 
this thesis work. In this case, the formation of tubes occurs as a result of thermal 
decomposition of a liquid or gas phase carbon source such as CO or hydrocarbon 
(C2H2 CH4, etc.), catalyzed by metallic particles (typically Fe for SWNT, Co or Ni 
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nanoparticles for MWNT), which also serve as nucleation sites for the initiation of 
carbon-nanotube growth. It operates at considerable lower temperatures (typically 
between 600–1,200 °C; the lower temperatures for MWNT) with the handicap of 
bringing about more defective CNTs than in the case of the other methodologies. 
The process is sensitive to the catalyst structuring, as well as to the reaction con-
ditions. The growing interest in the CVD process lies on the greater possibilities 
of this method for successful synthesis of well-separated individual SWNTs and 
also aligned SWNTs or MWNTs with more controllable diameter and length. It 
has also the advantage of being the only technique that allows synthesis of CNTs 
directly on a substrate or wafer, thus facilitating device integration (these nano-
tubes can be directly used to fabricate nanoscale electronics).

The entire CVD process mainly consists of two steps, namely catalyst prepara-
tion and CNT growth.

The catalyst is generally prepared by dispersing a solution of a metal cation on a 
substrate. For instance, different concentrations of iron (Fe(NO3)3) in isopropanol or 
of a catalyst mixture (Fe(NO3)3/MoO2(AcAc)2/alumina) nanoparticles in methanol, 
are deposited over portions of silicon wafers with silicon oxide thermally grown via 
spin-coating. In the next phase, the sample is introduced in the quartz tube of the 
CVD reactor with a flow of argon (the catalyst has to be in an oxygen-free atmos-
phere); then, the carbon source enters to produce the growth of the nanotubes.
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Fig.  1.12   Schematics of the three established CNT production techniques: a electric arc dis-
charge, b laser ablation and c chemical vapour deposition (CVD)
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One model that can explain the mechanism of CVD growth is the 
“yarmulke” one [72]: the carbon atoms released by decomposition of hydrocar-
bons will form graphitic sheets covering the catalytic metal surface and in the 
nano-sized particle, an hemispherical cap covering the exposed portion of par-
ticle will be generated. Under the right conditions, this carbon cap will peel off 
from the metal nano-particles as long as carbon atoms are added to the edges 
of the lid. Consequently, the structure takes the form of a tube whose edge is 
in contact with the nanoparticle and where carbon atoms continue being added. 
In this mechanism, the diameter of the nanotube is correlated with the catalyst 
particle diameter. To lift-off the lid and begin the growth of CNTs, the metal par-
ticle must have sufficient curvature (for example, must be small enough) so that 
graphite layers of the cover could be sufficiently tight and the lid could be lifted 
and the addition of carbon in tubular form could be energetically favourable. In 
other words, the nucleation and growth will happen only if the metal catalyst 
particle does not exceed a certain size. If the particle is too large and the graphite 
layer is not sufficiently tight and does not lift off, the particle simply is covered 
with carbon.

Taking as an example methane as precursor gas, the catalytic effect of the metal 
breaks down the methane into carbon (graphitic and amorphous carbon compet-
ing) and hydrogen; this reaction is enhanced in high temperature conditions:  
CH4 ⇆ C  (Cgraphite + Camorphous) +  2H2. The catalyst in the form of nanoparti-
cles also serves as growth centre to form the basis of nanotubes [73]. Therefore, 
the diameters of nanotubes are correlated with the diameters of the particles, thus 
leading to control its diameter at its creation [74].

During the CVD growth processes, the catalyst nanoparticle can exhibit two 
different behaviours depending on the interaction substrate/particle. When the cat-
alyst remains anchored to the substrate (strong interaction), the synthesis mode is 

Weak metal-support 
interaction

Strong metal-support 
interaction

CNT Growth 
direction

1 m1 m

Fig.  1.13   Carbon nantube mechanistic models: base-growth mechanism (left) and tip-growth 
(right) with a SEM image showing Ni catalyst particle at the top of the CNT
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called “base-growth”. On the contrary, the growth follows a “tip-growth” mecha-
nism when the particle lifts off the substrate (weak interaction) and is observed at 
the top of the CNTs (Fig. 1.13) [75, 76].

Carbon nanotubes can self-assemble during CVD growth into vertically aligned 
films or patterns perpendicular to the substrate surface. High density of catalyst 
particles is needed and then high density of vertically aligned carbon nanotubes is 
obtained. During CVD growth, nanotubes interact with their neighbours via Van 
der Waals forces to gain rigidity, which allows the nanotubes to self-orient and 
grow perpendicular to the substrate [71]. However, in plasma-enhanced chemical 
vapour deposition (PECVD), the growth direction of nanotubes can be controlled 
by applying electric fields [70].

PECVD first emerged in microelectronics because certain processes cannot tol-
erate the high temperatures of the thermal CVD operation. The low temperature 
operation is possible because the precursor dissociation (necessary for the deposi-
tion of all common semiconductor, metal and insulator films) is enabled by the 
high energy electrons in otherwise cold plasma [77].

The samples are placed onto a heating plate in the centre of the PECVD reactor 
(Fig. 1.14), which is then pumped down to a low base pressure (~1 mTorr) to evac-
uate atmospheric gasses. Then the substrate is heated (at 450–700 °C depending 
on process and chemistry) and the carbon-containing and reacting gases are intro-
duced into the chamber. A high voltage applied to the electrode above the sample 
causes an ionization of the gases, resulting in plasma formation. The energy from 
heating the substrate and from the high-voltage plasma causes decomposition of 
the gas into its components. CNTs grow aligned perpendicular to a substrate sur-
face due to the generated electrical field created by the plasma environment.

Even though a big body of applications has been undertaken with CNTs, there 
is still a long list of unsolved fundamental issues in the carbon nanotube growth 
mechanism which make the CNT production with defined characteristics and 
properties (selective synthesis) rather challenging. For instance, one unfulfilled 

Fig. 1.14   Plasma-enhanced CVD reactor

1.1  Novel Sensing Materials
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aspiration is the control over nanotube chirality to obtain pure metallic or semi-
conducting materials needed for electronics applications (such as interconnects or 
transistors) or to control diameter and lengths of the CNTs. Such lack of control 
added to the difficulties in CNT purification, sorting and processing are responsi-
ble for the high dispersion of results and performance of CNT devices.

1.1.3  CNT Purification Methods

Purification has been an important effortful task since the discovery of carbon 
nanotubes; it is a process that separates nanotubes from non-nanotube impurities 
produced as a result of CNT synthesis. These impurities generally include cata-
lyst metal nanoparticles (iron, cobalt, nickel) together with amorphous carbon and 
fullerenes that are unavoidably present in the CNT soot.

The lack of a good purification protocol can also constitute an important issue 
that hampers the applications. Therefore, an exhaustive pretreatment or purifica-
tion process is required. Generally, the purification methods can be separated into 
dry methods and wet methods, but usually purification consists of multi-step puri-
fication procedures: dry method followed by wet method.

Dry methods of purification refer to methods that can selectively remove, 
through gas-phase oxidation, amorphous carbon species due to their higher reac-
tivity compared to that of carbon nanotubes. The simplest method is air oxidation 
at temperatures below the CNT decomposition [78].

Wet methods treat nanotubes in solution for purification purposes. The use of 
nitric acid (HNO3) is the most common wet method used as it is straightforward, 
inexpensive and effective. After repeated filtration steps and maybe also centrifu-
gation steps, purified nanotubes can be obtained [79, 80].

Other procedures rely on the use of either concentrated HNO3 reflux with 
H2SO4 or HCl, or hydrogen peroxide reflux [81, 82]. Such treatments can elimi-
nate a big amount of residual metal particles and other impurities. As mentioned, 
most dry methods of purification are also followed by a step of acid treatment 
to dissolve metal catalyst and/or metal oxides formed during the gas-phase oxi-
dation step [83]. However, and even after prolonged washing treatments, metal 
catalyst can be still detected on CNT samples [84, 85]. The difficulties in remov-
ing the catalyst have been ascribed to the fact that in some cases, the particles 
are sheathed and protected by graphene sheets. Some groups have claimed that 
such metal impurities in CNT can cause electrocatalysis on certain electroactive 
species [50, 86]. In the case of graphene sheathed metal impurities, the redox 
processes are not taken place in close contact to the metal catalyst, so it is not 
fully clear how the metal electrocatalysis is taken place when exhaustive purifica-
tion is performed. One plausible explanation may be related with the possibility 
that the metal impurity might induce changes in the electronic band structure of 
the CNT by adding additional energy states which might enhance the electron 
transfer kinetics.
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1.2 � Carbon Nanotubes as Platforms for Electrochemical  
and Electronic Biosensors

Among all platforms with interest for biosensors, carbon nanotubes can be pre-
sented as a groundbreaking material that offers novel possibilities over other sys-
tems for the development of novel sensing approaches. In the following section, 
we will pay special attention to carbon nanotubes and their integration as solid 
electrodes.

1.2.1  Solid Electrodes

Solid electrodes have been a mainstay in electroanalytical chemistry for nearly 
five decades now [87]. For a solid material to function as an electrochemical elec-
trode it must possess several characteristics; Table 1.1 lists some desirable elec-
trode properties for electroanalytical purposes.

The most common solid electrode materials used as electrodes for studying 
electron transfer kinetics and mechanisms for determining thermodynamic param-
eters are: carbonaceous materials such glassy carbon [88, 89], carbon fibres [90], 
carbon paste or carbon composite (which consists of graphite particles in con-
tact, incorporated in an inert matrix) [91, 92], carbon black [93], various forms of 
graphite (powdered graphite, pyrolytic graphite, highly ordered pyrolytic graphite) 
[94–97] and carbon nanotubes [98, 99]; metals such as gold [100, 101], mercury 
[102, 103], silver [104] or platinum [105] and semiconductors for example metal 
oxides [106, 107] and conducting organic salts [108].

The choice of an electrode material depends to a great extent on the useful 
potential range of the electrode in the particular solvent employed and the qualities 
and purity of the material [109].

A general advantage of metal electrodes is that their high conductivity results 
in low (usually negligible) background currents. It is usually fairly easy to increase 
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Table 1.1   Material and electrochemical properties of an ideal electrode

High electrical conductivity
Hard and durable
Homogeneous microstructure throughout the bulk
Reproducible physical, chemical, and electronic properties
Good chemical inertness
Low and stable background current
Morphological and microstructural stability over a wide potential range
Rapid electron-transfer kinetics for a wide range of redox systems
Easily fabricated, shaped, and inexpensive in cost

One of the challenges in achieving high-quality electroanalytical measurements is the 
reproducible control of the physical and chemical properties of the electrode in order to get low 
background current and a rapid rate of electron transfer for the target analyte.
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sensitivity and reproducibility at solid electrodes by forced convection. Their sur-
faces can be modified by electrodeposition or chemical modification; although the 
latter is more common with carbon electrodes. Another advantage of the use of 
metal electrodes is the ease of construction of the electrode assembly, and the ease 
of polishing.

Of all the solid electrodes utilized in electroanalytical chemistry, carbon mate-
rials are probably the most challenging and this is due to the changing surface 
chemistry depending on the microstructure of the carbon. As a consequence, the 
electrochemical properties can vary from material to material, but this can also 
become an advantage.

Carbon [110] exists in various conducting forms. An important issue related 
to surface reactivity is the available potential range of carbon electrode materials 
over which background reactions contribute negligibly to the observed current. 
Such reactions depend strongly on the nature of the carbon electrode material as 
well as the preparation of the surface [38]. The kinetics of surface oxidation and 
hydrogen evolution are significantly slower on carbon than on most commonly 
used metal electrodes, and the resulting wide potential window is one reason for 
the widespread use of carbon materials for electrodes [37].

Moreover, carbon materials have significantly more complex chemistry than 
metals. Carbon has a high surface activity, which explains its susceptibility to 
being poisoned by organic compounds. Bonds with hydrogen, hydroxyl and car-
boxyl groups, and sometimes quinones, can be formed at the carbon surface. The 
presence of these groups signifies that the behaviour of these electrodes can be 
very pH-sensitive, but this has also been purposely used to modify the electrode 
surface. That is, these groups provide sites for covalent linking to biorecognition 
elements (or other materials) or for their integration onto polymer surface struc-
tures, key points for the development of biosensors.

Thus, the advantages of carbon electrodes include low cost, wide potential win-
dow, relatively inert electrochemistry, richness in surface chemistry and electro-
catalytic activity for a variety of redox reactions.

Among all carbon conducting forms, CNTs exhibit the mentioned remarkable 
electrical, chemical, mechanical and structural properties that make them a versa-
tile material for the design of unusual electrode configurations.

1.2.2  CNT Platforms

In order to guarantee an efficient performance of the CNT based electrochemical 
devices, attention has to be paid not only to CNT synthesis and purification but 
also to the way that the CNT electrode is built up. In this section, the different car-
bon nanotube deposition techniques and carbon nanotube arrangements on differ-
ent electrode surfaces will be described: on one side, randomly dispersed CNT in 
a polymer matrix or the spaghetti-like CNT dispersed on conductive surfaces; and 
on the other side, CNT arrays grown in situ on substrates with large scale control 
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of location and orientation, embedded or not in a polymer matrix. Finally, individ-
ual CNT electrodes will be briefly discussed. Figure 1.15 illustrates these different 
CNT electrode arrangements.

1.2.2.1  Rigid Carbon Nanotube Composite

Composites result from the combination of two or more dissimilar materials. Each 
individual component keeps its original nature while giving the composite distinc-
tive chemical, mechanical and physical qualities, different from those shown by the 
individual components [111]. From this definition, due to the conducting or insu-
lating character and to the nature and arrangement of each component, composites 
comprise a wide scope ranging from metal/ceramic composites, polymer-based 
composites to natural or biomimetic biocomposites. Among the broad world of 
composites, the conducting ones attract special attention because of their special 
applications in electronics and electrochemistry. Composites for electrode applica-
tions are formed by at least one conducting and one insulating phase. In this con-
text, carbon-based materials arise as ideal conducting phase in composites used for 
electrochemical sensors. One of the more practical uses of carbon based electrodes 
is in a form of a resin composite. In general, carbon composite materials present 
improvements in the electrochemical response of the conventional solid carbon elec-
trodes. They can exhibit the interesting advantages of high mechanical stability, easy 
surface renewal without extensive polishing, lower background current and in some 
cases, microelectrode array behaviour. The later aspect, brings about even more 
remarkable high signal/noise ratio, fast electrode response, low detection limits and 
low cost. The last point makes them ideal for mass produced sensors, especially 
when one compares them with other materials such as gold and platinum [112].

The electrical properties of the composite will therefore depend on the nature of 
each of the components, their distribution, and also on their relative quantities. The 
electrical resistance is determined by the connectivity of the conducting particles 
inside the polymeric matrix. This means that the relative quantity of each compos-
ite component has to be studied in terms of percolation curves [113] to determine 
the optimal composition. Different composite material based on graphite pow-
der embedded in diverse kinds of polymeric matrices have been developed in the 

Fig. 1.15   Illustration of different CNT electrode configurations: from left to right, a randomly 
dispersed CNT composites, b randomly dispersed CNTs on a surface, c vertically aligned CNTs 
(VACNTs), d oriented CNTs embedded in a polymer matrix, e individual CNT electrode (CNT-
field-effect transistor)

1.2  Carbon Nanotubes as Platforms
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last few decades, obtaining interesting electrochemical applications such as in the 
enzymatic, DNA-detection, immunosensing field, etc. [114–117]. Nowadays, high 
interest is focused on composites based on carbon nanotubes (CNTs).

Many soft and rigid composites of carbon nanotubes have been reported [42]. 
They are formed by randomly dispersion of CNTs with insulating polymeric 
matrices such as granular Teflon [118], chistosan [119], polystyrene [120], poly-
sulfone [121] and epoxy [122, 123] or by their incorporation into a silicate gel 
matrix [124, 125]; or with conductive polymers such as polypyrrole [126] and 
polyaniline [127] which can be fabricated by chemical or electrochemical polym-
erization [42, 124, 128, 129]. Irrespective of the nature and the way in which the 
composite is built up, these matrices are important for providing robustness to the 
CNT platform and at the same time for facilitating the analyte trapping which can 
result quite advantageous for some applications in the (bio)chemical sensing field. 
They also exhibit the valuable advantage of generating a fresh surface by only pol-
ishing every time that is needed for successive experiments.

Note that the use of insulating polymers can be more advantageous than the 
conductive polymers when employed in electrochemistry (e.g. cyclic voltamme-
try). This is because the former electrodes exhibit a more discernible response for 
the redox species from the background current [124].

Motivated by these attractive properties, part of this work focuses on the trans-
duction capabilities of rigid carbon nanotube-epoxy composites to give more high-
lights to a previous and brief study of such CNT-epoxy systems as platforms for 
electrochemical sensing [123]. These rigid carbon nanotube composites constitute 
a simple and cheap electrode material where the insulating polymer (epoxy resin) 
can help to reduce the background signal thus enhancing the signal noise ratio.

Some drawbacks in CNT composites reside in the CNT itself, such as in the 
lack of homogeneity of the different commercial CNTs lots due to different 
amount of impurities in the nanotubes, as well as dispersion in their diameter/
length and state of aggregation (isolated, ropes, bundles). These variations are dif-
ficult to quantify and can affect the final properties of the CNT-composites.

1.2.2.2  CNT/Glassy Carbon

Both SWNTs and MWNTs can be deposited directly from CNT dispersions as a 
random network or thin film on conventional electrodes. From the point of view 
of their construction, such electrodes are very easy to prepare but they may suf-
fer from mechanical instability, thus limiting their application. A typical electrode 
substrate for building up non-oriented CNT films is glassy carbon.

Glassy carbon (GC), also referred to as vitreous carbon, is widely used as a 
solid carbon electrode for electroanalysis [109]. Unlike HOPG and other graph-
ites, GC is hard and microstructurally isotropic; the interwoven sp2 carbon ribbon 
gives rise to its mechanical hardness, so the material is polishable and imperme-
able to gases and liquids. The density of the GC is less than the HOPG one, indi-
cating that the material contains some void space (nanoporosity) [130]. Moreover, 
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glassy carbon is often used as a support material because of its electrochemical 
inertness in a wide potential window, its amorphous structure with a random distri-
bution of active sites for nucleation [131], its mentioned easy regeneration, robust-
ness and low cost [132, 133].

The modification of glassy carbon is currently done by casting drops of purified 
CNTs dispersed either in organic or aqueous solvents and allowing the electrode to 
dry [134–136]. Glassy carbon provides a hydrophobic surface which considerably 
stabilizes the CNT films.

Another carbon substrate widely employed is the basal plane pyrolytic graphite 
[46, 47, 49]. In this case, carbon nanotubes are abrasively immobilized onto basal 
pyrolytic graphite electrodes by gentle rubbing the electrode surface with a fine 
quality filter paper containing CNTs.

However, in some cases and even more when the CNT layer is too thin, the 
underlying glassy carbon or basal pyrolytic graphite electrodes can provide 
some interferences in the electrochemical response. On the other side, very thick 
3D CNT films can contribute with large capacitive background currents due to 
the large surface area which can hamper electroanalytical applications, as often 
occur when using the highly porous bucky paper [122, 137]. In such CNT papers, 
formed basically by filtration of purified SWNTs, a small faradaic signal can be 
lost in the high capacitive currents. However, such high CNT surface area systems 
result beneficial for energy storage or electrochemical actuator applications.

Gold or platinum electrodes have also been used as conducting supports for 
developing CNT modified electrodes. Although an enhanced electrochemical 
response can be evidenced, the CNT films (when casting from CNT dispersion) 
are not very stable on such hydrophilic surfaces and tend to be removed in contact 
with aqueous media, a problem that can be solved by covalent CNT attachment to 
the gold surface through thiol linkages.

1.2.2.3  Vertically Aligned Carbon Nanotube Electrodes  
(VACNT-Microelectrode/Macroelectrode)

For a thorough understanding of the fundamental CNT electrochemistry, many 
applications require well-organized and oriented carbon nanotube arrays. For 
instance, up-right CNT configurations (e.g. perpendicular to the substrate) can pro-
vide a high density of oriented electroreactive edges facilitating, on one side, the 
electron transfer process, and on the other side, the covalent linkage of molecules.

There are two major approaches for obtaining oriented CNTs: by self-assem-
bly procedures (many groups have reported the assembly of shortened SWNTs in 
an orthogonal orientation on a gold electrode modified with thiol self-assembled 
monolayers with –NH2 terminal groups which can attach the CNTs via carbodi-
imide chemistry) and by in situ growth of aligned CNTs with plasma-enhanced 
chemical vapour deposition (PECVD). However, by applying thermal CVD pro-
cesses, high density of vertically aligned carbon nanotubes can be achieved if a 
dense enough distribution of the catalyst particles is deposited.

1.2  Carbon Nanotubes as Platforms
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Some groups have exploited these methodologies and have developed, for instance, 
vertical 3D CNT ensembles with different CNT density embedded or not in an insu-
lating matrix (SiO2) [137–139]. These CNTs are grown directly onto an electrode sur-
face (e.g. Si coated with a Cr film) by using plasma enhanced-CVD [137–140].

In our approach, we will use commercial macroelectrodes (or forest CNT mac-
roelectrodes) of high-density multi-walled carbon nanotubes (about 0.2  g  cm−3) 
grown on a silica substrate by chemical vapour deposition and microelectrodes 
composed of patches of 300 μm × 300 μm with high density of vertically aligned 
carbon nanotubes (also grown by thermal CVD process) which have been devel-
oped in the National Microelectronics Centre (CNM, Barcelona) [141].

1.2.2.4  CNT-Ultramicroelectrode Arrays

Arrays of CNTs can provide more benefits from the electroanalytical point of view 
if their geometrical disposition is perfectly controlled in order to make them act as 
nanoelectrode arrays [138, 139]. That can be accomplished with the “opal inver-
sion” technique which will be discussed in this section, for the development of 
CNT-ultramicroelectrode arrays (CNT-UMAs).

The discovery of the unusual properties of the ultramicroelectrodes in the 
eighties opened new electrochemical and analytic possibilities, and new schemes 
of detection that were not possible with conventional electrodes [142–145]. 
Ultramicroelectrode is a term used to describe microelectrodes where at least one 
of their dimensions is smaller than the thickness of the target analyte diffusion 
layer [146]. Basically, these types of electrodes exhibit a fast non lineal diffusion 
as the dominant way in the mass transport. When the electrode is miniaturized, the 
diffusion of the species on the surface of the electrode is predominantly radial, for 
which the species are driven also axially increasing significantly the mass trans-
fer rate. Quickly a steady state current, independent of the convection, is reached 
which is directly proportional to the analyte concentration. That confers to the 
electrode a very fast response, very high signal/noise (faradaic current/non fara-
daic charging current) relation, and consequently very low limits of detection, all 
these properties highly desired in amperometric sensors.

Other benefits that present these ultramicroelectrodes are their low ohmic 
potential drop and their application in highly resistive media. However, the cur-
rent of an individual ultramicroelectrode is very low and extremely sensitive 
instrumentation is required for its detection [142–145]. An alternative way to 
maintain the electroanalytical advantages of the individual ultramicroelectrodes 
but with a response of amplified current is by means of arrays of ultramicroelec-
trodes (UMAs). These arrays may consist of multiple identical microelectrodes 
connected in parallel with a well-controlled and uniform interdistance among each 
ultramicroelectrode or in a more random distribution. From the theoretical point 
of view, the signal from these devices is amplified as many times as the number 
or microelectrodes that defines the UMA [147]. The state and magnitude of the 
diffusion will depend mainly of the diameter of these microelectrodes and of the 
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distance among them, by which the optimization of the most adequate geometry 
according to the requirements is indispensable.

It has been assessed that loosely packed arrays where the inter-electrode dis-
tance d ≫ 2r (r being the radius of a single microelectrode) yield the expected 
current signal (m times amplified) whereas closely packed arrays, where d ≈ 2r, 
behave as a macroelectrode having a current that is proportional to the total geo-
metric area of the microelectrodes in the array [148] (Fig. 1.16).

Therefore, one of the big challenges in this area is the preparation and produc-
tion of these ultramicroelectrodes. The most utilized methodologies are based on 
the use of inert templates in which metallic microelectrodes can be dispersed [149, 
150], serigraphic processes of thick layer (“screen printing”) [151, 152] or litho-
graphic techniques of thin layer employed in the fabrication of the microelectronic 
circuits. With these techniques individual miniaturized configurations in the shape 
of disks, bands, fine wires, rings, or forming a matrix or interdigitated structures 
could be obtained [142–145]. While the two first techniques are more versatile with 
extensive range of applications, cheap and open to a larger scientific community, 
the last one needs more expensive equipment but presents the advantage of a greater 
control in the miniaturization of the systems, high reproducibility and greater mas-
sive production. The microelectronic technique also allows integrating in a same 
chip the transducers with their complementary electrodes (reference and auxiliary 
electrodes) and the corresponding circuit lines for the signal processing. Apart from 
that, the microelectronic technology permits the production of microelectrodes of 
different nature in a same chip (Fig. 1.17), which can be individually addressed in 
an electrochemical experiment. This type of system results very appropriated for 
complex samples with more than one analyte since it allows working with different 
ranges of sensitivity and selectivity and, therefore, to enlarge the precision of the 
measurement. Additionally, if the assembly is constituted by microelectrodes of dif-
ferent material, a greater specificity of the multisensor may be devised.

An interesting alternative to the lithographic techniques of the microelectronics is 
the one proposed in this thesis work. This technique allows the development on CNT-
UMAs based on the concept of self-assembly of an inert template and on the deposi-
tion of the catalyst material for CNT growth by different physicochemical processes. 
Once the template is removed, a nanostructured pattern of catalyst seeds is achieved. 
This allows, later on, controlling the geometric disposition of the transducer (CNTs). 
The technique, being cost effective, constitutes a relatively simple one and of great 
accessibility that takes advantage of the capacity of self-organization of some mate-
rials that form highly ordered structures on surfaces. As an example of these types 
of materials, we can mention the microspheres of polystyrene, which dispersed on 
a substrate, tend to form structures with hexagonal packaging [40]. These materials 

Fig. 1.16   Packaging density 
of microelectrodes: a M 
Macroelectrode behaviour, 
b UMA Ultramicroelectrode 
array

d
2r

(a) (b)
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turn out to be very versatile as templates for the formation of porous patterns or 
highly periodic micro/nanostructures by means of the “opal inversion” technique.

Electrochemical Properties of High Density Versus Low Density of CNTs

To understand the electrochemical behaviour of such systems, it is worth show-
ing an example where the response of ultramicroelectrodes developed by means of 
lithographic techniques is compared with the macroelectrode one [138]. The sys-
tem UMAs requires the spacing among individual nanoelectrodes to be sufficiently 
larger than the diameter of the nanotubes to prevent the overlap of diffusion layers 
from the neighbouring electrodes. Figure 1.18 shows different density CNT arrays 
and their corresponding electrochemical response. At high density of CNTs, the 
electrochemical response is dominated by a planar diffusion transport evidenced 
by the common peak shape in the cyclic voltammetry; whereas at low density of 
CNTs, the electrochemical response is basically sigmoidal which is typical of radial 
diffusion mass transport. Thus, low density CNT nanoelectrode arrays displays the 
desired independent nanoelectrode behaviour showing diffusion-limited steady-
state currents in cyclic voltammetry over a wide range of scan rates [138].

Therefore, the size and the spatial distribution of CNTs can be precisely controlled 
to ensure that each one behaves as an independent nanoelectrode. We accomplish 
this, as mentioned before, with “opal inversion” technique. So, this configuration can 
be very promising for developing ultrasensitive electrochemical sensors.

Fig. 1.17   Use of the microelectronic technology. From left to right, 3 × 3 individual nanoelec-
trode array with accompanying contact pads; CNTs grown using PECVD; SEM image of a zoom 
of the array showing CNTs growth. Adapted with permission from Ref. [153]
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1.2.2.5  Carbon Nanotube Field-Effect Transistor

An electrochemical sensor response can be accomplished by using not only the 
common electrochemical configurations but also devices based on electronic 
detection in a field-effect transistor configuration (FET) [154]. We have already 
addressed this device when discussing the electronic properties of the CNTs. At 
that time, we pointed out that this kind of system allowed probing the electronic 
properties of the CNT and discriminating semiconducting nanotubes from metal-
lic ones.

The first demonstrations that semiconducting single-walled carbon nanotubes 
could be used as conducting channels in FETs with switchable properties appeared 
in 1998 [155, 156]. As stated before and shown in Fig. 1.19, such configuration 
consists of a semiconducting single-walled carbon nanotube or a network of semi-
conducting SWNTs which are contacted by two electrodes, the source (S) and 
drain (D) electrodes. There is also an additional electrode which is separated from 
the CNT by an insulator film, gate electrode (G). A voltage applied between 
source and drain allows a current flow in the conducting carbon nanotube which 
can be modulated by applying a voltage on the gate electrode. Thus, the role of the 
gate voltage is to control the charge carriers in the current flow. The gate voltage 
can induce accumulation of holes (electrons) in the channel if it is polarized 

Fig.  1.18   a, b CV measurements in 1  mM of Fe(CN)6 3−/4− and 1  M KCl with the high-
density MWNT nanoelectrode array (2 ×  109  electrodes  cm−2) and low density one (with ca. 
7 × 107 electrodes cm−2) respectively; c, d show the scanning electron images for the high and 
low density arrays. Readapted with permission from Ref. [138]

1.2  Carbon Nanotubes as Platforms
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negatively (positively) which makes the valence and conduction bands to move 
upwards (downwards) relative to the Fermi level.6

A simplistic picture for describing the flow current through the nanotube is by 
matching the valence or conduction band of the nanotube with the Fermi energy 
(Ef) (Fermi energy is the energy of the highest occupied state at the absolute zero 
temperature.) of the contact electrodes through the effect of the electric field pro-
vided by the gate voltage. However, the electric field generated by the gate voltage 
which controls the current flow through the CNT is dependent not only on the 
electronic characteristics of the nanotube itself (that is on their band-gap charac-
teristics) but also on the interface between the SWNTs and the metal electrodes 
where Schottky barriers (SB)7 can be formed (Fig. 1.20). Schottky barriers can be 
generally formed when a semiconductor is brought into direct contact with a metal 
due to the mismatch of the work functions8 of the metal and the CNT. A charge 

6  It can also be seen as if the Fermi level were shifting upwards or downwards relative to the 
conduction and valence bands with electron or hole doping respectively.
7  Schottky barrier is a potential barrier formed if a semiconductor is brought into direct contact 
with a metal. A charge transfer occurs until the Fermi levels of the metal and the semiconductor are 
aligned. The charge transfer creates a depletion zone in the semiconductor near the junction (electri-
cal dipole). Such depletion causes a rectifying behaviour. Rectifying means that carrier transport is 
hindered in one of the two possible current directions. Not all metal–semiconductor junctions form 
Schottky barriers. A metal–semiconductor junction that does not rectify current is called an ohmic 
contact. Rectifying properties depend on the metal's work function, the band gap of the intrinsic 
semiconductor, the type and concentration of dopants in the semiconductor, and other factors.
8  The work function is the minimum energy needed to remove an electron from a solid to a point 
immediately outside the solid surface (or energy needed to move an electron from the Fermi level 
into vacuum).

Fig. 1.19   a Typical scheme of a CNT-FET with the different electrodes in the so-called backgate 
configuration: source (S), drain (D) and the backgate electrode (G) (doped silicon), SiO2 is the 
dielectric or insulator layer; b atomic force microscopy image of a typical CNT-FET device with 
individual SWNTs connecting the (S) and (D) electrodes; c scanning electron microscopy image 
of a FET device consisting of a random array of CNTs. Adapted with permission from Ref. [154]
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transfer occurs at the interface which results in the bending of the conduction and 
valence bands. Such bending generates a charge depletion (potential barrier) that 
opposes further charge transfer. There are two of such barriers, one at the source 
electrode and the other at the drain one and can dominate the transport characteris-
tics of the CNT. The thickness (SBW) and height (SBH) (Fig.  1.20d) of such 

Fig. 1.20   Scheme illustrating the formation of Schottky barriers (SB). In (a) the band diagrams 
for the metal contact and for a semiconducting p-type nanotube are shown. The metal has a 
higher work function or barrier height (φ) than the CNT. The CNT has been schematized as a 
p-type since oxygen from the environment can dope the CNT with holes. In this case, the Fermi 
level of the CNT is close to the valence band. When the CNT and the metal contact are brought 
together (b), the Fermi level of both materials will try to equilibrate by flowing charge carriers 
between them (c). That results in a bending of the bands forming a depletion layer which gives 
place to the generation of Schottky barriers that inhibit the charge carrier transport. However, the 
height (SBH) and thickness (SBW) of the barrier can be changed with the gate voltage. In (d, e) 
the height and the thickness of the barrier height are indicated. It also shows how the thickness of 
the tunnelling barrier can be decreased with the gate voltage. Generally, in CNT-FETs the charge 
transport at the Schottky barriers is carried out by tunnelling processes and therefore for allowing 
the current flow the barrier thickness has to be decreased with the gate electrode voltage

1.2  Carbon Nanotubes as Platforms
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barrier can be increased or decreased with the electric field provided by the gate 
electrode and thus modulating the current flow either of holes or electrons. In 
general in CNT-FETs the flow current is more dependent on the thickness than on 
the height of the barrier. Mechanisms based on tunnelling processes and hence on 
the thickness of the barrier are more important at the contact/CNT interface than the 
ones depending on temperature which are more dependent on the height of 
the  barrier. Therefore, when the Schottky barrier becomes thinner, tunnelling of 
the charge carriers can be produced favouring the current flow in the CNT-FET.

So far we have stated that the charge transport in a CNT-FET is not only deter-
mined by the electronic characteristics of the semiconducting CNT itself but also 
by the interfacial Schottky barriers which can be modulated with the gate electrode. 
Next, we will illustrate the typical features that characterize the CNT-FET response.

In Fig. 1.21 the basic features of the so called “transfer characteristic” of a FET 
device are shown for a p-type CNT-FET. Applying a variable gate voltage (VG) 
through the gate electrode, the source-drain current (I) or conductance (G) is 
measured at a fixed source-drain voltage (VSD). In the plot (a) represents the 
threshold voltage which corresponds to the minimum voltage that is required to 
switch on the conductance of the tube, (b) represents the modulation (considered 
as the variation of the conductance from the threshold voltage), (c) represents the 
maximum conductance, (d) illustrates the device hysteresis and (e) indicates the 
transconductance9 which is the relation between the current change as a function 
of the gate voltage change and provides information of the charge carrier mobility.

In this case, the CNT-FET is totally switched off for the positive voltages, a typi-
cal behaviour for a p-type system in which the holes are the dominant charge car-
riers. As said, most CNT-FETs exposed to air show p-type behaviour but become 
more ambipolar in vacuum. Such doping effect can take place during the synthe-
sis and handling of nanotubes or by oxygen adsorption on the CNT-metal interface 
when exposed to air or by charge transfer from high work function contact elec-
trodes. For instance, the oxygen changes the work function of the metal contact 
compared to its value in vacuum shifting the energy of the Fermi level of the metal 
with respect to the valence and conduction band edges in the CNT and thereby 

9  The transconductance, gm, can be expressed as gm = Ct|VG − Vthr|μ/L, where Ct is the total 
capacitance, VG is the gate voltage, Vthr is the threshold gate voltage, μ is the charge carrier 
mobility and L is the length of the tube.

Fig. 1.21   p-type 
CNT-FET device 
characteristics: a threshold 
voltage, b conductance 
modulation, c maximum 
conductance, d hysteresis, e 
transconductance
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altering the hole and electron Schottky barrier heights. This mechanism has been 
demonstrated when removing oxygen from a CNT-FET by annealing in vacuum. 
The transfer characteristics of the device gradually changed from p-type to ambipo-
lar as the oxygen was removed [157]. Thus, CNT-FETs can exhibit different features 
depending on their own characteristics and their environment and Fig. 1.22 collects 
some of them. The first example represents a CNT-FET with ambipolar characteris-
tics. Ambipolar behaviour is observed when the Schottky barriers for holes and elec-
trons are similar and the current flow can be done by holes or electrons. Therefore, 
high currents for both negative and positive gate voltages and different on/off current 
ratios are expected depending on the magnitude of the CNT band-gap. In principle, 
the CNTs are naturally ambipolar, they can transport holes and electrons. However, 
and as mentioned before, depending on the CNT processing, the metal contacts and 
their effects on the Schottky barriers, the CNT-FET can sometimes act as a unipolar 
device and preferentially transport only one type of carrier. The figure also shows 
the device characteristics when a CNT-FET has a small band-gap. In this case, a 
very poor on/off current ratio is also expected. Finally, the figure additionally shows 
the response of a CNT-FET device formed from a CNT network in which metallic 
tubes are present. In such case, the G–VG signals cannot be totally switched off due 
to the fact that metallic tubes cannot be modulated with VG.

Following, we will illustrate how the band diagrams of the metal contact/
CNT are bent under full device operation, that is with a fixed S/D voltage and 

Fig.  1.22   CNT-FET response with a ambipolar characteristics, b when the CNT has also an 
ambipolar behaviour but with a small band-gap, c when CNT network contains metallic tubes

1.2  Carbon Nanotubes as Platforms
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a variable gate voltage. In the Fig. 1.23, the conductance of an ambipolar CNT-
FET device is shown together with their respective band diagrams for different 
gate voltages. As the gate electrode is negatively biased, positive charge carriers 
(holes) are attracted towards the CNT and accumulate in it. This additional charge 
causes the valence and conduction bands to move up relative to the Fermi level in 
the CNT. That makes the Schottky barrier for the holes at the source become thin 
enough to allow for a considerable amount for tunnelling. For intermediate gate 
voltages, the barrier is too thick for tunnelling and the conductance in the CNT 
device decreases. At high positive gate voltages, the bands bend down making the 
Schottky barrier for electrons at the drain contact thinner, giving rise to an electron 
tunnelling current.

Fig. 1.23   A typical conductance versus gate voltage profile for an ambipolar CNT-FET. The plot 
shows the p-branch, at negative voltages where the hole charge carriers are dominant in the cur-
rent flow and also the n-branch at positive gate voltages where the electrons are the dominant 
charge carriers. The figure also depicts how the band diagrams (valence and conduction bands 
are bent at the different gate electrodes producing Schottky barriers at the source (S)/CNT and 
drain (D)/CNT interfaces. The curve has been carried out by applying a fixed voltage between S 
and D (SSD). The schematic band diagrams also show the main charge transport at the different 
branches: high tunnelling of holes from the source in the p-branch at which the Schottly barrier is 
thin; low charge transport due to thick Schottky barriers at intermediate gate voltages; high tun-
nelling of electrons from the drain at which the Schottky barriers become thin again. Note that 
current flow of electrons between the contacts takes place from higher energy to lower energy 
(e.g. the Fermi level of the drain is at higher energy than the one of the source), the current flow 
of holes takes place on the other sense from lower energy to the higher one. The scheme also 
indicates the Schottky barrier height (SBH) and thickness (SBW)
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A very important point to highlight with respect to the CNT-FET devices is 
that the CNT conducting channel exhibits some advantages with respect to con-
ventional silicon based FETs and which makes attractive for sensing purposes. 
The nanotube is located on the surface open to the environment (contrary to the 
conventional silicon FETs in which the conducting channel is buried in the bulk 
material). Moreover, and due to the tubular structure of the tube, the current flow 
takes place at its surface in direct contact with the environment. They also conduct 
ballistically, which could lead to faster devices. All these features make CNT-FETs 
be very sensitive to tiny changes in the surrounding environment and can become 
promising candidates for the development of ultrasensitive (bio)chemical devices.

We have mentioned that in general, the gate electrode is a doped silicon sub-
strate at the back of the device (backgate electrode). However, in other circum-
stances it is appropriate to perform electronic detection in aqueous environment, 
which is the more suitable environment for monitoring biomolecules or biological 
processes. Figure  1.24 schematizes the difference between both systems. Under 
aqueous environment, the electrolyte can induce gating effects in an alternative 
way to the conventional back gating configuration by using an electrode immersed 
in a solution [154]. In this configuration, a reference or pseudoreference electrode 
(usually Ag/AgCl wire or Pt wire respectively) is placed in contact with a solution 
containing the analyte which at the same time is in contact with the SWNTs. The 
electrostatic potential difference between the solution and the CNTs is controlled 
through the gate voltage and the potential at the metal–liquid interface. In such 
liquid environment, the bio-analyte reaches the CNT surface altering locally the 
electrostatic conditions or inducing charge transfer at the CNT-liquid interface. In 
this configuration, passivation of metal contacts is required for minimizing electro-
chemical side reactions; thus, limiting the sensing region only to the carbon nano-
tube [154]. It has been found that the CNT-FET configuration in liquids increases 
the device sensitivity; nevertheless, the main disadvantage is related to the stability 
and miniaturization of the liquid gating electrode and/or conditions of the electro-
lyte [158].

Fig. 1.24   Comparison 
schemes of a CNT-FET in 
the backgate configuration: 
source (S), drain (D) and 
the backgate electrode 
(G); b CNT-FET in liquid 
configuration: passivated 
source (S) and drain (D) 
electrodes, Pt wire (pseudo 
reference electrode), solution 
containing analyte (S)
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1.3 � Electrochemical and Electronic Applications of CNT 
Electrodes

In this section, we will describe the applications of CNTs when used as electrode 
platforms for instance as electrochemical actuators, as electrochemical energy-har-
vesting devices and as biosensors (enzymatic and redox protein biosensors, CNT/
DNA and genosensors, immunosensors, CNT aptasensors).

Special attention will be paid on biosensors and related issues: the immobili-
zation methods of the biorecognition element onto the electrode surface and the 
biosensing events that take place on the different CNT platforms together with the 
mechanism of action of some biological recognition elements.

1.3.1  Electrochemical Actuators and Electrochemical  
Energy-Harvesting Devices

Many applications rely on the direct conversion of electrical energy to mechanical 
energy through a material response. The more common materials for electrome-
chanical actuators are represented by electrostrictive10 materials. However, appli-
cations are restricted by the maximum allowable operation temperature, the need 
for high voltages, and limitations on the work density per cycle [159]. CNTs 
appear as a new class of electromechanical actuators which generate higher 
stresses than natural muscle. Like natural muscles, the macroscopic actuators are 
assemblies of billions of individual nanoscale actuators. The first CNT actuator 
developed was a SWNT buckypaper which produced elongation/contraction 
because of the change in dimensions of the nanotube in the covalently bonded 
direction caused by charge injection with an applied electric potential (electro-
chemical doping) [159]. Other CNT actuators have been reported [160, 161], but 
there are still many challenges to overcome in order to develop tailored practical 
devices mainly because of the uncontrollable properties of nanotube buckypaper 
and polymer CNT nanocomposite actuators.

Moreover, carbon nanotubes can be employed either as electrode materials or 
conductive fillers for the active materials in various electrochemical energy-stor-
age systems [5]. The design of 3D CNT ensembles with high surface area and 
mesoporous character (graphitized structure with internal channels) can yield large 
double layer capacitances, or provide suitable electrode frameworks for ion interca-
lation or catalyst entrapment/deposition, all being important for the development of 
electromechanical systems or electrochemical energy storage systems. Therefore, 
for energy generation and storage, nanotubes hold promise as supercapacitors, 
Li-ion batteries (LIBs), fuel cells and solar cells due to their high specific surface 
area and mesoporous character and their electronic and optical properties [5].

10  Electrostriction is a property of all electrical non-conductors, or dielectrics, that causes them 
to change their shape under the application of an electric field.
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1.3.2  Biosensors

One of the cornerstones of CNT applications in electrochemistry lies in the devel-
opment of (bio)sensors. It has been pointed out the outstanding electrochemical 
properties of CNTs as a consequence of their electronic band structure and their 
richness in surface structure and chemistry. As mentioned before, CNTs have 
revealed in many cases electrocatalytical properties accompanied by enhanced 
electron transfer rates, increased signal currents and decreased overpotentials. 
Although these properties have been demonstrated to be not so different from the 
ones corresponding to edge HOPG, the main advantage in the use of electrochem-
ical CNT devices comes from their nanometre size, their high surface area and 
their versatility to tailor the CNT surfaces in different geometrical arrangements 
in order to expose the more electroactive sites and facilitate the electron exchange. 
Another advantage comes from their chemical anisotropy and their interesting 
covalent/non-covalent chemical functionalization possibilities, many of them facil-
itated by their curved surface, which can be used for selective chemical modifica-
tion in the development of electrochemical and electronic biosensors.

1.3.2.1  Immobilization Methods onto the Electrode Surface

In this part we will talk about the different immobilization methods of the 
biorecognition element onto the electrode surface. As we will see, the chemical 
and biochemical modification of CNTs possesses special interest because it opens 
the door to the achievement of novel hybrid systems for functional devices by 
combining the unique properties of CNT with the ones resulting from functionali-
zation, for instance with complexing agents, fluorescent and electroactive groups, 
(bio)catalysts, or biomolecules (proteins, carbohydrates, nucleic acids, etc.).

Chemical and Biochemical Functionalization

Chemical modification turns out to be one of the key issues for the development 
of selective electrochemical (bio)sensors for (bio)recognition or catalyst materials 
to be used in energy-storage devices. Moreover, chemical modification also aids 
to overcome one of the drawbacks for CNT applications which is the difficulty of 
dispersing them in solvents, especially in aqueous media.

As produced CNTs are tightly bundled in ropes (through Van der Waals inter-
actions) which make them insoluble in aqueous and organic solvents, thus com-
promising their processability. Additionally, and taking into account the lack of 
control over CNT size and chirality during synthesis, chemical modification is 
becoming a very useful tool for post-produced CNT sorting.

The chemical modification of CNT can be endohedral (inside the cavity of 
the tube) or exohedral [162]. There are some examples in literature which have 

1.3  Electrochemical and Electronic Applications of CNT Electrodes
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demonstrated the filling of CNT with fullerenes, biomolecules (proteins, DNA), 
metals and oxides which have been driven inside by capillary pressure [36, 162–
169]. However, this thesis work has been focused on exohedral functionalization, 
taking place just at the external walls of the tubes. Both covalent (chemical bond 
formation) and non-covalent (physiadsorption) functionalizations can be car-
ried out. For electrochemical devices, such functionalization schemes can be per-
formed either before or after the CNTs are assembled on the electrodes.

Covalent Modification

As mentioned before, the CNT ends (either capped or as open edge ends) are 
chemically more reactive than the CNT walls. When the ends are open, the unsat-
isfied valence bonds become very reactive in presence of water or oxygen and 
normally they are found enriched in oxygenated functionalities. Additionally, the 
capped ends can be opened and enriched with oxygenated species by oxidizing 
treatments with chemical agents (e.g. HNO3), oxygen plasma or electrochemical 
anodization. These treatments can also introduce oxidized points in the sidewalls 
[162]. Among the oxygenated functionalities, one of special interest is the car-
boxylic group. These –COOH residues constitute useful sites for further chemical 
functionalization through amide or ester bonds. The scheme in Fig.  1.25 shows 
the covalent bonding of primary amine molecules through amide bonds facili-
tated by the carbodiimide chemistry which is aided by activated reagents such as 
N-hydroxysuccinimide (NHS) and dicyclohexylcarbodiimide (DCC) for organic 
solvents or EDC (1-ethyl-3(3-dimethyl amino propyl)carbodiimide hydrochloride) 
and sulfo NHS (N-hydroxysulfo-succinimide) for aqueous coupling [10, 34, 170, 
171]. Amines can also be coupled to carboxyl groups activated with SOCl2. Ester 
linkages taken place by reacting the carboxyl-residues with alcohol functionalities 
are also shown in Fig. 1.25 [10, 170]. The amide formation is being widely used 
for the anchoring of proteins, amine terminated oligonucleotides, ion receptors, 
gold nanoparticles functionalized with aminethiols, polycationic electrolytes such 
as poly(ethyleneimine), etc.

On the other side and as discussed before, the chemical reactivity of CNT 
side walls increases with the tube curvature (e.g. decrease of the tube diameter), 
due to the increase of the pyramidalization angle and greater strain energy per 
atom [34, 35]. Such pyramidalization of the CNT atoms causes the exohedral 
lobes of the orbitals to be larger than their endohedral counterparts. The reac-
tivity of the surface is thus enhanced by the pronounced exposure of the hybrid 
orbitals from the exterior which favours the orbital overlap with incoming reac-
tants [35]. Accordingly, many reactions can be performed on the sidewalls of the 
CNTs, such as halogenation, hydrogenation, radical, electrophilic and nucleo-
philic additions, etc. [10, 34, 36, 162, 170, 172]. Exhaustive explored examples 
are the nitrene cycloaddition, the 1,3-dipolar cycloaddition reaction (with azome-
thinylides), radical additions using diazonium salts or radical addition of aro-
matic/phenyl primary amines. The aryl diazonium reduction can be performed 
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Fig.  1.25   Scheme showing common covalent reactions at the CNT edge/defects and at the 
CNT side walls: carbodiimide chemistry. The figure also shows the typical defects in a SWNT: 
a five- or seven-membered rings in the C network, instead of the normal six-membered ring, 
leads to a bend in the tube; b sp3-hybridized defects (R = H and OH); c carbon network dam-
aged by oxidative conditions, which leaves a hole lined with –COOH groups; and d open end of 
the SWNT, terminated with oxygenated species such as –COOH groups. The last part figure has 
been reprinted with permission from Ref. [162]
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by electrochemical means by forming a phenyl radical (by the extrusion of N2) 
which couples to a double bond [170]. Similarly, electrochemical oxidation of 
aromatic or aliphatic primary amines yields an amine radical which can be added 
to the double bond on the carbon surface. The direct covalent attachment of func-
tional moieties to the sidewalls strongly enhances the solubility of the nanotubes 
in solvents and also tailors the CNT surface for the different applications (for 
instance, in medical chemistry, solar energy conversion, selective recognition of 
chemical species, etc.) [170].

Non-covalent Modification

Covalent modification yields a very stable and effective derivatization. However, 
some drawbacks can emerge when pursuing applications especially with SWNTs. 
A high density of reactive sites or covalently functionalized points can lead to a 
loss of the CNT conjugation network with the consequent degradation of the CNT 
mechanical and electronic properties.

The large aromatic and hydrophobic character of CNTs make them ideal sur-
faces for non-covalent interaction with molecules via Van der Waals, π–π stacking 
or hydrophobic forces [36, 170]. There are many examples in literature of the non-
covalent binding of amphiphilic agents on CNTs which have promoted CNT dis-
entanglement and made them water soluble and biocompatible. Examples of such 
agents are some organic ionic surfactants such as sodium dodecyl sulfate or dode-
cylbenzene sulfonate. Other examples include polyaromatic compounds such as 
pyrenes with hydrophilic functional groups, proteins or polymers (polyethyleneg-
lycol, tween 20, Triton X-100, polyvinylpyrrolidine, polystyrene sulfonate, DNA, 
RNA, polysaccharides, etc.) which coat or wrap the nanotube in such a way that 
the more hydrophobic part interacts with the CNT surface whereas the hydrophilic 
region faces the aqueous medium. An illustration is depicted in Fig. 1.26. Some of 
these polymers have also been used as blocking agents of non-specific binding of 
proteins in the development of biosensors (PEG, tween 20, Triton X-100).

A variety of these physisorbed molecules were used as anchor points for 
covalent immobilization in a so called hybrid approach [171]. That is the case 
of bifunctional pyrenes (e.g. 1-pyrenebutanoic acid succinimidyl ester, pyrene 
maleimide) or polymers with terminal amine/carboxylic groups which have been 
used for covalently immobilization of proteins, functionalized oligonucleotides, 
etc. (Fig. 1.26) [170, 172].

1.3.2.2  The Biosensing Event

As stated, in this section we will describe the biosensing events that can take 
place on the different CNT platforms together with the mechanism of action of 
the biological recognition elements. Specifically, we will discuss about Enzymatic 
and redox protein biosensors, CNT/DNA and genosensors, Immunosensors and 
CNT-Aptasensors.
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Enzymatic and Redox Protein Biosensors

Electron transfer in biological systems is a very interesting topic not only because 
fundamental studies of such processes can help to unravel basic mechanisms in 
nature machinery, but also because such processes can be mimicked and exploited 
to develop sensors, bioreactors or novel fuel cells. In the electroanalytical field, 
there is an important interest in studying electron transfer between a redox bio-
molecule and an electrode for amperometric (bio)sensors. Such sensors are 
based on the ability of an enzyme to transduce the turnover with its correspond-
ing substrate into a detectable, reliable and quantifiable current. One of the main 
goals in electroanalysis and mainly in enzymatic sensors is to achieve direct 
electron transfer between the protein redox centre and the transducer, keeping 
at the same time its bioactivity [40, 42, 51, 124, 172–174]. Thus, the electrode 
itself can replace physiological partners or natural electron acceptors, providing 
the driving force to energize the reaction and a sensor to measure the response. 
For instance, in the case of glucose oxidase (GOx), which catalyses the reaction: 

F

F= -COOH, -NH2
Succinimidyl ester, maleimide

FF

F= -COOH, -NH2
Succinimidyl ester, maleimide

stacking+ covalent conjugation

Protein adsorption

Polymer, DNA/RNA adsorption

Fig. 1.26   Schematic representation of the typical non-covalent CNT functionalization and the 
hybrid approach by using pyrene linkers
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glucose + O2 → glucolactone + H2O2, with oxygen acting as its natural electron 
acceptor to regenerate the enzyme, the electrode can take the role of its natural 
partner oxygen.

A direct electron transfer warrants an efficient transduction of the enzymatic 
recognition of a target analyte and avoids the use of mediators or low-molecular 
weight relays [172]. However, such goal is rather difficult to achieve since pro-
teins, when adsorbed on electrode surfaces, undergo denaturation with the con-
sequent loss of their electrochemical activity and bioactivity. Moreover, some 
enzymes contain the redox active centre buried deep inside the protein. That 
makes generally difficult to obtain direct electron exchange between the protein 
and electrode surfaces so that mediators are needed to obtain an electrochemical 
response. Therefore, electrode materials with suitable physicochemical properties 
and enzyme immobilization methods are important for obtaining the direct elec-
tron transfer and preserving their bioactivities. CNTs seem to be an ideal material 
to immobilize proteins and promote direct electron transfer without the need of 
mediators and without losing the bioactivity of the biomolecules [40, 42, 124, 172, 
173]. Moreover, CNTs have been shown to promote a dramatic decrease in the 
overpotential of some important species (H2O2, NADH) involved in electrocata-
lytic enzymatic reactions such as oxidases or dehydrogenases [40].

The use of aligned CNTs seems to be quite advantageous since the more 
electroactive ends of the nanotubes are readily accessible to species in solution. 
Moreover, the rigidity of the tubes allows them to be plugged into the biomole-
cules which enables direct electrical connection to the active centre of the enzyme 
and fast kinetics.

Direct electron transfer has also been achieved with many metalloproteins such 
as cytochrome C, horseradish peroxidase, microperoxidase (MP-11), myoglobin, 
hemoglobin, catalase, azurin, etc. immobilized on different CNT modified elec-
trodes [44, 53, 134, 175–183]. The electrochemical performance of typical metal-
loproteins on different CNT electrodes will be discussed in this thesis work taking 
as an example the small water soluble myoglobin (Mb) and catalase (Cat).

Myoglobin and Catalase: Iron Based Proteins

Myoglobin is a small oxygen-binding protein of muscle cells, which stores oxygen 
and facilitates oxygen diffusion in rapidly contracting muscle tissue. It has a 
molecular weight of 16,700 Da and is comprised of a single polypeptide chain of 
153 aminoacid residues of known sequence and a single iron protoporphyrin IX as 
the prosthetic group allocated in a hydrophobic pocket [184, 185]. At the centre of 
protoporphyrin, the iron atom is bonded to nitrogen atoms from four pyrrole rings. 
The protein contains a proximal histidine group attached directly to the iron cen-
tre, and a distal histidine group on the opposite face, not bonded to the iron. The 
distal side of the heme is either vacant or occupied by a water molecule which is 
easily exchanged by other ligand such as oxygen or hydrogen peroxide [173], 
Fig. 1.27. The distal histidine stabilizes a water-ligand to ferric iron and in the fer-
rous state this conformation stabilizes bound oxygen as the sixth ligand and 
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suppresses the irreversible autooxidation of the heme group [173]. Thus, the distal 
histidine acts as a gate by controlling the access of ligand molecules to the distal 
pocket. The outside of the protein has both polar and apolar residues with an isoe-
lectric point11 of 6.8. Besides its important biological task, Mb attracts attention 
due to its hemin core capable of redox activity, which is unusual for a protein not 
naturally involved in electron transfer.

On the other hand, catalase is a large common antioxidative enzyme present in 
the peroxisomes of nearly all aerobic cells, serves to protect the cell from the toxic 
effects of hydrogen peroxide (H2O2) by catalyzing its decomposition into molecu-
lar oxygen and water without the production of free radicals [186–190]. All cata-
lases are tetrameric, each subunit (molecular weight ~ 60,000 Da) consists of 506 
aminoacid polypeptide chain with hemin as a prosthetic group which is embed-
ded in the middle of each monomer. Catalase is one of the most efficient enzymes 
known, resulting in reaction rates approaching the diffusion-controlled limit. The 
optimum pH for human catalase is approximately 7.

As mentioned above, both proteins have the active redox centre embedded deep 
in the protein which makes difficult the direct electron transfer in conventional 
electrodes.

However, the transfer can be enhanced with a proper immobilization of the pro-
tein on adequate substrates. Additionally, the redox iron centre of both proteins is 
extremely sensitive to oxygen and peroxide and electrocatalytical activity can be 

11  Isoelectric point is the pH at which the number of positive charges and the number of negative 
charges of a compound (e.g. protein) are equal.

Fig. 1.27   Myoglobin molecule contains one heme prosthetic group inserted into a hydrophobic 
cleft in the protein. Representation of heme prosthetic group (biologically active group in Mb), 
its interaction with the polar proximal histidine and the oxygen ligand at the 6th axial site
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observed in presence of such analytes by monitoring the electron transfer between 
the electrode and the protein iron group. The possibility of enhancing the elec-
trochemical response of this metalloproteins together with its high sensitivity to 
oxygen and H2O2 gives rise to a strong interest, specially, in the area of the elec-
troanalysis, for the development of efficient electrochemical recognition (bio)sen-
sors for clinical diagnosis or for environmental assays.

CNT/DNA and Genosensors

The modification of CNT with nucleic acids constitutes a very promising area 
for the development of devices for DNA-detection, gene therapy, drug discov-
ery and delivery, etc. A genosensor consists in a substrate modified with specific 
oligonucleotides (probe DNA) that can detect targeted complementary DNA 
sequences (target DNA). The application of CNTs in electrochemical DNA bio-
sensors is quite promising for many reasons: CNTs constitute novel platforms for 
DNA immobilization with important electrochemical transducing properties and 
high specific surface area which can increase not only the attached DNA amount 
but also concentrate a great number of enzymes or electroactive nanoparticles to 
amplify DNA hybridization [40, 173].

In order to prepare electroanalytical devices based on hybridization recogni-
tion, the first critical issue to face is related with the immobilization procedures 
on the surface of the transducer. It is important to guarantee a good orientation of 
the bases of the DNA probe on the CNT interface in order to get efficiency in the 
hybridization with the target DNA. The more basic approaches for DNA immobili-
zation on CNTs are the physisorbed (multisite attachment) or the covalent anchor-
ing (single point linkage). In the latter case, typical schemes are provided by the 
conjugation of DNA terminal functional groups with functional groups in the CNT 
surface via the carbodiimide chemistry, streptavidin/biotin interactions, etc.

In general, DNA is physisorbed on CNTs by wrapping the tube, with the bases 
(apolar region of the molecule) in close contact with the hydrophobic walls of 
CNT whereas the phosphate backbone faces the solution [170, 191]. Such orien-
tation of the adsorbed DNA and the consequent reduced flexibility can decrease 
the efficiency of the hybridization event, indicating that for a more appropriate 
biofunctionalization, hydrophobic interactions need to be minimized. Therefore, 
when genosensors based on physical adsorption of oligonucleotides are consid-
ered, chemical treatment of the CNT surface (by promoting hydrophilic inter-
actions) should be performed to increase the efficiency of the hybridization 
detection. On the other hand, single-point attachment of the DNA turns out to be a 
more flexible configuration which enhances hybridization kinetics.

Many of the electrochemical DNA-detection strategies that can be collected in 
the literature range from the use of labelling target DNA to label-free approach. 
Among the later, the direct electrochemical detection of DNA methodologies such 
as the oxidation of the DNA bases (mainly guanine) or the use of highly positively 
charged o-negative redox reporters as indicators of the hybridization process are of 
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considerable interest, though the indirect detection methods of DNA hybridization 
by using labels (i.e. covalently linked fluorescent tag DNA target) are very popular 
and in some cases mandatory [192].

Label-free electrical detection protocols based on DNA oxidation are attractive 
since they greatly simplify DNA hybridization assays as they offer an instantane-
ous detection of the duplex. However, such kind of detection schemes can suffer 
from some drawbacks [193]. DNA bases exhibit high oxidation potential and con-
sequently higher background currents which can mask the electrochemical signal 
[194, 195]. In some cases, it is also necessary to manipulate the DNA probe by 
replacing guanine by inosine in order to avoid interferences of the guanine oxi-
dation from the probe when monitoring the DNA target [192]. Other additional 
issues that can perturb the performance of the biorecognition event can arise 
from the functionalization process. For direct oxidation, a DNA multisite attach-
ment provided by physisorption is required to guarantee close proximity between 
the CNT and the DNA for electron exchange. As mentioned, such configuration 
reduces flexibility of DNA for the hybridization process. A covalent single point 
attachment could overcome such difficulties but then base oxidation mediators 
(such as ruthenium complexes) should be used for achieving a quantifiable signal 
since the bases can not remain in close contact with the electrode surface.

Labelled DNA detection schemes rely on the chemical labelling of target DNA 
sequences with redox active molecules, enzymes, nanoparticles, etc. [117, 192, 196–
199]. In the case of enzymatic labels bound to the DNA target, the enzyme triggers 
the catalysis of a redox active reaction under hybridization. For instance, by using 
a horseradish peroxidase-labelled DNA target, H2O2 peroxide is produced which 
can be detected amperometrically, so the redox reaction of H2O2 is an indication 
of the hybridization process. A variation on such approach involves a three-compo-
nent “sandwich” assay, in which the redox label is attached to a synthetic sequence 
specifically designed to bind an overhang portion of the probe and target DNA. All 
these approaches need an extra chemical labelling step either in the target DNA or in 
the synthetic oligonucleotide which makes the process more expensive and effortful 
[193]. One practical alternative to DNA base oxidation detection or chemical label-
ling schemes is to use redox active reporter molecules that intrinsically associate 
with the double helix in a non-covalent manner. These reporter molecules can inter-
act with the DNA either by electrostatic interactions or by intercalation in the dou-
ble strand DNA. A simple example of the former molecules is the highly positively 
charged Ru(NH3)6

3+ which can strongly interact with the negatively phosphate 
backbone. Such approach with non-covalent and reversible redox reporters is very 
sensitive, simple and does not damage the sample which allows further use.

Immunosensors

An immunosensor is a device comprising an antigen or antibody species coupled 
to a signal transducer, which detects the binding of the complementary species. An 
extensive range of analytes can be detected and measured by immunosensors, e.g. 
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medical diagnostic markers such as hormones (steroids and pituitary hormones), 
drugs (therapeutic and abused), bacteria and environmental pollutants such as 
pesticides.

An indirect immunosensor uses a separate labelled species that are detected 
after binding by, e.g. fluorescence or luminescence (e.g. a heterogeneous immu-
noassay). A direct device detects the binding by a change in potential difference, 
current, resistance, mass, heat, or optical properties (e.g. a homogeneous immuno-
assay). Although indirect sensors may encounter fewer problems due to non-spe-
cific binding effects, the direct sensors are capable of real-time monitoring of the 
antigen–antibody reaction. A wide range of molecules can be detected with detec-
tion limits ranging between 10−9 and 10−13 mol L−1.

Although it has not been dealt in this thesis work, CNTs have also promis-
ing applications in the immunosensing field and many examples of such sensor 
devices can be found in literature. For example, immunosensors with an electro-
chemiluminescence read-out signal have been designed using CNTs as support of 
the immunorecognition systems [200].

As an alternative to immunosensors, we have developed CNT-aptasensors 
which confer some advantages when we use specific detection schemes, as for 
instance, based on field-effect transistors, but this will be discussed in the follow-
ing section.

CNT-Aptasensors

Advances in nucleic acid research led to the identification of specific oligonucleic 
acid sequences, which bind to wide array of non-nucleic acid target molecules like 
proteins, with high affinity and specificity. Such nucleic acid sequences are termed 
as aptamers [201]. The word aptamer derives from aptus that means ‘to fit’ [202]. 
These are RNA or DNA molecules (ca. 30–100 nucleotides) that recognize spe-
cific ligands and that are obtained in vitro by ‘selection evolution of ligands with 
exponential enrichment’, SELEX process [203].

The SELEX process (Fig.  1.28) starts by generating a large library of rand-
omized RNA or DNA sequences. Usually, this library contains 1014–1015 different 
RNA/DNA species that fold into different structures depending on their particu-
lar sequence. The library is incubated with the target protein of interest, and those 
RNAs/DNAs present in the library that bind the protein are separated from those 
that do not. The retained RNAs/DNAs are then amplified by RT-PCR and tran-
scribed in vitro to generate a pool of RNAs/DNAs that have been enriched for 
those that bind the target of interest. This selection and amplification process is 
repeated (usually 8–12 rounds) until the RNA/DNA ligands with the highest affin-
ity for the target protein are isolated. The winning aptamers are then cloned and 
sequenced.

Aptamer/protein binding results in a highly specific interaction, which has the 
ability to discriminate between related proteins that share common sets of struc-
tural domains [204–207].
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Aptamers are often called ‘synthetic antibodies’ because they can mimic 
antibodies in a number of applications and bind their targets with affinities and 
specificities that can be comparable to those of antibodies: the equilibrium dis-
sociation constants of aptamers to targets are usually in the range of picomo-
lar (pM) to micromolar (μM), similar to those of antibodies for antigens [208, 
209]. However, aptamers present some advantages. Table  1.2 summarizes them 
[210]. Aptamers can be used not only for the molecular recognition in immuno-
assay-like tests, but also as sensing elements in biosensors. Biosensors based on 
aptamers as biorecognition elements have been coined ‘aptasensors’ [211]. The 
grey-coloured rows detail special advantages of aptamers over antibodies as rec-
ognition elements.

In the past few years, integration of functional aptamers into nanomaterials has 
become a new interdisciplinary field that aims at providing new hybrid sensing 
systems (sensors) for specific and sensitive molecular recognition [212, 213]. This 
novel integration has yielded various types of sensors for selective and sensitive 
detection of a wide range of analytes such as adenosine, cocaine, mercuric ion, 
thrombin, etc.

In this thesis work, the preparation, characterization and applications of CNTs 
that are conjugated with aptamers will be discussed, as well as the suitability of 
using different configurations of CNT (randomly dispersed on GC, VACNT, FET, 
etc.). It is worth highlighting that in terms of FET technology, aptamers provide 
a preferable choice over antibodies that will be discussed in detail later on. The 
study will be focused on aptamer nanosensors for the biosensing of proteins like 
thrombin and lysozyme.

Fig.  1.28   Scheme of systematic evolution of ligands by exponential enrichment (SELEX). A 
library of DNA or RNA molecules is incubated with the protein target, and those that bind to it 
are separated from the rest. The sequences with affinity for the target are subsequently amplified 
to generate a pool of molecules that bind to the protein of interest
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Thrombin and Lysozyme

Thrombin

Thrombin is a serine protease that plays many roles in the coagulation cascade, 
it converts soluble fibrinogen into insoluble strands of fibrin, as well as cata-
lyzes many other coagulation-related reactions [214]. Thrombin is a two chain 
enzyme composed of an NH2-terminal “A” chain composed of 36 residues 
(Mr  =  6,000  Da) and is non-essential for proteolytic activities and a COOH-
terminal “B” chain composed of 256 amino acids (Mr  =  31,000  Da) which 
remain covalently associated through a single disulfide bond. Human thrombin 
is 13 amino acids shorter than the bovine thrombin due to a thrombin cleavage 
site on the human protein that is not present in the bovine protein. Its isoelec-
tric point is 7.0–7.6 [215]. Thrombin is usually considered as an important target 
when searching for anti-coagulants and antithrombotics to interfere in the blood 
coagulation [216]. Moreover, thrombin is considered as an useful tumour marker 
in the diagnosis of pulmonary metastasis [217]. Disorders in blood clotting are 
tightly linked to many serious health issues, including heart attacks and strokes 
[218]. Therefore, thrombin is typically the target in anticoagulation therapy for 
these diseases [219].

Table 1.2   Advantages of aptamers over antibodies

Aptamers Antibodies

Binding affinity nM-pM nM-pM
Specificity High High
Production Chemical process carried out in 

vitro and can therefore target 
any protein

Requires in vivo biological 
system

Target range Wide: ions, small organic mol-
ecules, proteins, whole cells, 
etc.

Narrow: only immunogenic 
compounds

Batch to batch variation Uniform activity regardless of 
batch synthesis

Activity of antibodies vary from 
batch to batch

Chemical modification Easy and straightforward Limited, can cause loss in 
affinity

Target site Investigator determines target site 
of protein

Immune system determines 
target site of protein

Thermal denaturation Return to original conformation 
after temperature treatment

Temperature sensitive and 
undergo irreversible dena-
turation

Shelf-life Stable to long term storage and 
can be transported at ambient 
temperature

Limited

Cross-reactive compounds 
isolation

Can be isolated utilizing toggle 
strategy to facilitate pre-clini-
cal studies

No method

Antibody generation, particularly for use in biosensors, has several drawbacks that are 
addressed by aptamers
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Lysozyme

Lysozyme, also called muramidase or peptidoglycan N-acetylmuramoyl-
hydrolase, is an ubiquitous enzyme widely distributed in diverse organisms such 
as bacteria, bacteriophages, fungi, plants and animals [220]. It catalyzes in vivo 
the hydrolysis of the β(1–4) glycosidic linkage between N-acetylmuramic acid and 
N-acetylglucosamine alternating sugar residues in the bacterial peptidoglycan and 
causes bacterial cell lysis. Its primary sequence contains 129 amino acid residues. 
The molecular weight is 14,351  Da and its isoelectric point is 11.0 [221, 222]. 
Lysozyme’s relatively small size and simplicity makes it an excellent model ana-
lyte for novel methods in protein detection. This enzyme works as a natural inner 
body antibiotic often termed “body’s own antibiotic” because it possesses lytic 
activity against the polysaccharide wall of bacteria. Moreover, it has been discov-
ered recently that antibodies against variants of lysozyme are present in patients 
with rheumatoid arthritis [223] which highlights the potential of lysozyme as a 
clinical index of these diseases.

1.3.2.3  Special Issues for the Biorecognition Process

Selectivity is especially important in real-world samples where the target con-
centration can be much less than the concentration of non-target biomolecules. 
Thus there are some issues that need to be taken into consideration for an efficient 
biorecognition event.

Blocking Agents

A trade-off exists between selectivity requirements and sample preparation com-
plexity for most real-world applications. Most authors opine that obtaining ade-
quate selectivity in complex real-world samples is the most daunting challenge to 
the field of biosensors in general [224]. A closely related concept is non-specific 
binding (NSB), in which non target biomolecules stick to the probe layer, pre-
venting target binding or causing a false positive signal. To alleviate this problem, 
one should pre-expose the sensor modified with probe molecules to a solution 
containing specific blocking agents: molecules that cover the sensor gaps, for 
instance in our case the CNT walls left unprotected by the probe, thus prevent-
ing the non-specific adsorption of interferents when exposing to the specific target 
analytes.

However, there is no previous study which deals systematically in depth the 
problem of blocking the non-specific adsorption on the CNTs. Experimental appli-
cations are limited to blocking agents widely used to prevent protein adsorption on 
other surfaces, such as bovine serum albumin (BSA) or other antifouling agents 
such as polyethylene glycol (PEG) [225, 226], polyethylene glycol methacrylate 
[227–229] and surfactants like Tween 20 [226, 230, 231] that can also be depos-
ited on areas surrounding the sensor to prevent target depletion via non-specific 
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binding [232, 233]. These agents have been widely used for biomedical applica-
tions and biosensors.

Taking as an example the non-specific adsorption of proteins on CNT, the 
major problem comes from the CNT hydrophobic surface and the fact that pro-
teins are capable of conformational changes that increase their interactions (hydro-
phobic interactions) with surfaces [234].

Specifically, there are enthalpic and entropic contributions in the protein 
adsorption processes on surfaces. Enthalpic contributions include Van der Waals, 
hydrophobic and electrostatic (between the surface and the oppositely charged 
protein) interactions. Entropic contributions are based on mechanisms involving 
the release of counterions and/or water molecules that form the hydration shell, as 
well as conformational changes [234].

The protein adsorption mechanism considers two stages, being the first one 
more decisive (Fig. 1.29). It is based on two interfaces, one between the surface 
and the water and the other between protein and water. The first step consists in 
the formation of a new interface between the surface and the protein, with the con-
sequent displacement of water. The second stage considers the reorganization of 
the protein on the surface.

It is possible to develop a strategy to block non-specific adsorption on CNT 
hydrophobic surface if the first stage is made difficult. One way to accomplish that 
is by modifying the CNTs surface with blocking agents that may confer a stable 
hydrophilic interface that hinders the displacement of water molecules from the 
CNT-protein interface.

From studies of self-assembled monolayers with terminal functional groups 
ethylene glycol (EG), it was demonstrated the capacity of these groups to stabilize 
water molecules by hydrogen bonds, and consequently, the generation of a solva-
tion layer at the interface which energetically suppress adsorption of proteins on 
the EG modified surface [235]. Although the molecular mechanisms underlying 
protein resistance of ethylene glycol moieties have not yet been fully identified, 
it is believed that apart from the stabilization of hydration shells there is also a 
brush-induced “steric” repulsion that is thought to prevent direct contact between 
proteins and the underlying surface.

Apparently, studies that have tested different blocking agents with EG groups 
(PEG, Triton X-100, Tween 20, etc.) conclude that the blocking agent that has less 
number of EG units is the one which confers less resistance to protein adsorption. 

1st stage 2nd stage
p,w

ip,w
is,w

p,w

is,p
is,p

p,wi’
i

Fig.  1.29   Illustration of the proteins adsorption mechanism in two stages, where: p protein, 
i interface, s surface, w water. After the second stage, conformational changes can modify the 
interface with water resulting in i′pw
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However, this view is far from giving a complete explanation of the process; 
layout and density of the blocking agents on CNT should be taken into account 
and therefore, one should use more specific techniques that give information for 
instance on coating degrees, orientation and thickness of the agents chains such as 
surface plasmon resonance, grazing incidence X-ray diffraction, theoretical studies 
based on molecular dynamics simulations, etc.

The use of blocking agents has not been systematically studied, but several 
approaches have been found to work in specific situations. For instance, washing 
the sensor surface before readout can sometimes improve selectivity by washing 
away non-specifically adsorbed molecules while leaving the target intact, but this 
in an endpoint measurement and not real-time approach.

1.4 � Characterizing the Biosensor Devices

In this part we will provide an overview of the fundamentals of the main tech-
niques that have allowed characterizing the biosensor devices and following the 
sensing events. Specifically, we will describe the different electrochemical and 
electronic methods of detection used and surface characterization techniques.

1.4.1  Methods of Detection: Electrochemical and Electronic 
Biorecognition Processes

Although optical detection techniques are perhaps the most prevalent in biology 
and life sciences, electrochemical or electronic detection techniques have also 
been used in biosensors/biochips due to their great sensitivity, high specificity, and 
low cost. These techniques can be amenable to portability and miniaturization, 
when compared to optical detection techniques.

In the next lines, the electrochemical and electronic techniques used to charac-
terize the biosensor devices of this thesis work will be described. These techniques 
include voltammetric techniques (cyclic voltammetry and differential pulse vol-
tammetry), chronocoulometry, electrochemical impedance spectroscopy and elec-
tronic detection based on electric field.

1.4.1.1  Voltammetric and Chronocoulometric Measurements

Voltammetric techniques involve the application of a potential (E) to an electrode 
and the monitoring of the resulting current (i) flowing through the electrochemical 
cell. In many cases, the applied potential is varied over a period of time (t) while 
monitoring the current. Among all the common forms of voltammetry, we have 
focused in cyclic voltammetry and differential pulse voltammetry.

1.3  Electrochemical and Electronic Applications of CNT Electrodes
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Cyclic voltammetry (CV) is perhaps the most versatile electroanalytical tech-
nique for the study of electroactive species [236]; it can provide qualitative infor-
mation about the number of oxidation states and their stability, about mechanisms 
of electrochemical reactions, as well as their rate of heterogeneous electron trans-
fer. It can also be used in combination with simulation software to calculate rates 
of homogeneous and heterogeneous reactions.

Cyclic voltammetry is often the first experiment performed in an electrochemical 
study of a compound, a biological material, or an electrode surface. For instance, CV 
allows following biorecognition events with electron transfer exchange. The effec-
tiveness of CV results from its capability for rapidly observing the redox behaviour 
over a wide potential range. The resulting voltammogram is analogous to a conven-
tional spectrum in that it conveys information as a function of an energy scan.

Specifically, CV consists of cycling the potential of an electrode, which is 
immersed in an unstirred solution, and measuring the resulting current. The poten-
tial of this working electrode is controlled versus a reference electrode such as a 
saturated calomel electrode (SCE) or a silver/silver chloride electrode (Ag/AgCl). 
The controlling potential which is applied across these two electrodes can be con-
sidered an excitation signal (for CV is a linear potential scan with a triangular 
waveform) as shown in Fig. 1.30.

The important parameters in a cyclic voltammogram are the peak potentials (Ep
c, 

Ep
a) and peak currents (ipc, ipa) of the cathodic and anodic peaks, respectively. If the 

electron transfer process is fast compared with other processes (such as diffusion), 
the reaction is said to be electrochemically reversible, and the peak separation is

Thus, for a reversible redox reaction at 25 °C with n electrons ΔEp should be 
0.0592/n V.

The formal reduction potential (Eo) for a reversible couple is given by:

∆E p = E pa − E pc = 2.303 · RT/nF.

Eo =
E pc + E pa

2
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Fig. 1.30   a Typical excitation signal for cyclic voltammetry, triangular potential waveform with 
switching potentials at −0.2 and 0.8 V versus SCE; b cyclic voltammogram scheme
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For a reversible reaction, the concentration is related to peak current by the 
Randles–Sevcik expression (at 25 °C):

where ip is the peak current in amps, A is the electrode area (cm2), D is the dif-
fusion coefficient (cm2 s−1), c0 is the concentration in mol cm−3, n the number of 
electrons and v is the scan rate in V s−1.

Accordingly, the current is directly proportional to concentration and increases with 
the square root of the scan rate. A typical cyclic voltammogram is shown in Fig. 1.30b.

For the cases that the electron transfer processes are “slow” (relative to the volt-
age scan rate) the reactions are referred to as quasi-reversible or irreversible electron 
transfer reactions. In this situation the voltage applied will not result in the genera-
tion of the concentrations at the electrode surface predicted by the Nernst equation. 
This happens because the kinetics of the reactions is ‘slow’ and the equilibrium is 
not established rapidly (in comparison to the voltage scan rate). In this situation, the 
overall form of the voltammogram recorded is similar to that above, but unlike the 
reversible reaction, now the position of the current maximum shifts depending upon 
the reduction rate constant (and also the voltage scan rate). This occurs because the 
current takes more time to respond to the applied voltage than in the reversible case.

In the irreversible processes, the individual peaks are widely separated and the 
peak current is given by:

with α being the transfer coefficient and na is the number of electrons involved 
in the charge transfer step. The current is still proportional to the bulk concentra-
tions but will be lower in height depending on the value of α. As before, the peak 
current increases linearly with ν1/2.

For quasi-reversible systems, the shape of the peak and the peak parameters are 
functions of α and a parameter Λ, the latter one defined as:

where k is the heterogeneous electron transfer rate constant.
As Λ increases, the process approaches the reversible case. For small values of Λ, 

the system exhibits a more irreversible behaviour. Then, the peak current is given by:

where ip(rev) is the reversible value of ip and K is a function of Λ and α. In this 
case ip is not proportional to ν1/2.

Differential pulse voltammetry (DPV) is an important electroanalytical tool 
which provides increased sensitivity and more efficient differentiation and resolu-
tion of different species compared to CV.
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This technique uses a series of fixed potential pulses of small amplitude (10–
100 mV) which are superimposed on a slowly changing base potential as shown in 
Fig. 1.31.

The current is sampled immediately before each potential pulse is applied (ia) 
and immediately before each pulse ends (ib), and it is the difference between these 
current responses (ib −  ia), that is used to produce the voltammogram. By sam-
pling the current just before the potential is changed, the effect of the charging 
current can be decreased.

Chronocoulometry (CC) is one of the classical electrochemical techniques fre-
quently used in electroanalytical chemistry. As its name implies, CC is the meas-
urement of charge (coulombs) as a function of time (chrono). Applications of this 
technique include measurement of electrode surface area, diffusion coefficients, 
concentration, kinetics of both heterogeneous electron transfer reactions and 
chemical reactions coupled to electron transfer, adsorption, and the effective time 
window of an electrochemical cell. In our particular case, chronocoulometry meas-
urements can help to estimate the accumulated cationic redox marker at the oligo-
nucleotide CNT modified surface as indicative of the hybridization process [237].

In this method a pulse of potential is applied and the response in current is 
monitored as a function of the time. From the integration of the current profiles 
versus time, one can obtain the charge (QTOT). The charge contains information of 
the double layer charging (at very short times), the charge of the species adsorbed 
and the charge of the species diffusing at the electrode (longer times) according to 
the following relation :

The total charge (QTOT) measured in response to the potential step thus, comes 
from three sources:

(a)	 Charge of the double layer (Qdl);
(b)	 Charge of the adsorbed species (Qads);
(c)	 Charge of the species diffusing at the electrode (Qdiff).

QT OT = Qdl + Qads + Qdi f f = Qdl + nF AΓo +
2nF AD

1/2
o Co

π1/2
t1/2

Fig. 1.31   a Diagram of the potential waveform used in DPV; b differential pulse voltammogram



55

F is the Faraday constant (96,500 C), A is the electrode area, n the number of 
electrons and Co is the concentration of the redox species at the bulk electrolyte, D 
is the diffusion coefficient of the species and Γo is the amount of adsorbed species 
at the interface of the electrode.

One of the important applications of CC is the estimation the amount of electro-
active species adsorbed on the surface, for which one has first to subtract the double 
layer charging [237]. To estimate it, chronocoulometric measurements in the back-
ground electrolyte (without the presence of the electroactive species that can undergo 
adsorption on the electrode) are performed. By extrapolation from the linear region 
of the curve of charge as a function of t1/2, one can obtain the ordinate at the origin 
which corresponds to the double layer charge (Qdl). Then the chrono measurements 
are performed in presence of the redox markers that can adsorb on the surface. Again, 
the ordinate of the origin is estimated which comprises the charging of the double 
layer plus the charge of the adsorbed amount (Γo). Therefore, from both measure-
ments one can get the adsorbed amount by Qdl subtraction as shown in Fig. 1.32.

1.4.1.2  Electrochemical Impedance Spectroscopy

Electrochemical Impedance spectroscopy (EIS) is a very versatile tool widely used 
in different fields (corrosion [238, 239], semiconductor electrodes [240, 241], pol-
ymers and coatings [242, 243], batteries and fuel cells [244–246], electrode kinet-
ics and mechanisms [247, 248], biomedical and biological systems [224, 249], 
solid-state systems [250], etc.). Since EIS turns out to be very sensitive to probe 
the interfacial properties of a modified electrode, it has become an attractive tool 
to monitor biorecognition events at the electrode surface [251–253].

Fig.  1.32   Illustration of the procedure in order to get the amount of electroactive species 
adsorbed on an electrode, Γoo The red curve represents the chronocoulometric measurements for 
an electrode immersed in an electrolyte that contains low concentration of electroactive species 
that can be adsorbed on the electrode surface. The black curve is the chrono measurement in 
presence of the background electrolyte but in absence of the electroactive species (Color figure 
online)
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Specifically, EIS allows characterizing the double layer interface at the elec-
trode, the physicochemical processes of a widely differing time constants, sam-
pling electron transfer at high frequencies and mass transfer at low frequencies. 
The processes occurring in the electrochemical cell can be modelled by using 
combination of resistors and capacitors (equivalent circuits) [254]. The experimen-
tal spectra can be fitted with the use of equivalent circuits and obtain the values of 
electrical parameters such as resistances, capacitances, etc., which characterize the 
electrochemical interface.

Voltammetry or amperometry involve measuring the direct current (DC) cur-
rent at an electrode as a function of applied electrode-solution voltage. In contrast, 
electrochemical impedance (Z) is based on the collection of an alternating current 
(AC) resulting from applying a sinusoidal potential (Et) of small amplitude (typi-
cally 10 mV).

Suppose that we apply a sinusoidal potential excitation Et:

where Et is the potential at time t, E0 is the amplitude of the signal, and ω = 2πƒ is 
the radial frequency; ƒ is the frequency expressed in Hertz (Hz).

The response to this potential is an AC current signal with a current intensity It 
also depending on t, with the same frequency but with an amplitude I0 and a phase 
angle φ depending on the impedance of the system (as represented in Fig. 1.33).

An expression analogous to Ohm’s law allows us to calculate the impedance of 
the system, expressed in terms of a magnitude Z0, and a phase shift φ

According to Euler’s expression:

Et = E0 · sin (ω · t)

It = I0 · sin (ω · t + φ)

Z =
Et

It

=
E0 · sin (ω · t)

I0 · sin (ω · t + φ)
= Z0 ·

sin (ω · t)

sin (ω · t + φ)

exp ( jφ) = cos φ + j sin φ

Fig. 1.33   AC excitation 
signal applied and sinusoidal 
current response in the 
system under study
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A common way to represent the impedance vector model is to use complex 
notation:

Impedance then is represented as:

where Zr is the real part of the impedance and Zi the imaginary part.
There are many ways to plot impedance data. One of the more common 

impedance representations is the ‘Nyquist plot’ in which the imaginary part or 
the impedance is plotted versus the real part. It provides visual insight into the 
system dynamics at the electrochemical interface. As shown in Fig.  1.34, such 
plot exhibits a kind of semicircle profile plus a linear region. The points at 
which the impedance data cut the real impedance axe, represent resistance val-
ues. In the typical plot of the figure Rct is the charge-transfer resistance, which 
is inversely proportional to the rate of electron transfer and consequently pro-
vides us information about the easiness for electron transfer at the electrode inter-
face (a rough estimation of Rct is related with the width of the semicircle); Cdl 
is the double-layer capacitance and can be obtained from the maximum value 
of the imaginary part of impedance at the semicircle; Rs is the electrolyte resist-
ance and can be extracted from impedance data at the higher frequencies; W is 
the Warburg impedance and is identified with the linear portion of the imped-
ance spectra that appears at the lower frequencies. The Warburg impedance arises 
from mass-transfer limitations between the solution and electrode surface and 
can be used to measure effective diffusion coefficients. It can be modelled as a 

E(t) = E0 · exp ( jω · t)

I (t) = I0 · exp ( jω · t − jφ)

Z =
E

I
= Z0 exp( jφ) = Z0 (cos φ + j sin φ) = Zr + j Zi

-Zi

Zr
Rs Rs+Rct

ω

φ

logω

logω

Rct + Rs

Rs

1Rs

W
Rct

Cdl

|Z|

Log|Z|
(a) (b)

Fig.  1.34   Different representations of the impedance data. a Nyquist plot representing the 
impedance vector in the complex plane; b bode diagrams and the typical equivalent circuit at the 
electrochemical interface (Randles circuit)
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frequency dependent reactance with equivalent real and imaginary components 
W = σ · (ω)

1
2 · (1 − j) where ω = radial frequency and σ = Warburg coefficient 

(constant for a defined system).
Another way to represent the impedance results is by using the ‘Bode diagram’ 

where the modulus of the impedance (Log|Z|) and the phase angle (φ) between the 
AC potential and the AC current as a function of the frequency (log ω) are plotted 
(Fig. 1.34). In this diagram, the impedance data which are frequency independent 
represent the behaviour of the resistive processes (phase angles close to 0) whereas 
the ones that are dependent on the frequency are more related to capacitive or 
diffusive processes (phase angles between −90° or −45° respectively). Thus the 
impedance spectra can give us a broad overview of the different processes taking 
place at the electrochemical interface (capacitive, resistive, diffusion effects) and 
which one is dominating more at a specific range of frequencies.

It has long been recognized that the impedance of solid electrodes usually devi-
ates from purely capacitive behaviour; this is empirically modelled as a constant 
phase element (CPE) [255, 256]. The complex impedance of a CPE is given by:

where ω is the radial frequency (expressed in rad s−1), C condenser capacitance 
and 0.5 < n < 1 (n = 1 corresponds to the ideal capacitor and n = 0.5 corresponds 
to a Warburg element).

The use of CPE elements is widely extended in the experimentalists since 
capacitors often do not behave ideally and can be explained mathematically by 
dispersion in local capacitance values. Microscopic roughness can cause this effect 
[257], but microscopic chemical inhomogeneities and ion adsorption play an even 
larger role [258–260]. Solid electrodes can be expected to have a certain amount 
of CPE behaviour, and thus modelling the electrode-solution interface as purely 
capacitive is often simplistic and can reduce the quality of data fitting.

1.4.1.3  Electric Field Detection

Electronic detection based on electric field is quite promising for the bio-world 
since most biological processes involve electrostatic interactions and charge trans-
fer which can be sensitively captured by FET devices, enhancing at the same time 
the merging of biology and electronics. Under this context, we have mentioned 
before that the CNT-FET configuration specifically holds promise for the develop-
ment of (bio)chemical sensors since the semiconducting CNTs behave as conduct-
ing channels in the transistor approach, in direct contact with the environment and 
with all the current flowing at the surface of the tubes. All these features make the 
conductance of these devices be extremely sensitive to very small changes in the 
environment and to the interaction with chemical and biological species.

Many papers can be found in literature in which the capabilities of CNT-FETs 
have been explored. The devices have been found to be sensitive to different gases 

1

ZC P E

= ( jω)nC
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such as NH2 or NO2 [261] and due to size compatibility of the nanoscale devices, 
they have also shown to be very appropriate for single (bio)molecule detection [262].

As also pointed out before, one can get two different device architectures, one 
based on an individual CNT or on a random CNT network. On the former type of 
device, some irreproducibilities can be obtained from device to device due to the 
geometry-dependent variation in the electronic characteristics of individual nano-
tubes or in variations of the Schottky barriers. In the latter configuration, current 
flows along several conducting channels that determine the overall device conduct-
ance. In this architecture the device operation depends upon the density of nano-
tubes and also on the extent of metallic nanotubes which do not exert conductance 
modulation. However, the advantage of such device, though less sensitive than sin-
gle nanotube devices, resides in the fact that they offer more reproducibility and 
manufacturability.

The presence of an immobilized biomolecule or the reaction between biomol-
ecules (ligand-receptor) can be monitored in real-time by examining the conduct-
ance change in the device. The technique can become sensitive enough to follow 
conformational changes of biomolecules or to capture electronic data that may 
produce electronic signatures specific to a biological process. This technique can 
be termed as a label-free methodology with detection limits that can be down to 
the picomolar range. Indeed, one can consider that the CNT in the FET can act a 
“channel modulation label” to sense changes in their immediate environment.

Although a big amount of biosensing studies has been carried out by using car-
bon nanotube transistors, the physical mechanism behind the sensing process is 
still not so clear and the lack of a good understanding of the sensing mechanism 
can hamper the further exploitation of these promising nanosensors. Following, it 
will be shown how one can use the I–VG curves as a tool to illustrate the changes 
in the CNT conductance profile from the interaction of (bio)chemical species with 
the CNT-FET. The evaluation of the I/VG profiles can give insights of the different 
mechanisms that could take place when using CNT-FETs. In Fig. 1.35a we can see 
the change of the current as a function of VG in the case of electrostatic gating by 
adsorbed species on the CNT. Such species can induce a partial charge transfer or 
doping in the CNT and thus shifting the I/VG curve. For instance, the adsorption of 
positively charged species induces additional negative charge in the SWNT, thus 
producing n-doping in the SWNT and shifting the I/VG curve towards more nega-
tive voltages. The opposite holds for negatively charged adsorbents.

Figure  1.35b shows that during the interaction with (bio)chemical species 
changes in the Schottky barrier at the metal/CNT contacts can be produced. 
Adsorbed species at the contacts can modulate the local work function of the con-
tacts and thus the band alignment or bending.

Figure  1.35c shows the effect of a reduced gate efficiency which may occur 
when the gate capacitance is reduced due to low permittivity ε of adsorbed bio-
molecules relative to the electrolyte. However, this effect can become only 
important in case of near-full coverage of the CNT by the species and under the 
disputable assumption that ions cannot permeate through the adsorbed biomolecu-
lar layer.

1.4  Characterizing the Biosensor Devices
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Finally, Fig. 1.35d shows the effect of reduced carrier mobility by adsorption 
of species which produce scattering centres. That effect induces conductance sup-
pressing in both p and n-branches [154, 263].

So far we have presented different processes that can induce changes in the 
characteristics of the CNT-FET device. However, the experimental identification 
of the sensing mechanisms according to these features is not trivial and a certain 
ambipolar character of the FET is important to distinguish unequivocally the sens-
ing mechanism, a feature that sometimes is not easy to get.

Another important issue for design and applications of CNT sensors is related with 
the region of the device where (bio)molecule adsorption causes significant conduct-
ance changes. There have been some reports which suggest that the work function 
modulation is the dominant sensing mechanism. That implies that the sensitive region 
is limited to the nanoscale contact regions. However, there have also been some papers 
that also clearly indicated that in addition, strong electrostatic gating reliably occurs 
along the bulk of CNT channel. This latter issue has been confirmed by passivating 
the contacts with some insulating layer made from polymethylmethacrylate (PMMA).

Fig. 1.35   Calculated I–VG curves before (black) and after (red) protein adsorption for four dif-
ferent sensing mechanisms. The bias voltage is 10 mV. a Electrostatic gating effect correspond-
ing to a shift of the semiconducting bands downward; b Schottky barrier effect that corresponds 
to a change of the difference between metal and CNT work function; c capacitance mechanism 
for 90 % coverage of CNT with protein; d mobility mechanism that corresponds to a mobility 
reduction of charge carriers to a mere 2 % of the initial value. Reprinted wit permission from 
Ref. [263]. Copyright (2008) American Chemical Society
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Some authors claim that the most common mechanisms can be explained by a 
combination of electrostatic gating and Schottky barrier effects.

As mentioned in previous section, the typical gate configuration for CNT-FET 
biosensors is based on a bottom gate configuration which is usually operated 
under dry conditions. In such device, incubation and specific binding of chemical 
or biological entities is performed in physiological conditions. Then, the removal 
of weakly bound species is performed by thorough washing steps and finally, the 
acquisition of the sensor response is taken in dry conditions. Another configuration 
is the liquid-gate transistor in which the entire device is immersed and operated 
in buffer solution with a nearby reference electrode also immersed in the liquid 
which is held at a desired gate voltage. This kind of configuration allows following 
up in situ and in real time the (bio)chemical interactions or (bio)recognition pro-
cesses in a friendly environment for the (bio)molecules in contrast to the dry con-
ditions. The operating voltage regime for liquid-gate needs to be confined away 
from any electrochemical side reactions and normally the gate potential range is 
much narrower than in the case of the back-gate FET but the transconductance of 
FETs in liquids is much higher which make them more sensitive.

Another critical point in the CNT-FET (bio)sensors is the Debye length (λD). The 
Debye length is the typical distance required for screening the surplus charge by the 
mobile carriers present in a material (is the characteristic thickness of the double 
layer formed at the conducting CNT channel). The CNT-FET can only be sensitive to 
the detection of a (bio)molecule interaction or biorecognition event if such processes 
are taken place inside the Debye length. The thickness of the Debye length varies as 
the inverse square root of the ionic strength (I). For this reason, it results very impor-
tant to adjust the ionic strength conditions. Figure  1.36 shows a hybridized DNA 
strand and the Debye length (as a function of the ionic strength) and how it scales 
with the length of biomolecule. By decreasing the ionic strength, the Debye length is 
bigger and the hybridization process can be detected in a major extent [264].

Thus, the issue with the Debye length restricts the detection to the size of the 
biomolecule or to the distance at which the biorecognition event is taken place. 
For instance, some authors have found that in some cases, the electronic protein 
detection based on an antigen/antibody protocol is not so sensitive because the 
immune-recognition process exceeds the limits of the Debye length. In such cases 
the lack of sensitivity has been overcome by using aptamers. Figure 1.37 shows an 
scheme showing such effect.

1.4.2  Surface Characterization: SEM, TEM, AFM

Microscopes have changed the way we approach the micro/nanoscopic world and 
analyse surface phenomena in physics, chemistry, biology, biochemistry and engi-
neering. First designed as techniques to image surfaces with unprecedented spatial 
resolution, they have extended their capabilities to follow atomic and (bio)molecu-
lar processes in different environments and to probe local chemical and physical 
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properties, producing a wealth of related techniques. They have also evolved from 
a qualitative technique to a more quantitative one [265].

In few lines, the surface characterization techniques used to follow all the 
studies of this thesis work such as Scanning Electron Microscopy, Transmission 
Electron Microscopy and Atomic Force Microscopy have been described.

Fig. 1.36   Illustration 
showing the changes of the 
Debye length as a function 
of the ionic strength and in 
comparison with a double 
strand DNA

Fig. 1.37   Schematic representation of label-free protein biosensors based on CNT-FETs: a anti-
body-modified CNT-FET, b aptamer modified CNT-FET. It can be observed that in case (a) the 
antibody is much larger in size than the Debye length. In such case the charges of the bound pro-
tein may be screened by the double layer and their effect on the equilibrium carrier distribution 
would then vanishingly small. On the other hand, aptamers enable sensitive detection possibili-
ties, partly derived from their small size. Reproduced from Ref. [264]
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1.4.2.1  Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is one of the most versatile methods for 
observation and characterization of heterogeneous organic and inorganic mate-
rials on a nanometre (nm) to micrometer (μm) scale. In SEM, an electron beam 
is moved in a raster pattern across the surface of a sample or is static to obtain 
an analysis at one position. The beam interacts with the sample surface, produc-
ing a number of different signals (secondary electrons, backscattered electrons, 
characteristic X-rays and other photons of various energies), which after ampli-
fication can be analysed to provide useful information about surface topogra-
phy, composition, crystallography, etc. The imaging signals of greatest interest 
are the secondary and backscattered electrons (BSE) because these vary primar-
ily as a result of differences in surface topography or provide information about 
the distribution of different elements in the sample (the intensity of the BSE 
signal is strongly related to the atomic number of the specimen). The analysis 
of the characteristic x-radiation emitted from samples can yield both qualitative 
identification and quantitative elemental information from regions of a speci-
men nominally 1 μm in diameter and 1 μm in depth under normal operating 
conditions [Energy-dispersive X-ray spectroscopy (EDS)]. Electromagnetic 
lenses are used to focus and deflect the electron beam. The primary motivation 
for using SEM instead of light microscopy is related to the fact that electrons 
have a much shorter wavelength than light (higher resolution) obtaining topo-
graphic images in the magnification ranges 10–10,000X and that SEM uses a 
larger focal length (greater depth of focus) yielding a characteristic three-
dimensional appearance useful for understanding the surface structure of a sam-
ple [266, 267].

Scanning electron microscopy and sometimes combined with other techniques 
which help to gain resolution, is used to determine impurities such as amorphous 
carbon or catalyst particles that coexist with bundles of SWNTs in the sample.

For instance, Fig. 1.38 shows a SEM image of non-purified MWNTs material 
in the form of spaghetti grown with the CVD technique. Next to the nanotubes, the 
bright spots indicate the presence of catalyst particles in the sample.

1.4.2.2  Transmission Electron Microscope

In a conventional transmission electron microscope, a thin specimen is irradiated 
with an electron beam (acceleration voltage 100–300  keV) of uniform current 
density. Under high vacuum, electrons interact strongly with the specimen as it 
passes through by elastic and inelastic scattering. The specimen must therefore 
be very thin, typically of the order of 5–100 nm for 100 keV electrons, depend-
ing on the density and elemental composition of the object and the resolution 
desired.

Electrons are emitted in the electron gun by thermionic, Schottky, or field 
emission. A three or four-stage condenser lens system permits variation of the 
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illumination aperture and the area of the specimen illuminated. Because the TEM 
is a multiple lens system, the electron intensity distribution behind the specimen 
is imaged with three to eight lenses, onto a fluorescent screen. The image can be 
recorded by direct exposure of photographic emulsion or an image plate inside the 
vacuum, or digitally via fluorescent screen coupled by a fibre-optic plate to a CCD 
camera [268].

The aberrations of the objective lens are so great that it is necessary to work 
with very small objective apertures (10–25 mrad) to achieve resolution of the 
order of 0.1–0.3 nm. This small resolution has proved extremely valuable in the 
examination of biological ultra-structures such as DNA and viruses, and the struc-
ture of materials such as grain boundary properties in metallic specimens, and fail-
ures in semiconductor devices.

Crystalline materials diffract electrons due to their short wavelengths. A paral-
lel beam of electrons passing through a regular spaced crystal lattice in the sam-
ple holder of a TEM will form a diffraction pattern in the back focal plane of the 
objective lens. This can be projected onto a viewing screen or recorded on film 
for measurement. Study of these diffraction patterns is very useful to explain the 
structure of materials. As well as SEM, TEMs are equipped with elemental analy-
sis capabilities.

Transmission electron microscopy is a useful tool for our work because can 
determine whether the nanotubes are single-layer or multilayer, characterize 
lengths and diameters and identify the presence of catalyst particles, amorphous 
carbon or structural defects in the nanotubes grown.

As an example, in Fig.  1.39a we observe different MWNTs. In addition to 
nanotubes, catalyst particles can be observed as black dots in the picture. In pic-
ture b), we observe a catalyst particle covered by graphitic layers.

Fig. 1.38   SEM image 
of non- purified MWNTs 
(as-prepared)
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1.4.2.3  Atomic Force Microscopy

The principle of AFM relies on the use of a tip mounted on a cantilever which 
is brought into close proximity to the surface where intermolecular forces acting 
between tip and sample cause the cantilever to bend (Fig. 1.40). The system can-
tilever plus tip, is connected with a xyz piezoelectric element and is moved line 

Fig. 1.39   a TEM image of as-prepared MWNTs; b catalyst particle covered by graphitic layers

Fig. 1.40   AFM operation. The interactions between atoms in the tip and atoms of the surface 
can be monitored by controlling the oscillations of the cantilever through the deviation of a laser 
beam whose reflection impacts on a photodetector
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by line over the sample surface. In order to detect the bending, which is as small 
as 0.01 nm, a laser beam is focused on the back of the cantilever. From there, the 
laser beam is reflected towards a position-sensitive photodetector. Depending on 
the cantilever deflection, the position of the reflected beam changes. The photo-
detector converts this change in an electrical signal which gives the topographic 
image of the surface. This technique can also achieve very good spatial resolu-
tion (x, y: 2–10  nm, z: 0.1  nm) and resolve interaction forces with piconewton 
sensitivity.

There are several types of forces that can be registered: Van der Waals forces, 
repulsive forces, magnetic, electrostatic forces, etc. There are also different ways 
to register these forces, either by non-contact between tip and sample (where 
mainly attractive forces are measured), by intermittent contact with the sam-
ple (where both forces attraction and repulsive are measured) or by full contact 
between tip and sample (where repulsive forces are measured) (Fig. 1.41).

Fig. 1.41   Different modes of operation of an AFM reflected in a curve of force versus distance. 
Non-contact mode (attractive forces), intermittent mode or “semicontact” mode (forces of attrac-
tion/repulsion) and contact mode (repulsive forces)
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The first development of the AFM was based on measuring the repulsive forces 
by contacting the sample with the tip. Since in this standard operating mode the tip 
is mechanically in contact with the surface, lateral forces are also present and exert 
a torsional movement of the cantilever as the tip scans the surface. This informa-
tion can be also collected since the photodetector is a quadrant which measures 
both normal cantilever bending (due to topographic effects) and torsion. Thus, 
lateral forces, usually due to differences in friction forces on the sample, can be 
measured with AFM simultaneously with the topographic images.

The dragging motion of the tip in contact AFM, combined with adhesive and 
lateral forces, can cause substantial damage to soft samples. To alleviate this prob-
lem, dynamic AFM modes, in which the topography is monitored by the changes 
in the oscillation of a vibrating tip, are preferable [269] (e.g. non-contact or inter-
mittent contact AFM mode). Very quickly, it was realized that the dynamic AFM 
modes could bring about additional valuable information. The existence of several 
parameters such as the oscillation amplitude, frequency and phase shift which are 
sensitive to the tip-sample interactions could be used to extract quantitative and 
qualitative information about material properties at nanometre scale. This sophis-
tication was even increased by applying bias potential between tip and sample and 
by using AFM tips of a different nature.

The main advantages of AFM are: the capacity to work in air, vacuum and liq-
uid medium (for biological samples), and analyse both insulating materials and 
conductors of electricity, in addition to allowing dynamic monitoring of physico-
chemical and biological processes in situ.

As stated, AFM provides topographical information; as an example, the AFM 
is very useful to visualize isolated nanotubes grown directly on silicon substrates 
by CVD method. Although the resolution is not as high as the one found with the 
TEM, the diameter can be estimated fairly accurately measuring the heights of 
the CNTs; one can also measure the lengths of the nanotubes, metal particles and 
to observe the distribution of disordered forms of carbon. Thus, the atomic force 
microscopy is an important tool in the investigation of nanotubes.

Figure 1.42 shows 2 μm × 2 μm acquired AFM topographic images where the 
height of an individual single-walled carbon nanotube is estimated, few nanome-
tres, grown on silicon substrate by the CVD technique. The diameter of the parti-
cle catalyst, 3–6 nm, is also observed.

As anticipated and beyond topographic information, the AFM can access local 
physiochemical properties at the nanometre scale depending on the mode of oper-
ation and the nature of the tip. For example one can acquire information about 
the mechanical properties (adhesion, elasticity, friction), magnetic and electronic 
of the sample. One can also infer chemical properties. Note that the AFM can not 
provide chemical microanalysis determining elements or the nature of the com-
position of a sample as in the case of SEM and TEM but in some cases can infer 
chemical properties.

By using the AFM in the current sensing mode, conductance mappings of 
surfaces are also performed. This technique consists in the use of a conductive 
tip operating in standard contact mode. As a voltage is applied between tip and 
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sample, a current is generated, the intensity of which will depend on the sample 
nature. Thus, a map of current distribution along the sample is measured simulta-
neously with the surface topography (Fig. 1.43).

Current sensor mode is suitable for samples with low conductance or composite 
materials containing insulating regions. This sensor mode has been an interesting 
tool for characterizing the different phases and their distributions in the composite 
fabrication.

1.4.3  Other Characterization Techniques: Raman, XPS

Other characterization techniques have been used in order to have more insights 
on the structural characteristics of the nanotubes, electrodes, or to verify function-
alization strategies on carbon nanotubes. These are Raman spectroscopy and X-ray 
photoelectron spectroscopy (XPS).
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Fig. 1.42   AFM images and topographic profiles where the diameter of a nanotube and a catalyst 
particle are estimated
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1.4.3.1  Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique used to study vibrational, rota-
tional, and other low-frequency modes in a system [270]. It relies on inelastic scat-
tering of monochromatic light, usually from a laser in the visible, near infrared, or 
near ultraviolet range.

The laser light interacts with molecular vibrations or phonons which make the 
energy of the laser photons shift up or down. The shift in energy gives information 
about the vibrational modes in the system and becomes a complementary tool of 
infrared spectroscopy.

The Raman effect occurs by interaction of radiation with the electron cloud and 
the bonds of molecules or crystal. It can be explained as follows, when radiation 
impinges on the sample, the molecule is photoexcited from the ground state to a 
virtual energy state. When the molecule relaxes it emits a photon and it returns 
to a different rotational or vibrational state. The difference in energy between the 
original state and this new state leads to a shift in the emitted photon’s frequency 
away from the excitation wavelength. If the final vibrational state of the molecule 
is more energetic than the initial state, then the emitted photon will be shifted to a 
lower frequency so that the total energy of the system remains balanced. This shift 
in frequency is designated as a Stokes shift. If the final vibrational state is less 
energetic than the initial state, then the emitted photon will be shifted to a higher 
frequency, and this is designated as an Anti-Stokes shift. Raman scattering is an 
example of inelastic scattering because of the energy transfer between the photons 
and the molecules during their interaction.

To exhibit Raman effect in molecules, a change in the molecular polarization 
potential—or amount of deformation of the electron cloud—with respect to the 
vibrational coordinate is required. The amount of the polarizability change will 
determine the Raman scattering intensity. The pattern of shifted frequencies is 
determined by the rotational and vibrational states of the sample.

Ramon is a very useful technique to characterize CNTs. For instance, Raman 
spectra present different features being all sensitive to (n,  m), such as the radial 

Fig. 1.43   Current sensor 
mode scheme

1.4  Characterizing the Biosensor Devices
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breathing mode (RBM), where all the carbon atoms are moving in-phase in the 
radial direction, the G-band where neighbouring atoms are moving in opposite direc-
tions along the surface of the tube as in 2D graphite, the dispersive disorder induced 
D-band and its second-order related harmonic G′-band. The so-called G-band, 
around 1,580cm−1, is a characteristic feature of the graphitic layers. The second 
characteristic mode is a typical sign for defective graphitic structures (D-band, 
around 1,350  cm−1). The comparison of the ratios of these two peaks intensities 
gives a measure of the quality of the bulk samples. If these both bands have similar 
intensity this indicates a high quantity of structural defects. Therefore, ID/IG ratio was 
extracted as a parameter to determine the structural quality of the carbon materials.

One important feature in the Raman spectrum of SWNT is the Radial Breathing 
Mode (RBM), which is usually located between 75 and 300 cm−1 from the excit-
ing line; an illustration of the spectrum resulting from this mode is displayed in the 
Fig. 1.44. The frequency of the RBM is very sensitive to the diameter of the nano-
tubes being directly linked to the reciprocal of the nanotube diameter (dt) and is 
expressed as ϖRBM = C/dt (cm−1) (C = 248 cm−1 for isolated SWNTs on a SiO2 
substrate [271]). However, non isolated SWNTs are subject to inter-tube interac-
tions which increase the frequency of the RBM [65, 272–274].

1.4.3.2  Spectroscopy X-ray Photoelectron

Spectroscopy X-ray photoelectron (XPS) is a very sensitive and non-destructive sur-
face technique that provide quantitative information on the chemical status of a system. 
The sample is irradiated with a monochromatic beam of X-rays (XPS), the photon is 
absorbed by an atom in a molecule or solid, leading to ionization and the emission of 
a core (inner shell) electron and the emission energy of the photoelectrons is analysed.

For each and every element, there will be a characteristic binding energy asso-
ciated with each core atomic orbital i.e. each element will give rise to a character-
istic set of peaks in the photoelectron spectrum at kinetic energies determined by 
the photon energy and the respective binding energies.

Fig. 1.44   Raman spectrum 
of well-dispersed single-wall 
carbon nanotubes (Hipco): 
RBM radial breathing mode, 
D D mode, G G mode, 
RMB + G combination 
of RBM and G modes, G′ 
double-phonon scattering of 
the D mode
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The presence of peaks at particular energies therefore indicates the presence 
of a specific element in the sample under study—furthermore, the intensity of the 
peaks is related to the concentration of the element within the sampled region. 
Thus, the technique provides a quantitative analysis of the surface composition 
and is sometimes known by the alternative acronym, Electron Spectroscopy for 
Chemical Analysis (ESCA).

With this technique, the empirical formula, chemical state and electronic state 
of the elements that exist within a material can also be measured.
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